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First high-contrast 
coronagraph; 
starshade to be 
studied 

2020 Decadal Survey 
Mission Concept Studies 

v  FAR IR Surveyor  
v  Habitable Exoplanet Imaging 

Mission 
v  Large UV/Optical/IR Surveyor  
v  X-ray Surveyor 
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Click to edit Master title style Driving Requirements for Imaging Exo-Earths 
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WFIRST coronagraph 

Credit: Wes Traub 
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ExEP Technology Development Process 

•  Technology	  gaps	  iden0fied	  and	  described,	  
gaps	  technically	  quan0fied	  

•  Ve9ed	  by	  SMEs	  and	  ExoPAG	  
	  

4	  

•  Priori0zed	  for	  rela0ve	  
Impact,	  Urgency,	  and	  Trend	  

•  Plans	  created	  to	  
advance	  the	  
technologies	  in	  0me	  

•  Possible	  funding	  
sources:	  

–  TDEM 
–  APD/ExEP 
–  SBIR 
–  Center IR&D 
–  Industry 
–  STMD 
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ExEP Technology Gap Lists 

Coronagraph Technology Gap List 

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

Starshade Technology Gap List Starshade Technology Gap List 

Next update by Jan 19, 2016 
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Today 

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

 

2.  Correctness – Are the “Needed Capabilities” the right ones? 

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

C.  Please contact me anytime during the week or via email to 
discuss/edit anything you hear today. 
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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  
sensing and control 

Ultra-low noise visible and infrared detectors 

Large monolith 

Segmented  

Segment phasing and rigid body 
 sensing and control 

Telescope vibration  
sensing and control 

Coronagraph Technology Needs 
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Coronagraph	  Architecture	  

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	  Ac0vi0es	  
	  

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	  

Possible	  Steps	  to	  Closing	  Technology	  Gap	  
	  

1.   First	  demonstra0on	  of	  <	  10-‐8	  coronagraph	  
performance	  with	  an	  obscured	  pupil	  in	  a	  
simulated	  dynamic	  environment.	  (WFIRST;	  Sept	  
2016)	  

2.   First	  demonstra0ons	  of	  the	  PIAA	  CMC	  in	  the	  
HCIT	  (WFIRST;	  CY16)	  	  

3.   Demonstra0ons	  of	  next	  genera0on	  
coronagraphs	  at	  STScI,	  NASA-‐GSFC,	  and	  the	  
ExEP	  HCIT	  (FY16-‐FY19)	  

4.   ExEP	  Segment	  Coronagraph	  Design	  and	  Analysis	  
(SCDA)	  effort	  (FY16)	  
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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	  Ac0vi0es	  
	  

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 Architectures  
in the SCDA Study 
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Reference Apertures Under Consideration 
in the SCDA Effort 
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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,	  
20	  cm	  thick	  sub-‐scale	  model	  of	  a	  4m	  ULE	  mirror	  
to	  demonstrate	  lateral	  scalability	  of	  the	  stacked	  
core	  process.	  	  (FY16-‐FY17)	  
q  Will	  characterize	  sta8c	  thermal	  wavefront	  

error	  deforma8on.	  	  

•  AMTD	  Phase	  2	  is	  currently	  polishing	  a	  1.2m	  
Zerodur	  mirror	  for	  the	  purpose	  of	  thermal	  
wavefront	  error	  characteriza0on.	  (CY16)	  

•  HabEx/LUVOIR	  will	  study	  range	  of	  monolith	  
architectures,	  conduct	  trades	  and	  modeling.	  
(CY16-‐17)	  

Recent	  Ac0vi0es	  
	  

•  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	  design	  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	  Ac0vi0es	  
	  

•  ATLAST	  wraps	  up	  ajer	  several	  years	  of	  
design	  work;	  HDST	  report.	  

•  ExEP	  SCDA	  effort	  begun	  
Ø  crea8on	  of	  a	  reference	  aperture	  team	  

Possible	  Next	  Steps	  to	  Closing	  Technology	  Gap	  

•  HabEx/LUVOIR	  concept	  studies	  will	  define	  the	  
architecture,	  materials,	  and	  opera0ng	  wavelength	  
range	  for	  a	  segmented	  telescope;	  modeling.	  
(CY16-‐18)	  

•  SCDA	  effort	  will	  iden0fy	  which	  coronagraph	  
architectures	  meet	  exo-‐earth	  imaging	  requirements	  
on	  a	  segmented	  telescope.	  (CY16)	  
q  Possible	  2nd	  year	  added	  for	  SCDA	  adding	  

dynamic	  disturbances	  and	  rigid-‐body	  segment	  
errors	  (FY17)	  
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Ultra-‐Low	  Noise	  Visible	  Detector	  

Possible	  Next	  Steps	  to	  Closing	  Technology	  Gap	  

1.   Conclude	  post-‐radia0on	  performance	  assessment	  of	  
the	  1kx1k	  EMCCD	  (WFIRST;	  CY16)	  	  
q  Incorporate	  effect	  of	  radia8on	  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.	  (CY16)	  
q  EMCCD	  plan	  needed	  to	  likely	  exceed	  WFIRST	  results	  

3.   Follow	  progress	  of	  e2V	  4kx4k	  demonstra0ons	  
q  Radia8on	  test	  if/when	  performance	  requirements	  are	  

met	  

e2v	  CCD201-‐20	  (EMCCD;	  1k×1k	  format)	  

Recent	  Ac0vi0es	  
	  

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

performance requirements 

•  Radia0on	  tes0ng	  completed	  
v  RN, dark current, CIC results all 

appear favorable 
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Ultra-‐Low	  Noise	  Infrared	  Detector	  

Rauscher	  et.	  al.	  (2015);	  SPIE	  

Possible	  Next	  Steps	  to	  Closing	  Technology	  Gap	  

1.   HabEx	  and	  LUVOIR	  mission	  concept	  studies	  
will	  define	  the	  opera0ng	  wavelength	  range	  
(CY16);	  IR	  detectors	  may	  rise	  in	  urgency	  
q  Plan	  needed	  to	  advance	  IR	  detector	  

technology	  

2.   Determine	  limi0ng	  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	  Vibra0on	  Sensing	  and	  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.	  
q  WFIRST	  coronagraph	  LOWFS/C	  results	  will	  be	  important	  
q  WFIRST	  telescope	  disturbance	  simulator	  will	  become	  available	  for	  future	  coronagraph	  testbed	  

demonstra8ons	  at	  the	  HCIT;	  segmented	  mirror	  demonstrator	  expected	  in	  CY17	  or	  CY18	  
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Deformable	  Mirrors	  

Recent	  Ac0vi0es	  
	  

1.   Xine0cs	  48x48	  DMs	  connectorized	  and	  driver	  
electronics	  built	  for	  HCIT	  (WFIRST)	  

2.   Two	  DM	  configura0on	  used	  to	  pass	  
broadband	  coronagraph	  demo	  for	  WFIRST	  	  	  	  
(<	  10-‐8	  contrast;	  3-‐9	  λ/D)	  

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

Possible	  Next	  Steps	  to	  Closing	  Technology	  Gap	  
	  

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

to	  the	  actuators	  
q  miniaturizing	  the	  drive	  electronics	  	  
q  life	  test	  the	  DM	  actuators	  
q  complete	  environment	  tes0ng	  

	  

•  MEMS	  DMS	  from	  BMC	  and	  Iris	  AO	  
conduc0ng	  dynamic	  tes0ng	  (TDEMs;	  FY17)	  

•  LUVOIR/HabEx	  studies	  to	  determine	  format	  
size	  need	  (FY16-‐17)	  
q  s0ll	  need	  large	  format	  development	  
q  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	  ji9er	  and	  other	  
thermally-‐induced	  low-‐order	  Zernike	  modes.	  	  
v  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.   Integrate	  LOWFS/C	  into	  a	  segmented	  mirror	  testbed	  
in	  the	  HCIT	  (FY18-‐19).	  

Recent	  Ac0vi0es	  
	  

1.   WFIRST	  coronagraph	  baselined	  Zernike	  
wavefront	  sensor.	  

2.   A	  LOWFS/C	  testbed	  was	  designed	  and	  
built	  in	  the	  HCIT	  

3.   Testbed	  met	  WFIRST	  poin0ng	  
requirements	  a9enua0ng	  14	  mas	  ji9er	  
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).	  
v  Will	  include	  different	  types	  of	  simula8ons	  (e.g.	  

telescope	  rolls)	  with	  full	  photon	  noise	  sta8s8cs	  
and	  spurious	  detector	  and	  IFS	  effects	  

2.   Demonstrate	  algorithm	  by	  retrieving	  simulated	  planet	  
through	  PSF	  subtrac0on.	  (CY16-‐18)	  

Recent	  Ac0vi0es	  
	  

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

varia8ons	  of	  residual	  speckles	  fields	  
Ø  applied	  the	  KLIP	  post-‐processing	  

algorithm	  to	  predict	  final	  contrast.	  	  
Ø  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 
model validation 

Solar glint 

Inner disk deployment 

Lateral formation sensing 

Petal deployment 

Petal shape 
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Recent Starshade Technology News 

1.  NASA APD has scheduled a gate review (KDP-A) for a Starshade 
Technology Project to enter formulation phase.  
–  Review set for Feb 19 
–  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 during formulation phase 
–  Will work with Blackwood and Seager to develop a “science team” 

2.  Starshade working group commencing in January/February 2016. 
–  Objective is to identify the optimal path to flight for a starshade 

mission. 
–  Multi-institutional working group and participation 

	  	  21	  
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Op0cal	  Demonstra0on	  and	  Model	  Valida0on	  

Recent	  Ac0vi0es	  
•  NGAS	  completed	  their	  TDEM-‐12	  (Glassman	  

PI)	  op0cal	  demonstra0on	  in	  a	  dried	  lake	  
bed	  in	  NV	  
Ø  Reached	  9x10-‐10	  at	  a	  petal	  edge	  
Ø  Modelling	  results	  to	  purposefully-‐

flawed	  shades	  need	  work.	  
Ø  Addi0onal	  tests	  completed	  in	  Nov	  

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



Credit: Northrop Grumman 
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Op0cal	  Performance	  and	  Model	  Valida0on	  

Possible	  Next	  Steps	  to	  Closing	  Technology	  Gap	  

•  Princeton	  TDEM	  demonstra0on	  (78m	  testbed)	  and	  
modeling	  valida0on	  at	  flight-‐like	  Fresnel	  	  
Ø  first	  light	  and	  comple8on	  in	  CY16	  

•  NGAS	  and	  Colorado	  McMath	  Solar	  Observatory	  
longer	  baseline	  demonstra0ons	  (CY16).	  
Ø  Targe8ng	  Fomalhaut	  disk	  

•  Addi0onal	  long	  baseline	  demonstra0ons	  
welcomed;	  key,	  however,	  is	  model	  valida0on.	  

Recent	  Ac0vi0es	  
•  NGAS	  completed	  their	  TDEM-‐12	  (Glassman	  

PI)	  op0cal	  demonstra0on	  in	  a	  dried	  lake	  
bed	  in	  NV	  
Ø  Reached	  9x10-‐10	  at	  a	  petal	  edge	  
Ø  Modelling	  results	  to	  purposefully-‐

flawed	  shades	  need	  work.	  
Ø  Addi0onal	  tests	  completed	  in	  Nov	  

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



Exoplanet Exploration Program 

Solar	  Glint	  

Possible	  Next	  Steps	  to	  Closing	  Technology	  Gap	  

•  JPL	  will	  a9empt	  to	  modify	  the	  chemical	  etching	  
process	  of	  amorphous	  metal	  to	  meet	  the	  s0ffness	  
requirement	  (CY16)	  
Ø  will	  also	  revisit	  several	  candidate	  metals	  

(including	  stainless	  steel)	  
Ø  intend	  on	  characterizing	  the	  sensi8vity	  of	  edge	  

sca^er	  performance	  to	  dust	  (CY17)	  

•  NG	  will	  iden0fy	  edge	  materials	  that	  meet	  env’t	  
requirements	  and	  complete	  their	  sca9ered	  light	  
demonstra0ons	  in	  CY16.	  

	  

•  A	  TDEM-‐12	  milestone	  led	  by	  Kasdin	  (Princeton)	  
intends	  to	  verify	  solar	  glint	  performance	  fabrica0ng	  
a	  full-‐scale	  petal	  ajer	  tes0ng	  to	  all	  relevant	  
environments	  (CY17-‐18)	  

Recent	  Ac0vi0es	  
•  NG	  TDEM-‐12	  (PI	  Casement)	  has	  iden0fied	  

three	  metal	  candidates	  in	  which	  it	  is	  
advancing	  towards	  env’t	  tes0ng	  and	  sca9er	  
modeling.	  

•  Chemically	  etched	  thin	  strips	  of	  amorphous	  
metal	  showed	  in-‐plane	  shape	  error	  
exceeding	  the	  allocated	  tolerance	  (JPL)	  
q  due	  to	  the	  redistribu8on	  of	  internal	  stresses	  

upon	  the	  removal	  of	  material	  

In-process metal substrates under investigation by 
Casement TDEM-12.  
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Petal	  Deployment	  

Possible	  Next	  Steps	  to	  Closing	  Technology	  Gap	  

•  Roccor	  to	  design	  and	  fabricate	  a	  full-‐scale	  petal	  
unfurling	  testbed	  to	  demonstrate	  latching	  and	  
petal	  interface.	  (CY16)	  
Ø  Petal	  spines	  will	  be	  full-‐scale	  (7m)	  
Ø  NGAS	  to	  review	  designs;	  possible	  architecture	  

trade	  

•  Roccor	  funded	  to	  upgrade	  the	  petal	  unfurling	  
testbed	  to	  demonstrate	  controlled	  unfurling	  of	  
full-‐scale	  petals	  (CY17)	  

Continued radial drive of 
the Astro booms 

NG radial boom deployment 

Exo-S unfurling deployment  

	  
Recent	  Ac0vi0es	  

SBIR	  partner	  Roccor	  and	  JPL	  produce	  
preliminary	  design	  for	  unfurling	  and	  petal	  
restraint	  mechanisms.	  
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Lateral	  Forma0on	  Sensing	  

Possible	  Next	  Steps	  to	  Closing	  Technology	  Gap	  

•  Cash	  TDEM	  to	  demonstrate	  a	  pupil	  plane	  imaging	  
sensor	  in	  the	  same	  Nevada	  dry	  lake	  bed	  as	  
Northrop	  Grumman	  used.	  (FY16-‐17)	  

•  Kasdin	  TDEM	  to	  demonstrate	  a	  focal	  plane	  
imaging	  sensor	  using	  same	  78m	  testbed	  as	  with	  
their	  op0cal	  performance	  demonstra0ons.	  
(FY16-‐17)	  

Recent	  Ac0vi0es	  
Two	  TDEMs	  for	  conduc0ng	  scaled	  test	  
demonstra0ons	  for	  lateral	  sensoring	  were	  
awarded	  to	  Web	  Cash	  and	  Jeremy	  Kasdin.	  
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Inner	  Disk	  Deployment	  

Recent	  Ac0vi0es	  

•  10m	  inner	  disk	  testbed	  was	  completed	  in	  
2014.	  

•  2m	  testbed	  completed	  for	  demonstra0ng	  
origami	  shield	  designs	  in	  2015.	  

•  TDEM-‐14	  awarded	  for	  op0cal	  shield	  design	  
and	  integra0on	  into	  10m	  inner	  disk	  testbed	  
(Mark	  Thomson/JPL).	  

Exo-S starshade deployment concept  

NGAS starshade deployment concept  
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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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Inner	  Disk	  Deployment	  

Next	  Steps	  to	  Closing	  Technology	  Gap	  

•  NGAS/JPL	  review	  of	  Exo-‐S	  design	  

•  Integrate	  op0cal	  shield	  into	  10m	  inner	  disk	  
testbed	  (TDEM-‐14;	  FY16-‐17)	  
q  5m	  op8cal	  shield	  testbed	  will	  allow	  larger	  

prototype	  development	  (FY16)	  

•  Verify	  inner	  disk	  deployment	  tolerances	  (FY17)	  

•  Conduct	  env’t	  tes0ng	  (FY18)	  

Recent	  Ac0vi0es	  

•  10m	  inner	  disk	  testbed	  was	  completed	  in	  
2014.	  

•  2m	  testbed	  completed	  for	  demonstra0ng	  
origami	  shield	  designs	  in	  2015.	  

•  TDEM-‐14	  awarded	  for	  op0cal	  shield	  design	  
and	  integra0on	  into	  10m	  inner	  disk	  testbed	  
(Mark	  Thomson/JPL).	  

2m Optical 
Shield Testbed 
at JPL 

10m Inner Disk 
Testbed at JPL 
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Petal	  Shape	  

Next	  Steps	  to	  Closing	  Technology	  Gap	  

Kasdin	  TDEM-‐12	  will	  complete	  the	  detailed	  petal	  
design,	  produce	  a	  flight-‐like,	  full-‐scale	  prototype	  with	  
op0cal	  edges	  and	  op0cal	  shield,	  and	  test	  it	  to	  
relevant	  environments.	  (CY17-‐18)	  
§  The	  petal	  shape	  will	  be	  verified	  mul8ple	  8mes	  with	  

deployment	  tes8ng	  from	  a	  stowed	  configura8on	  in	  
between.	  

Recent	  Ac0vi0es	  

In	  2015,	  a	  TDEM-‐12	  ac0vity	  led	  by	  PI	  Kasdin	  
and	  JPL	  co-‐I’s	  developed	  a	  new	  preliminary	  
petal	  design	  that	  incorporates	  flight-‐like	  :	  
•  op0cal	  edges	  
•  op0cal	  shield	  
•  interfaces	  to	  launch	  restraint	  and	  

deployment	  control	  mechanisms.	  	  
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Backup Slides 
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Coronagraph Technology Gap Prioritization 
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Starshade Technology Gap Prioritization 
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Prioritization Criteria Definition 
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Contrast vs Angular Separation 
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