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Backstory	  

• Astro2010	  decadal	  survey	  
(“New	  Worlds,	  New	  
Horizons”)	  	  

• Recommended	  a	  porbolio	  of	  
future	  scienZfic	  capabiliZes	  

• Highest	  priority	  ground	  O/IR:	  
LSST	  

• Highest	  priority	  space:	  Wide-‐
field	  IR	  Space	  Telescope:	  
WFIRST	  
–  Combined	  exisZng	  dark	  energy	  
missions	  (JDEM)	  with	  
microlensing	  and	  general	  wide-‐
field	  survey	  
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WFIRST-AFTA Dark Energy 

•  The WFIRST-AFTA Dark 
Energy program probes the 
expansion history of the 
Universe and the growth of 
cosmic structure with 
multiple methods in 
overlapping redshift ranges. 

•  Tightly constrains the 
properties of dark energy, 
the consistency of General 
Relativity, and the curvature 
of space. 

•  The High Latitude Survey is 
designed with sub-percent 
control of systematics as a 
paramount consideration. 
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"For each of the cosmological (dark energy) probes in NWNH, WFIRST/AFTA exceeds the goals set out in 
NWNH” NRC - Evaluation of the Implementation of WFIRST/AFTA in the Context of New Worlds, New 
Horizons in Astronomy and Astrophysics 



Detecting Planets with a 
Microlensing Survey 
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Microlensing Sensitivity to Cold, Very 
Low-Mass Planets 

•  Embryos with the 
mass of Mars or less 
are the building 
blocks of planets. 

•  WFIRST-AFTA can 
detect planets down 
to a few times the 
mass of the moon. 

•  Sensitive to Earth-
like moons. 

•  Detected with high 
significance. 
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Simulation of a 2 ✕ Mass of the Moon Planet @ 5.2 AU 
(~27 sigma) 



Microlensing:	  staLsLcal	  capabiliLes	  

WFIRST will: 
•  Detect 2800 planets, with 

orbits from the habitable zone 
outward, and masses down to 
a few times the mass of the 
Moon.  

•  Have some sensitivity to 
“outer” habitable zone planets 
(Mars-like orbits). 

•  Be sensitive to analogs of all 
the solar systems planets 
except Mercury. 

•  Measure the abundance of 
free-floating planets in the 
Galaxy with masses down to 
the mass of Mars 

•  Characterize the majority of 
host systems. 

 

Together, Kepler and WFIRST complete 
the statistical census of planetary 

systems in the Galaxy.!



WFIRST	  Design	  Reference	  Mission:	  1.4m	  off-‐axis	  wide-‐field	  
telescope	  
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The three tertiary mirrors are almost identical, as different apertures of the same parent conic mirror.  All three 
instrument channel interfaces from the telescope are focal f/15.9 pupils of similar size and so can be tested using 
common equipment.  Figure 3 is a CAD view of the observatory.  This view shows the solar array/thermal shroud which 
keeps sunlight off the payload throughout its field of regard.  The only deployable element is an aperture cover in front 
of the primary telescope tube (not shown). 
 

 
Figure 3. Observatory CAD view, looking from the anti-Sun side.  Focal planes and radiators are placed facing anti-Sun and 
the Solar Array structure/thermal shroud shadows the payload to allow passive cooling.  Each instrument channel mounts 
separately to the telescope structure. 

2.3 Telescope Mechanical Design 

The design of this large off-axis telescope presented several challenges, particularly the use of large rectangular glass 
mirrors maintaining lambda/50 figure at low temperatures, and the need for stray light baffling.  Weight limits and first 
mode stiffness dictated a carbon fiber structure where each and every part contributed to stiffness as much as possible 
while meeting other demands such as baffling and mounting interfaces. 

Extremely detailed structural design was required to meet first mode requirements.  Maintaining 1-micron diffraction 
limited quality mirrors at low temperatures (220K) demanded a careful balance of bipod design and determining an 
adhesive stiffness which was high enough to maintain mirror modes and low enough not to distort the mirror at low 
temperatures.  Commonly used adhesives are too stiff to achieve diffraction limited quality, especially when we are 
designing for an operating temperature near 200K.  The 17.8Hz first mode was achieved primarily through the use of a 
large, carefully designed "Strongback" box-like structure to which the spacecraft is directly connected by kinematic 
bipods having titanium cross-blade fittings bonded to each end of a carbon fiber tube.  This Strongback structure 
contains numerous ribs which enhance stiffness and provide convenient places to mount rectangular mirrors.  It is 
designed to give access to mirrors and reduce acoustic loading stress by means of large holes in the sides.  Figure 4 (left) 
shows the detailed mechanical (CAD) model of the telescope. 

A five axis, athermal secondary mirror actuation system capable of 3mm range and 3micron positioning was designed.  
It uses stepper motors without micro-stepping, which allows them to be turned off so that motor power or heat is not an 
issue.  The primary mirror and mounts are nearly identical to those of the Kepler primary mirror, and therefore relies on 
the excellent overall performance and heritage of that successful observatory. 

The telescope design has had only a cursory check of launch stresses with an emphasis on achieving first mode 
requirements and minimizing adverse mirror mounting effects.  However a design that achieves the highest first modes 
is structurally efficient by definition, and therefore launch stresses are generally low, requiring minor low-mass 
reinforcements where stress concentrations are seen in a full up finite element analysis.  

Solar Array & 
Thermal Shield 

Telescope  
barrel

SpC-B Barrel and radiator 

ImC radiator 

ImC focal plane assembly Spacecraft 

SpC-A Barrel and radiator 

!"#$%&#'&(!)*&+#,%&-../&&-../012.

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/24/2014 Terms of Use: http://spiedl.org/terms

 

 

Figure 2 (left) shows a ray trace of the f/15.9 imaging instrument.  The unobscured TMA is folded after the aberrated 
intermediate focus.  The tertiary mirror and subsequent fold mirrors are placed behind the primary mirror to be close to 
the mechanical load path from the telescope to the spacecraft, for maximum stability.  A filter wheel is located just after 
the telescope exit pupil, which acts as the thermal/mechanical/optical interface between the telescope and imaging 
channel.  The focal plane is located opposite the sun-illuminated side so it can be placed close to a passive radiator.  

Similarly, Figure 2 (right) shows the two spectroscopy channel ray traces, the two channels being mirror images with 
dispersion directions opposed 180° on the sky to help disentangle overlapping spectra.  Two fold mirrors straddle the 
intermediate (Cassegrain-like) focus so that the spectrometer ray bundles clear that of the imaging channel and are 
moved outside the ray bundle coming from the secondary mirror.  The beam returning from the tertiary is folded away 
from the sun-illuminated side of the observatory.  The spectrometer itself consists of a 3-prism group (zero deviation or 
direct vision prism) and a 4-element Shapley lens.  The beam entering the prism group is still f/15.9 and is reduced to 
f/6.9 by the Shapley lens.  Each groupSs final surface has a mild conic, otherwise all instrument surfaces are spherical.  
All elements are vacuum-spaced for operation at ~170K.  In the imaging channel one of the elements in the filter wheel 
is a low resolving power (R {2 pixel} �75) focal prism, used for spectroscopy of SN1a. 

   
Figure 2. Left: Ray trace of the Imaging Channel. ImC is an unobscured 1.3m three mirror anastigmat with a single fold 
between the intermediate focus and the tertiary, and two additional fold mirrors on either side of the exit pupil.  The feed 
optics (non-common telescope fold mirrors and tertiary mirror) and instrument (pupil mask, filter, and fold mirror) are 
packaged behind the primary mirror for stability.  Right: Ray trace of the Spectrometer Channels.  The primary and 
secondary mirrors are shared with the ImC channel.  SpC use two fold mirrors on either side of the intermediate focus and a 
third fold mirror before the exit pupil to allow the instrument barrel to be located outside the telescope main barrel with the 
focal plane on the cold side of the observatory.  The two spectrometer channels A (far side and B (near side) are mirror 
images.  In both images the sun direction is towards the bottom of the page and the cold side on the observatory on the top. 

Overall performance margins are improved relative to the JDEM-Omega design.  We set as a rule of thumb a minimum 
of a factor of two between the overall required wavefront allocation and that at the worst field-wavelength combination 
for a given channel.  The ImC has a uniform error, ranging from 12 to 19nm over the field including the outrigger fine 
guidance channels and the science field.  As a comparison, the telescope wavefront budget error allocation beyond this 
design residual is ~57nm rms.  Both spectrometer channel designs have additional margin beyond the factor of 2 
minimum.  Overall this design achieves higher sensitivity, lower noise, and therefore up to twice as short an integration 
time to the same signal to noise level as compared to the JDEM-Omega design. 

2.2 Observatory brief description 

The payload is designed with stray light control for an observatory that must observe most of the sky over its lifetime.  
The supernova measurements are made towards the galactic poles for minimal background.  Conversely the exoplanet 
measurements are made looking at the galactic central bulge with a high star density.  The IR survey looks both at high 
galactic latitudes along with a dedicated look in the galactic plane.  The galaxy survey measurements will be initially 
done at high galactic latitudes, working closer to the galactic and ecliptic planes as time permits.  Therefore we oriented 
the unobscured telescope so that the opening in the telescope tube between the primary and secondary mirrors is facing 
away from the solar vector so that a full wall of ring baffles can be used to block any diffracted light.  A large solar 
array/thermal shroud surrounds the optical and metering components so that no direct sunlight illuminates them for any 
field of regard. 
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Surprise	  present	  for	  NASA	  
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Simple bipods having 2-D shapes (i.e. cut from titanium or other plate stock) were designed to reduce cost.  This design 
does not lend itself well to the use of Invar alone, so instead an Invar pad is used between the glass and the titanium 
bipod.  A lay-up carbon-fiber design should be investigated to possibly eliminate the Invar pad and reduce the effect of 
an "inverted" titanium bipod on the mirror figure.  Analysis shows the titanium bipods in the current model do work well 
enough down to about 220K.  Relatively thick bonds were employed for mirror mounting in the structure because carbon 
fiber structures do not lend themselves to machining of interface surfaces.  If the structure ribs where mirrors mount can 
be jigged to 1/3mm or better, no interface machining would be required. 

 

                                    
Figure 4. (left) Telescope mechanical model and (right) telescope finite element model that includes 209,748 elements.  

3. TELESCOPE MODELING AND ANALYSIS 

3.1 Structural Finite Element Modeling 

The preliminary design of the telescope meets both survival and performance requirements.  These requirements include 
meeting minimum fundamental frequencies in lateral and axial directions, surviving maximum launch loads, as well as 
requirements for jitter, sinusoidal vibration, acoustics, and more.  From an optical point of view, the design shall meet 
the optical performance requirements after being exposed to the absence of gravity and on-orbit thermal environments. 

Nastran models were constructed to perform finite element analysis (FEA) of the preliminary design of the telescope.  
The commercially available IDEAS NX software tool13 was used as the pre- and post-processor.  The models were 
verified by NASA standard procedures, including checks on element geometry, grounding, maximum diagonal ratio, 
Nastran Epsilon, unit gravity constraint loads, free-free modal, common CTE, etc.  After several iterations of design 
changes and finite element analysis, the STOP-ready (Structural/Thermal/Optical Performance ready) version of the 
telescope FEA model weighs in at 1,139kg with contingency, and has 103,219 nodes and 209,748 elements.  Figure 4 
shows the FEA model of the telescope (right figure) next to the mechanical model of the telescope. 

The first analysis performed on the STOP model was modal analysis with proper boundary conditions prescribed at the 
Spacecraft/Telescope interface.  The analysis predicted the frequency of the fundamental lateral mode to be 17.8Hz, 
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Astrophysics Focused Telescope 
Assets: AFTA 
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Aft Metering 
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actuators (6) 
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TOTAL:  1595 kg 100% of the existing telescope hardware is being re-used. 
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WFIRST	  AFTA	  Coronagraph	  

• 1.1	  –	  1.4	  m	  WFIRST	  coronagraphic	  
capability	  would	  be	  very	  limited	  	  
–  Small	  IWA,	  limited	  amount	  of	  
telescope	  Zme	  

– No	  room	  for	  coronagraph	  
• 2.4m	  telescope	  is	  significantly	  more	  
powerful	  	  
–  IF	  secondary	  mirror	  and	  other	  pupil	  
geometry	  does	  not	  degrade	  capability	  	  

• Coronagraph	  authorized	  as	  long	  as	  
– Does	  not	  impose	  requirements	  on	  
spacecrah	  

– Does	  not	  increase	  schedule	  risk	  
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WFIRST-AFTA Observatory Concept 

Key Features 
•  Telescope – 2.4m aperture primary 
•  Instruments 

–  Single channel wide field instrument, 18 4k x 4k 
HgCdTe detectors; integral field unit 
spectrometer incorporated in wide field for SNe 
observing 

–  Internal coronagraph with integral field 
spectrometer 

•  Overall Mass – ~6500 kg (CBE) with 
components assembled in modules; ~2600 
kg propellant; ~3900 kg (CBE dry mass) 

•  Primary Structure – Graphite Epoxy 
•  Downlink Rate – Continuous 150 Mbps 

Ka-band to Ground Station 
•  Thermal – passive radiator 
•  Power – 2100 W  
•  GN&C – reaction wheels & thruster 

unloading 
•  Propulsion – bipropellant 
•  GEO orbit 
•  Launch Vehicle – Atlas V 551  
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WFIRST-AFTA Observatory Layout 
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WFIRST-AFTA Instruments 

04/30/2014 WFIRST-AFTA SDT Interim Report 15 

Wide-Field Instrument 

•  Imaging & spectroscopy over 1000s of sq. deg. 
•  Monitoring of SN and microlensing fields 
•  0.7 – 2.0 micron bandpass 
•  0.28 deg2 FoV  (100x JWST FoV) 
•  18 H4RG detectors  (288 Mpixels) 
•  6 filter imaging, grism + IFU spectroscopy 

Coronagraph 

•  Imaging of ice & gas giant exoplanets 
•  Imaging of debris disks  
•  400 – 1000 nm bandpass 
•  ≤10-9 contrast (after post-processing) 
•  100 milliarcsec inner working angle at 400 nm 



Spacecraft Concept 

•  Design relies on recent GSFC 
in-house spacecraft 
electronics designs, primarily 
SDO and GPM 

•  Uses robotically serviceable/
removable modules. The 
design is reused from the 
Multimission Modular 
Spacecraft (MMS). 

•  2 deployable high gain 
antennae provide continuous 
downlink to the ground 

•  6 bi-propellant tanks store 
fuel to circularize from 
geosynchronous transfer orbit 
to 28.5 deg inclined 
geosynchronous orbit and for 
stationkeeping 
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AFTA serviceable bus concept 



AFTA will incorporate a real, active-
DM high-performance coronagraph 
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270 K 
2.4 m Telescope:  

110 mas/pix 
f/7.9 

Wide Field Science Channel 

8 positions  
(6 filters, GRS 
grism, blank) 

Grism R = 550-800 
(2 pixel) 

 

Element 
Wheel 

Guiding performed using guiding functions 
contained in the 6x3 science SCAs 

Cold
Pupil 
Mask 

M3  

Wide Field Instrument 
Telescope 

1 2kx2k, 18µm pixel size SCA;  
4 Mpix; <115K;   
0.6-2.0µm bandpass;  
FOV 3.00x3.15 arcsec 

75 mas/pix; 
f/21 

6 struts with 
realignment capability; 
outer barrel with 
recloseable doors  

Integral Field Unit Spectrograph Channel 

GRS = Galaxy Redshift Survey 
SCA = Sensor Chip Assembly 
DM = Deformable Mirror 
FSM = Fast Steering Mirror 
LOWFS = Low Order Wavefront Sensor 
IFS = Integral Field Spectrograph 
IWA = Inner Working Angle 
OWA = Outer Working Angle 

Temperature 
170 K 

Relay  Slicer 
Assembly 

Prism 
Spectrograph  
R = ~100 (2 pixel) 

T1: 2.4 m 
aperture  

T2: 30% linear 
obscuration 
from baffle  

Coronagraph Instrument 

Relay w/ 
FSM 

2 Fixed 
DMs 

Pupil & Focal 
Plane Masks 

LOWFS Flip 
Mirror 

Imaging 
Detector 

IFS IFS Detector 

1kx1k, Si low noise FPA; 150K;  
IWA 0.25/λ arcsec, λ (400-1000 nm) 
OWA 2.5 arcsec 

1kx1k, Si low noise FPA, 150K;   
600-980 nm bandpass;   
R~70, 17 masec sampling 

Ea. square is a 4kx4k, 
10µm pixel size SCA; 
302 Mpix; 120K;  
0.76-2.0µm bandpass 
0.28 deg2 active area 

Filter 
Wheel 



Optical Field Layout 

•  The Wide Field Instrument 
has two optical channels 
–  The wide field channel uses 

the telescope along with 2 
fold mirrors and a conic 
tertiary mirror in the 
instrument, to complete a 
folded three mirror 
anastigmat optical system. 

–  The wide field instrument 
includes an integral field unit, 
used for supernova 
spectroscopy and GO 
spectroscopy 

•  The coronagraph is a small 
field system in a separate 
field of view 
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Channel Field Layout for 
WFIRST-AFTA Instruments 



Wide Field Instrument Overview 

Key Features 
•  Single wide field channel 

instrument for both imaging 
and spectroscopy 
–  3 mirrors, 1 powered 
–  18 4K x 4K HgCdTe 

detectors cover 0.76 - 2.0 µm 
–  0.11 arc-sec plate scale 
–  Grism used for GRS survey 

covers 1.35 – 1.95 µm with R 
between 645 - 900 

•  IFU channel for SNe 
spectra, single HgCdTe 
detector covers 0.6 – 2.0 µm 
with R~75 

•  Single element wheel for 
filters and grism 

04/30/2014 WFIRST-AFTA SDT Interim Report 19 

Focal Plane 
Assembly 

Optical 
Bench 

Cold 
Electronics 

Cold Optics 
Radiation Shield 

Element 
Wheel 



Hubble Ultra Deep Field - IR 
~5,000 galaxies in one image 

WFIRST-AFTA Deep Field 
>1,000,000 galaxies in each image 

WFIRST-AFTA vs Hubble 
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Coronagraph:	  why	  we	  need	  it	  
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AFTA	  coronagraph	  goals	  

1) Measure	  and	  understand	  the	  composiZon	  and	  nature	  of	  a	  
diverse	  sample	  of	  extrasolar	  planets	  orbiZng	  nearby	  stars	  

2)  Illuminate	  the	  process	  through	  which	  planetary	  systems	  
form	  

3) Determine	  which	  stars	  have	  dusty	  remnant	  or	  debris	  disks,	  
measure	  their	  disk	  properZes,	  and	  observe	  how	  their	  disks	  
and	  planets	  interact	  

4) Determine	  which	  systems	  (staZsZcally	  or	  individually)	  in	  the	  
solar	  neighborhood	  are	  suitable	  targets	  for	  future	  
terrestrial-‐planet	  characterizaZon	  	  

5) Demonstrate	  and	  validate	  coronagraph	  technology	  useable	  
for	  a	  future	  habitable-‐planet-‐detecZng	  mission	  

22 



Kepler	  radius	  distribuLon	  

Fressin et al 2013; Kepler FGKM stars P<85 days  
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AFTA	  exoplanet	  science	  objecLves	  

1) Characterize	  a	  significant	  sample	  (10-‐20)	  of	  giant	  planets	  in	  broadband	  
reflected-‐light	  photometry	  with	  an	  accuracy	  of	  0.03	  in	  albedo,	  spanning	  a	  
~5	  bands	  that	  are	  sensiZve	  from	  Rayleigh	  scaXering	  to	  methane	  
absorpZon	  

2) Spectroscopically	  characterize	  a	  subset	  (6-‐10)	  of	  giant	  planets	  spanning	  a	  
range	  of	  irradiances	  and	  determine	  the	  depth	  of	  methane,	  water,	  and	  
other	  features	  

•  Detect	  a	  sample	  (>2)	  of	  planets	  of	  less	  than	  3	  RE	  in	  broadband	  
photometry	  of	  at	  least	  3	  bands	  with	  an	  accuracy	  of	  0.05	  in	  albedo	  

3) Characterize	  the	  orbital	  semi-‐major-‐axis	  (within	  20%)	  and	  eccentricity	  
(within	  0.2)	  of	  these	  planets,	  in	  conjuncZon	  with	  Doppler	  or	  astrometric	  
measurements	  
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2	  AU	  1x	  and	  5x	  metallicity	  (Cahoy	  et	  al)	  
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R~70	  spectra	  can	  determine	  planet	  properLes	  
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AFTA	  disk	  science	  objecLvs	  

4)  Search	  for	  low	  surface	  density	  circumstellar	  disks	  around	  a	  
sample	  of	  several	  dozen	  nearby	  stars.	  

5)  	  	  Measure	  the	  locaZon,	  surface	  density	  and	  extents	  of	  dust	  
parZcles	  around	  nearby	  stars	  from	  habitable	  zones	  to	  
beyond	  ice	  lines	  to	  understand	  delivery	  of	  materials	  to	  
inner	  solar	  systems	  

6) Constrain	  dust	  grain	  composiZons	  and	  sizes	  
7) Detect	  and	  measure	  substructures	  within	  dusty	  debris	  that	  
can	  be	  used	  to	  understand	  the	  locaZons	  of	  parent	  bodies	  
(asteroids,	  comets)	  and	  influences	  of	  seen	  and	  unseen	  
planets	  

8) IdenZfy	  what	  nearby	  stars	  have	  zodiacal	  dust	  levels	  
indicaZng	  they	  may	  be	  poor	  candidates	  for	  future	  terrestrial	  
planet	  imaging	  

9) Understand	  the	  Zme	  evoluZon	  of	  circumstellar	  disk	  
properZes	  around	  a	  broad	  star	  sample	  
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AFTA	  Coronagraph	  Instrument	  

29 

Coronagraph  
Instrument 

Exo-planet  
Direct imaging 

Bandpass 430 – 
980nm 

Measured 
sequentially in 
five ~10% bands 

Inner 
working 
angle 

100 – 250 
mas 

~3λ/D, driven by 
science 

Outer 
working 
angle 

0.75 – 1.8 
arcsec 

By 48X48 DM 

Detection 
Limit 

 
Contrast ≤ 

10-9 

After post 
processing) 

Cold Jupiters, 
Neptunes, down 
to ~2 RE 

Spectral 
Res. 

~70 With IFS, R~70 
across 600 – 980 
nm 

IFS 
Spatial 
Sampling 

17mas Nyqust for 
λ~430nm 

Coronagraph 
Architecture: 

Primary: OMC 
Backup: PIAA 



Coronagraph	  Downselect	  

Pupil Masking (Kasdin, Princeton  
University) 

Pupil Mapping  
(Guyon, Univ. Arizona) 

Image Plane 
Phase Mask (Serabyn, JPL) 

Image Plane Amplitude & Phase  
Mask (Trauger, JPL) 

Visible Nuller – Phase Occulting 
(Clampin, NASA GSFC) Visible Nuller - DAVINCI 

(Shao, JPL) 

HLC SPC 

VVC VNC-PO VNC - DAVINCI 

PIAACMC 

04/30/2014 
WFIRS
T-AFTA 

SDT 
Interim 
Report 
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Shaped Pupil Coronagraph for WFIRST-AFTA

First Focal Plane
Bowtie Mask

Final
Image

Shaped Pupil
“Characterization” MaskTelescope Pupil
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Hybrid Lyot coronagraph 

•  Tailored focal 
plane masks 
provide phase 
shift and 
amplitude 
attenutation in 
focal plane 

•  Spider artifacts 
blocked by Lyot 
stop and also by 
DM control 
(similar to Pueyo 
& Norman 2013) 
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Primary Architecture:  
Occulting Mask Coronagraph = Shaped 

Pupil + Hybrid Lyot 
•  Both are relatively robust against obscured apertures 
•  Both share similar components 
•  Risk reduction provided by pursuing two designs 

c 

FPA 

DM2 
To LOWFS 

FPA 

To LOWFS 

DM1/FSM 

DM2 

DM1/FSM 

Pupil 
mask 
changer 

Occulting 
mask 
changer 

Lyot 
mask 
changer 

c 

Pupil 
mask 
changer 

Occulting mask changer 
(magnified for illustration) 

Lyot 
mask 
changer 

λ1 λ2 λn …… 

H
L 

S
P 
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X

Y

Z

Instrument Layout within the Allocated Envelope 
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Imaging  
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(2) (1) 

Allocated envelope 
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PSF	  simulaLons	  	  

35 

Shaped pupil PSF HLC PSF 

Simulations by John Krist 



•  HLC: high performance but jitter sensitive 
•  Shaped pupil: very robust 
•  PIAA: Still in development 

Contrast simulations with AFTA pupil, aberrations 
and expected range of telescope pointing jitter 

36 

(Insensitive to jitter) 
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•  HLC: high performance but jitter sensitive 
•  Shaped pupil: very robust (but lower efficiency) 
•  PIAA: Still in development 

Contrast simulations with AFTA pupil, aberrations 
and expected range of telescope pointing jitter 
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Integral	  Field	  Spectrograph	  

•  Follows design principles of 
ground-based IFS 
instruments, e.g. CHARIS 
(Princeton), GPI, SPHERE. 
OSIRIS 

•  140 x 140 lenslet array. 
Designed to disperse 20% 
band over 24 detector 
pixels (SR ~70).   
–  Accommodates 0.5 – 1 um 

range using 4 bandpass 
filters (one at a time) 

–  17 mas ‘spaxel’ pitch. 

GPI IFS microspectra 



Science	  modeling	  

• Science	  yield	  modeling	  focusing	  on	  ability	  to	  study	  Doppler	  
planets	  

• Contrast	  curves	  generated	  from	  John	  Krist	  PROPER	  models	  
• Model	  residual	  speckle	  noise,	  photon	  noise	  from	  halo,	  
photon	  noise	  from	  foreground	  and	  background	  zodiacal	  
light,	  detector	  noise	  sources	  

• Significant	  uncertainty	  in	  removal	  of	  speckles	  through	  post-‐
processing	  and	  PSF	  subtracZon	  

39 



Contrast	  vs	  Angle	  from	  Star	  
ConservaLve	  ji6er/post-‐processing	  

Contrast floors 
here are upper 
limit for long 
exposure/very 
bright star 

PIAA graph 
obsolete 



Contrast	  vs	  Angle	  from	  Star	  
OpLmisLc	  ji6er	  &	  post-‐processing	  factor	  

Contrast floors 
here are upper 
limit for long 
exposure/very 
bright star 



AFTA	  RV	  Exoplanet	  Photometric	  DetecLon	  EsLmates	  

•  RV exoplanet detections are estimated based on imaging 
of radial velocity planets from the current RV catalog 

Note 1.  Two rows for contrast and # RV images columns are for cases of 
  - Current Best Estimate:  0.4 mas RMS jitter & 1 mas star, 10x post-processing factor 
(slide 4) 
  - Goal: 0.2 mas RMS jitter & 1 mas star, 30x post-processing factor (slide 5) 
Note 2.  Spectral bands are 10% wide, centered at 450, 550, 650, 800, 950 nm 

ConfiguraLon	   Design	  
Inner	  

working	  
angle	  

#	  RV	  planets,	  	  550nm	  
band,	  	  6-‐month	  

campaign	  

#	  spectral	  bands	  per	  
target,	  	  	  	  

6-‐month	  campaign	  
Prime	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(OMC:	  

OcculZng	  
Mask	  Coron.)	  

SP	   0.19	   4	   4.3	  
7	   4.9	  

HL	   0.10	   18	   4.3	  
19	   4.2	  

Backup	   PIAA	   0.09	   23	   3.2	  
30	   4.3	  



IntegraLon	  Lme	  needed	  to	  reach	  given	  number	  of	  planets	  with	  
spectroscopic	  detecLons	  	  

43 

Conventional CCD 



•  If the frame rate is faster than the mean photon arrival time, 
then one can use an EMCCD to count individual photons 

EMCCD: Photon Counting 

04/30/2014 WFIRST-AFTA SDT Interim Report 44 

* From Wen, Y., Rauscher, B. J., Baker, R. G., et al. 2006, Proc SPIE, 6276, 44. 

Conventional CCD Intensified mode Photon counting mode 



Photon	  counLng	  detector	  increases	  spectral	  yield	  by	  50%	  

45 

Photon counting 



PIAACMC  gen2,  20%  bandpass,  
1.3 λ/D  IWA,  67%  throughput

•  Two	  sim	  cases	  
(conservaZve	  
and	  opZmisZc)	  

•  15-‐50	  spectrally	  
characterizable	  
planets	  

Brian	  Kern,	  Olivier	  Guyon,	  Rus	  Belikov,	  et	  al.	  

PIAACMC&gen2,&20%&bandpass,&
1.3 �/D&IWA,&67%&throughput&

� Conservative:,
� 0.33,mas,rms,/,axis,

� 10x,postprocessing,

� 15,planets,

� Optimistic:,

� 0.2,mas,rms,/,axis,

� 30x,postprocessing,

� 58,planets,

� HLC,=,15,,SPC,=,8,

� PSF,sharper,than,AFTA,nom.,

� Most,of,the,highHflux,planets,
are,at,small,working,angles,,
<,3 �/D 

� Contrast,levels,consistent,
with,demonstrated,10%,
testbed,results,(diff.,design),

,

1 2 3 4 5 6 8 1 0 
r / ( ��/ D ) 

1 0 ��9 

1 0 ��8 

1 0 ��7 

1 0 ��6 

1 0 

1 

0 . 1 

0.33,mas,rms,per,axis,

10x,postprocessing,

0.2,mas,rms,per,axis,

30x,postprocessing,

HCIT,10%,bandpass,

planet e�/s 

2,min,

23,min,

4,hrs,

550 nm 

The technical data in this document are controlled under the U.S. Export Regulations, release to foreign persons may require an export authorization 



Total	  survey	  completeness	  and	  blind	  searches 	  	  

• Blind	  search	  
models	  show	  that	  
3	  month	  surveys	  
discovers	  3-‐6	  
planets	  of	  <4	  RE	  

• Blind	  search	  
discovery	  late	  
much	  lower	  than	  
Doppler	  

• Strong	  advantage	  
to	  Doppler	  pre-‐
survey	  
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04/30/2014 
Simulation of 20 zodi disk WFIRST-
AFTA image (24 h at 8 pc) 

1.1 AU inner 
working angle at 
d= 8 pc 

•  Circumstellar disks reveal the locations of planets and trace the 
history of collisions 

•  Few disks below 100x the solar system dust level (100 zodi) have 
been detected, and none have resolved images 

Imaging Nearby Circumstellar Disks 

04/30/2014 48 

•  WFIRST-AFTA will detect disks 
down to 10 zodi around nearby 
stars; 
•  Important for planetary systems 

and for future Earth imaging 
missions 

•  WFIRST-AFTA + LBT-I are 
needed: LBT-I gives total dust 
amounts; WFIRST-AFTA then 
gives reflectance; both together 
give debris properties 

WFIRST-AFTA SDT Interim Report 
Tom Greene 



•  The WFIRST-AFTA coronagraph will give us the first reflected light 
visible images of the planetary systems of nearby stars 

Imaging Nearby Planetary Systems 

04/30/2014 WFIRST-AFTA SDT Interim Report 49 

Planet c 

Planet b 
30 zodi disk Simulation of a 10 hour exposure with HL 

coronagraph (0.4 mas jitter / 10 x speckle 
suppression, 550 nm 10% BW) 

•  47 UMa System with known RV 
planets (~Jupiter masses) 

•   G1V star at 14 pc 
•   Planet b has SMA = 2.1 AU,  

planet c has SMA = 3.6 AU 

•   Assume 30 zodi dust dust (628 
zodi measured 3 sigma upper limit, 
Millan-Gabet et al. 2011) 

•   Assume incl  60 d, PA  45 d, pl. 
albedo 0.4, pl. orbit -90 d & 70 d 

Tom Greene 



Simulation efforts – thermal 
modeling 
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•  The change of contrast from WFE evaluated using J. Krist’s PROPER model (low 
jitter HLC design) end-to-end contrast change analysis is shown below 

•  Mean contrast changes (Δ contrast) are calculated over dark hole regions of 3.5 – 
4.5, 4.5 – 5.5, 5.5 – 10.5 and 3.5 – 10.5 λ/D 

Effects of telescope drift on final 
contrast 

•  Impact to contrast from thermal low-order wavefront 
changes is < 10-10  (same for RB effects) 
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PSF	  subtracLon	  modeling	  

Raw	  instrument	  contrast	  
RelaZvely	  easy	  to	  model	  

Final	  post-‐processed	  
contrast	  
Easy	  to	  define	  as	  a	  
scienZfic	  figure	  of	  merit	  

NICMOS	  images	  of	  HR8799	  from	  Soummer	  et	  al	  	  



PSF. sub Least-squares 
(LOCI) 

PCA (KLIP, 
etc…) 

issues 

Wavelength 
diversity (SDI) 

PSFs are 
chromatic 

Rotational 
diversity (ADI) 

Can’t roll 
spacecraft 

PSF diversity 
(ref stars) 
Deliberate 
choice stars 
or library? 

Baseline? 
How much do 
images differ? 
Stellar size / 
estimate 
those terms? 

Coherence 
diversity (CDI) 

Continuous 
DM dithering? 



Other	  uncertainLes	  

• Wavefront	  acquisiZon,	  stability,	  and	  control	  scenarios	  
• PSF	  subtracZon	  approach	  and	  factor	  
– Modeling	  effort	  led	  by	  STScI	  but	  complex	  integrated	  modeling	  

• PolarizaZon	  modeling	  in	  progress,	  may	  require	  operaZon	  in	  
single	  polarizaZon	  channels	  

• Coronagraph	  designs	  and	  models	  at	  longer	  wavelengths	  not	  
yet	  complete	  
–  IWA	  will	  expand,	  number	  of	  accessible	  stars	  in	  criZcal	  methane	  
bands	  may	  drop	  

• OpZmal	  strategies	  for	  hybrid	  Doppler/imaging	  surveys	  
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Coronagraph	  Development	  
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Timeline	  and	  conclusions	  

• New	  telescope	  provides	  considerable	  poliZcal	  momentum	  
• $66M	  in	  FY13,	  FY14	  	  
– Used	  to	  advance	  design,	  progress	  tech	  development	  (including	  
coronagraph)	  

• Coronagraph	  tech	  development	  shows	  flight-‐like	  
performance	  in	  2016	  

• FY	  17	  new	  start	  –	  fits	  into	  “JWST	  wedge”	  in	  following	  years	  
• 2023	  or	  2024	  launch	  
• Probe-‐class	  missions	  also	  under	  study	  
• AFTA	  will	  provide	  a	  revoluZonary	  coronagraph	  capability	  
(but	  needs	  to	  be	  thought	  of	  as	  part	  of	  a	  system)	  
– Giant	  planet	  spectra,	  disk	  images,	  super-‐Earth	  photometry	  
– With	  limited	  telescope	  Zme,	  prep	  observaZons	  are	  crucial	  

• Not	  TPF,	  but	  a	  huge	  step	  towards	  Earths	  
56 


