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ABSTRACT   

The Astrophysics Focused Telescope Assets (AFTA) study in 2012-2013 included a high-contrast stellar coronagraph to 

complement the wide-field infrared survey (WFIRST) instrument.  The idea of flying a coronagraph on this telescope 

was met with some skepticism because the AFTA pupil has a large central obscuration with six secondary mirror struts 
that impact the coronagraph sensitivity.  However, several promising coronagraph concepts have emerged, and a 

corresponding initial instrument design has been completed. Requirements on the design include observations centered 

0.6 deg off-axis, on-orbit robotic serviceability, operation in a geosynchronous orbit, and room-temperature operation 

(driven by the coronagraph’s deformable mirrors).  We describe the instrument performance requirements, the optical 

design, an observational scenario, and integration times for typical detection and characterization observations. 
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1. INTRODUCTION  

NASA’s Science Mission Directorate has begun the study phase of the WFIRST-AFTA mission,1 with an anticipated 

launch date early in the next decade. The primary instrument is a wide-field infrared camera that will cover 0.28 sq. deg 

in a single image, an area 200 times larger than the Hubble Deep Field image, with a resolution of 0.11 arcsec.  This 

camera will serve two main purposes: reveal the nature of dark energy by measuring accurate redshifts and the shapes of 

lensed galaxies; and search for exoplanets through observation of microlensing events. A high-contrast stellar 

coronagraph is also planned. This instrument will directly image and characterize Jupiter-mass planets around nearby 

stars and will image exozodiacal disks to within a few AU of the host star. The coronagraph is slated to observe for 1 

year spread over the 6 year mission, but during this time the wide-field instrument will simultaneously observe fields of 

opportunity.  

 
The mission will utilize a repurposed 2.4 m space flight-qualified telescope 

that is obscured by a ~30% central obstruction and 6 secondary support struts 

(figure 1).  While this pupil considerably complicates the design of a high-

contrast  coronagraph, several promising approaches have emerged that are 

expected to enable detection of 10-9 contrast objects to within the 3rd Airy 

ring of the point spread function in broad-band light.2-6  

 

The design reference mission places the telescope in an inclined 

geosynchronous orbit where future commercial robotic servicing capabilities 

may allow replacement/upgrade of the science instruments and key 

spacecraft components.  For this reason, the instruments will be installed on 

a radial rail system within a multi-bay instrument carrier structure behind the 
primary mirror.  A key area of ongoing study is the thermal stability of the 

coronagraph instrument in this orbit and integrated analysis of the optical 

train stability. 

 

                                                
1Email: Stuart.b.shaklan@jpl.nasa.gov; Phone: 818-354-0105 

Figure 1: Approximate AFTA pupil 

with central obscuration and six 

secondary support struts.

Techniques and Instrumentation for Detection of Exoplanets VI, edited by Stuart Shaklan, Proc. of SPIE 
Vol. 8864, 886415 · © 2013 SPIE · CCC code: 0277-786X/13/$18 · doi: 10.1117/12.2024560

Proc. of SPIE Vol. 8864  886415-1

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



 

 
 

 

Notably, the coronagraph is slated to work at 290-300K (this is driven by wavefront requirements on the active 

deformable mirrors), while the wide-field IR instrument will be much colder, likely 220K.  The instrument carrier will 

be at an intermediate temperature, and the telescope itself will operate at about 270K. Thermal control design is central 

to the success of the mission as both the wide-field and coronagraph instruments require pristine temperature stability. 

 

The top-level coronagraph science objective from the WFIRST Science Definition Team report1 is: Directly image giant 
planets and debris disks from habitable zones to beyond the ice lines, around nearby AFGK stars, at visible wavelengths, 

and characterize their physical properties by measuring brightness, color, spectra, and polarization while providing 

information to constrain their orbital elements with an optional coronagraph. 

 

The report also includes a Science Objectives table with additional detail for coronagraph images scale, resolution, and 

bandpass:   

 Field of view from 0.1 – 1.5 arcsec at 400 nm, scaling linearly with wavelength up to 1000 nm (inner and outer 

radii of detection and characterization region) 

 Allow for a survey of at least 150 stars with non-zero probability of detection 

 Ability to image disks and map their structure with sub-AU angular resolution 

 Single detection/characterization waveband of at least 10% 

2. INSTRUMENT CHARACTERISTICS 

The coronagraph design parameters (Table 1) flow from the science objectives. The three most critical parameters in 

Table 1 are the inner working angle (IWA), the detection contrast limit, and the instrument contrast level.  The IWA sets 

the minimum detection angle between the host star and planet. At 100 mas, the requirement is close to the third Airy ring 

(more precisely, an angle of 3 /D where  is the minimum wavelength 400 nm and D = 2.4 m). At this close proximity 
to the core of the point spread function, the scattered light level is highly sensitive to minute changes in the system’s 

low-order wavefront, and will require control of focus, astigmatism, coma, trefoil, and spherical aberration to levels of a 

few picometers during detection and characterization integrations.7,8  It will be extremely challenging to reach the 

detection goal of 10-9 contrast at 100 mas for wavelengths greater than 500 nm (IWA < 2.4 /D). Thus the 400 – 500 nm 

band may serve as a planet discovery band while characterization across the full spectrum may be possible for planets at 
>200 mas separation from their host stars. 

 

The detection limit is a contrast level of 10-9, roughly the contrast of a Jupiter-twin seen at quadrature orbiting a solar-

type star. Smaller planets can be seen at smaller orbits, e.g. a Neptune size planet at 2 AU has  about the same contrast as 

a Jupiter at 5 AU.  The detection limit requires instrument contrast calibration to ~ 2 x 10-10 for SNR=5 detection.  

Table 1. Optical Parameters 

Parameter Value Comment

Bandpass 400-1000 nm Measured sequentially in nine 10.5% bands

100 mas
at 400 nm, 3 /D driven by challenging 

pupil and low order aberration sensitivity

250 mas at 1 um

1 arcsec at 400 nm, limited by 64x64 DM

2.5 arcsec at 1 um

Detection Limit Contrast =10-9

Cold Jupiters, not exo-earths. Deeper 

contrast looks unlikely due to pupil shape 

and extreme stability requirements.

Instrument Background Contrast = 10-9

Q=1 for Instrument background relative to 

the detection limit.  Important for stability 

requirements and integraton time.

Spectral Resolution 70 With IFS, ~70 across the spectrum.  

IFS Spatial Sampling 17 mas This is Nyquist for 400 nm.

Inner Working Angle

Outer Working Angle
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Instrument background, the average level of starlight leaking through to the image plane during an observation, is the 

third key parameter.  A high background level increases Poisson noise and drives integration times.  An instrument 

background scatter level of 10-9 (that is relative to the peak of the Airy pattern when a coronagraph is not present) 

scatters about 75% as much light as the combined solar system zodiacal light plus exozodiacal light from the target star 

assuming a similar particle density as the solar system.  If the instrument contrast is allowed to rise to a level greater than 

10-9, then it will drive the integration times in proportion to the background level. It is also desirable to keep the 
instrument scatter low because it acts to ‘heterodyne’ any changes in the system wavefront that occur during 

observations and can greatly increase sensitivity to thermal drifts or other dynamic effects.8 For example, a wavefront 

change that in the absence of any other scatter would cause a 10-10 contrast change would instead result in a ~10-9 

contrast change when mixed with instrument scatter of 10-8. We have set the instrument scatter goal to be 10-9 because 

this is the best contrast so far obtained in calculations of scatter at 3 /D in 10% bandpass assuming the AFTA pupil.2 
 

 

Exoplanet spectra will be characterized with a low resolution spectrometer. Following the TPF-C requirements,9 a 

spectral resolution of 70 is selected to resolve the O2 line at 0.76 um.10  The spectral characterization will be carried out 

with an Integral Field Spectrometer (IFS, described below) that will spectrally resolve each pixel in the dark hole. A 

pixel size of 17 milli-arcsec is required to Nyquist sample the image at the minimum wavelength of 400 nm.   

 

Table 2 lists the key coronagraph operational characteristics.  At the present time five candidate coronagraph approaches 

are being studied for use in the mission.  The coronagraph layout discussed below, can, with minor modifications, 

support all but the visible nulling coronagraph (VNC) 
6
 which has a two-stage shearing nuller, a segmented deformable 

mirror, and a spatial filter array consisting of lenslets and single mode fiber optics or an integrated optics array.11  

 
The Lyot, Vector Vortex, PIAA, and shaped pupil coronagraphs use continuous face sheet deformable mirrors (DMs). 

These are available in formats up to 64x64 pixels. Both Xinetics DMs, with a 1 mm pitch,12 and Boston Micromachines 

(BMC) DMs with a 300 um pitch,13 are candidates for the flight instrument.  They both have ~1 um surface deformation 

range and are driven by 100-200 V multiplexed power supplies. The Xinetics devices have been used in the JPL High 

Contrast Imaging Testbed (HCIT)14 to obtain broad-band contrasts of better than 10-9, while the BMC devices are in 

employed in high contrast testbeds at Ames, Princeton, and U. Hawaii.  Both the Xinetics and BMC DMs are designed 

to work at room temperature and will have reduced correctability at other temperatures.  

 

The instrument includes three detectors:  direct imaging, spectral-imaging, and a low-order wavefront sensor (LOWFS).  

The direct imaging channel has higher throughput than the IFS and may prove to be the more effective discovery 

channel.  Though the coronagraph dark hole will only be up to 2.5 arcsec wide, we have sized the detector to be 1K x 1K 

pixels providing a 17 arcsecond field for imaging of disks.  The 2K x 2K IFS detector is sized to provide SR=70 
spectroscopy over 140 x 140 lenslets, each subtending 17 mas, in a 10.5% bandpass.  Details on this scaling are provided 

in Section 3.  Both of these detectors are photon-counting devices with extremely low read noise.  Finally, the LOWFS 

detector is a small format device used to measure low-order aberrations in a to-be-designed sensor.  The sensor will 

Table 2. Operational Characteristics

Coronagraph Type
Designed to support Lyot, Vector Vortex, PIAA and shaped 

pupil coronagraphs. 

Operating Temperature Room Temperature, due to DM wavefront specifications.

Deformable Mirrors

Two 64x64 devices, sequentially placed for broadband dark 

hole control. Current design is for Xinetics DMs with 1 mm 

pitch. 

Direct Imaging: 1K x 1K visible detector, 12 um (TBR) pixels

Low Order Wavefront Sensor:  E2V 39 (TBR), 24 um pixels

IFS: 2K x 2K detector, ultra-low noise. 6.5 um pixels

IFS Bandpass

9 filters:  400-444 nm, 444-494 nm, 494-549 nm, 549-610 

nm, 610-678 nm, 678-753 nm, 753-836 nm, 836-929 nm, 

928-1032 nm

Detectors
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either use reflected light from around the core of the coronagraph mask,15 or an interferometric approach using a 

reference beam in a similar fashion to the self-coherent camera.16,17  

  

Ideally the coronagraph would collect all of the light over the 400-1000 nm bandpass in one image. Unfortunately, the 

useful bandpass for wavefront correction for AFTA coronagraphs is likely to be ~10% because the architectures use 

combinations of complex amplitude masks, pupil apodizers, and wavefront control to suppress diffraction from the 

obscured pupil.  We have thus included filters that pass 10.5% bands as detailed in Table 2.  Additionally, to keep the 

detector size to 2Kx2K and to isolate the spectra  transmitted by each lenslet, the IFS is designed to work over any 18% 
band between 400-1000 nm. 

 

3. INSTRUMENT DESIGN 

A volume approximately 1.1 x 0.8 x 0.93 m3 has been allocated for the AFTA coronagraph (figure 2).  The flat mirror 

mounted at the end of the snout (figure 3) serves to transfer the beam into the main body while avoiding interference 

with the surrounding wide-field instrument and fine guiding fields of regard.  There is a single-use shutter (not shown) 
located above the pickoff mirror that keeps the coronagraph clean prior to on-orbit observations. The portion of the 

coronagraph optical train between the pickoff mirror and the Lyot stop must be maintained at a cleanliness level of 

CL100 to ensure that instrument scatter is well below the exozodiacal background light level.18  Because the image plane 

mask removes most of the starlight, cleanliness of downstream optics is not as critical. 

 

We discuss two optical configurations.  The first is the simplest form of Lyot coronagraph, with a minimum number of 

pupil and image planes.  This configuration can be used with the Lyot, vector vortex, and potentially with the shaped 

pupil coronagraph (SP), though the SP would have to be placed either on a DM or in the beam between DMs.  The 

design does not have a second image plane where a field stop can be placed to block the bright light from around the 

dark hole.  The second configuration adds two reflections and provides more versatility, including accommodation for a 

PIAA coronagraph, albeit with slightly increased loss and degraded wavefront due to the additional optics. 

 

Figure 2. The box shows the coronagraph volume.  The small disk behind the primary mirror indicates a 0.6 

deg radius in the Cassegrain image plane.
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3.1 Barebones Configuration 

The pickoff mirror reflects the light to the tertiary mirror, a conic that corrects the off-axis aberrations.  Light is reflected 

to an off-axis parabola (OAP) that forms a pupil image at the first DM (DM1).  The DMs shown here are 64x64 mm 

Xinetics devices with a 1 mm pitch. The baseline design may change to a 48 mm beam but the layout is similar. DM1 is 

mounted on a tip-tilt stage to provide pointing control.  It is followed by a flat and then the second DM (DM2), one 

meter downstream from DM1.   The combination of DMs allows both phase and amplitude control; amplitude is 
controlled via propagation of light from DM2 to the pupil and is wavelength-independent by virtue of the cancellation of 

-dependent propagation with 1/-dependent DM phase.19 
 

After DM2, the light is focused at f/25 by an OAP.  Figure 3 indicates the focus/occulter image plane where the 

coronagraph mask is installed for a Lyot or vector vortex design.  For a hybrid band-limited coronagraph, this plane  

provides the LOWFS signal using the light rejected by the mask.  For a vector vortex, the LOWFS signal is derived from 

the light diffracted around the Lyot plane. The Lyot plane is then formed in the collimated space between two OAPs. 

Diffracted starlight is stripped off by the Lyot mask and the remaining leaked starlight and planet light are filtered 

through either narrow band filters (likely 2% wide as in HCIT) for wavefront sensing, or a 10.5% filter for imaging and 

11:44:40
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Lyot mask wheel
Filter wheel 18%
Filter wheel 4.6%
Polarizer wheel

Flip mirror

Pupil image lens (stage)

Detector

IFS
Detector

Fold mirror

Fold mirror

DM 1 pupil
and tip/tilt stage

DM 2
TM
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(collimator)

OAP OAP
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(imaging)
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Fold mirror

Fold 
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• DM 1 & 2: 64 mm CA
• DM 1 & 2 separation: 1000 mm
• Pupil 2 (Lyot): 20 mm dia. 
• Imaging: F/35
• Compressor: F/15

11:44:40

CORONOGRAPH MR   08-Aug-13 

250.00  MM   

Figure 3. The coronagraph layout is for a pair of 64 x 64 mm DMs separated by 1 m of optical path.

This design has only one occulter plane and one plane for a Lyot stop. It may be possible to
accommodate a reflective pupil mask at the flat between the two DMs.

Lenslet array
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spectral characterization. Polarizers may also be placed in the beam for polarization studies of scattered planet and stellar 

disk light. 

 

The final OAP directs the beam to either the direct imaging camera, or to a flip-in mirror that reflects the light into the 

IFS. As noted above, the 1k x 1k direct imaging camera  has a 17 arcsec wide field. It also works in conjunction with a 

pupil-imaging lens on a 2-axis stage that can be inserted and adjusted to form defocused images of the pupil.  These 
focus diversity images are used to estimate the nominal wavefront so that the coronagraph high-contrast wavefront 

control loop can begin with a flat (to a few nm) wavefront. 

 

The IFS arm comprises a beam expander to match the pupil image to the 100 um pitch, 140x140 lenslet array. Each 

lenslet design is actually an air-spaced doublet, with a field lenslet followed by a focusing/telecentric lenslet. This is 

similar in concept to the SPHERE IFS20 but without the micro-pupil array. Each lenslet samples a 17 milli-arcsec region 

of the image plane so that the full field of the IFS camera is 2.4 arcsec.  A 4-element collimator transfers the pupil image 

from the lenslets to the 65 mm diameter plane where the dual-element dispersing prism is placed.  This prism gives 

approximately constant dispersion over the 400-1000 nm bandpass. Following the prism, a compact folded 4-element 

camera images the dispersed ‘spaxels’ onto a 2k x 2k format ultra-low noise detector with a 6.5 micron pitch.  The 

illuminated area is 13.9 mm, providing about 15 pixels between spaxels. An 18% wide spectrum is dispersed over 26 

pixels or 0.17 mm.   
 

Figure 4 shows the optics placed on a 

stiff, athermalized, planar optical bench 

within the allocated volume. The figure 

also shows an electronics box and a 

volume set aside for the low-order 

wavefront sensor. There is substantial 

room to fold the instrument out of plane, 

but this does not relieve the tight-fit of 

the first 4 optics following the fold 

mirror.  
 

3.2 Versatile Configuration 

By adding two OAPs in the system, an 

additional pupil and image plane are 

formed (figure 5). This provides 

versatility for placing a field stop at the 

second focus, and an apodizer for the 

VVC at the intermediate pupil.  Further, 

by replacing the two OAPs following DM2 with PIAA optics, the system can be used in a PIAA configuration as well.  

One further modification is considered for the Shaped Pupil coronagraph configuration.  Shaped pupils for the obscured 

AFTA pupil contain ‘islands’ of dark and transparent regions that cannot be made self-supporting in a machined part.5 

The pupils can be made using photolithography on a glass substrate but this is undesirable due to the transmission non-
uniformities in the glass (any dispersion must be corrected by the DMs and will limit performance).  Another possibility 

is to manufacture the masks using ‘black silicon’21, etching, leaving a highly absorptive region interspersed with a high-

quality silicon mirror.  This reflective pupil mask could be placed at the location of the pupil plane shown at the bottom 

of figure 5, folding the beam (and the rest of the optical train) at that location.   

 

4. CORONAGRAPH IMPLEMENTATION 

High contrast coronagraphy requires extreme stability of the optical system over the observation time period.  

For any of the possible coronagraph options, AFTA coronagraph optics require ~0.25 μm relative stability 

during an observation.  The coronagraph optical bench must be positioned to within 0.5 mm with respect to 

the telescope, and this relative position must be stable to 0.25 mm during an observation period. The optical 
bench is thermally stabilized to <10 mK to achieve 0.25 μm internal stability. Three latches on the back of the 

Figure 4. The instrument is shown packaged in the allocated 

volume. The green box  represents the electronics package.   
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optical bench will secure the coronagraph to 

the instrument carrier. The instrument 
carrier must be thermally stable enough to 

support the required dimensional stability, 

and a metrology and fine positioning system 

may be needed. 
 

The coronagraph optical bench assembly is 

maintained at 290 K to ensure that the DMs 
are flat when unpowered.  The LOWFS 

detector is cooled to ≈250 K with a Peltier 

cooler while the coronagraph imaging 
detector and IFS detector are cooled to 

≈150 K by radiators to minimize dark 

current.  Thermal isolation is provided at the 

three mechanical contacts to the instrument 
carrier (latches).  Blanketing isolates the 

coronagraph radiatively from the 220 K 

instrument carrier.  Coronagraph 
temperature is maintained with its 

electronics power dissipation in addition to 

software-controlled heaters. 
 

The coronagraph image plane and IFS 

detectors must have extremely low noise.  

Dark current noise must be no more than 1 

e- over a thousand to several thousand 
seconds, while read noise must be no more 

than 1 e- for the sum of 100-1000 reads. 

Silicon detectors can provide this low dark-
current noise when cooled to ≈150K.  Very 

low read noise is more difficult to obtain.  Two detector options are under consideration.  The e2v electron-

multiplying charge-coupled devices (EMCCDs) have demonstrated the required read noise.  1k x 1k devices 
are already commercially available, and 4k x 4k devices should be available by 2014 or 2015.  However, 

radiation damage can increase the read noise considerably.  Work is needed to determine whether proper 

operating conditions can mitigate the radiation-induced read noise.  A second promising technology is 

Geiger-mode avalanche photodiodes, being developed by the University of Rochester and MIT Lincoln 
Laboratories.  Further work will be needed to demonstrate arrays with adequate performance and array size. 

5. INTEGRATION TIMES 

The AFTA coronagraph will be able to detect the presence of Jupiter analogs with a few hours of integration time.  Table 

3 shows the integration time for both Jupiter and Earth analogs orbiting a star with visual magnitude V=5, two levels of 

instrument contrast, and a range of detector dark current and read noise. The table assumes that the combined 

background and planet photometric noise is 5 times lower than the planet signal, or photometric SNR=5.   A more 

rigorous calibration requirement is set by the desired false alarm probability and the probability of missed detection.
22

 

 

Table 3 shows that without read noise or dark current noise, the integration time for a Jupiter analog around a V=5 star, 

with an instrument background of 10-9 contrast, is about 1.4 hours. This increases substantially to 4.8 hours when the 

10:14:19
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DM

DM

Focal Plane

Pupil Plane

Focus

Lyot Plane

Figure 5. One additional reflection upstream of the occulter

and another before the Lyot stop provide a focus following the

a pupil plane. The focus can be used as a field stop to block

light outside the dark hole, and it can be used as the occulter

plane for a PIAA or shaped pupil coroangraph.
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instrument background is 10-8.  As noted earlier, not only does the instrument background increase integration times, it 

also increases sensitivity to wavefront errors. Thus instrument background has a strong influence on the stability time 

constant of the system. Detector noise plays an important role in the imaging channel.   Table 3 shows that dark currents 

of 0.001 e-/s and read noise of 0.5 e-/pixel cause the integration time to double to 2.7 hours, while 1 e- read noise 

increases integration time to 5.4 hours.  These results assume that the detector is read out every 100 s to assist in the 

rejection of cosmic rays. 

Detection of exo-earths appears to be extremely challenging for the system.  Even at extremely low levels of read noise 

and dark current, and with instrument background clamped at 10-9, the integration time for an earth-analog is 111 hours. 

Spectral characterization times (table 4) are ~10x longer because the spectral bandwidth is narrower (from 10% to 2%), 

and the instrument throughput is reduced (by a factor of 2).  Detector noise is more critical in the IFS, as even dark 

Table 4.  Integration time for characterization

 AFTA Integration Time Examples, 2% bandpass

log10(Planet 

Contrast)

log10(Instr. 

Contrast)

Dark current (e-/pix/s), 

Read Noise e/pix

INTEG. TIME 

(Hours) Comment

-9 -9 0 , 0 13.7 Jupiter, Noiseless detector

-9 -9 0, 0.02 13.9 Read noise

-9 -9 0, 0.05 14.6 More read noise

-9 -9 0, 0.1 17.4 More read noise

-9 -9 0.00005, 0 15.6 Dark Current

-9 -9 0.0001, 0 17.4 More dark Current

-9 -9 0.001, 0 50 More dark current

-9 -8 0, 0 47 Instrument-limited

-9 -8 0.0001/0.1 55 Instrument-limited

-10 -9 0.0001, 0.1 1770 exo-Earth

-9 -9 0.0001/0.1 21 Jupiter, RN and DC

-9 -9 0.001/0.5 142 more RN and DC

For V=5, Exozodi density = solar system, 100 s readout, 2% bandpass, Coro throughput 

0.2, Telescope throughput 0.6, IFS throughput =0.5

Table 3.  Integration time for detection

log10(Planet 

Contrast)

log10(Instr. 

Contrast)

Dark current (e-/pix/s), 

Read Noise e/pix

INTEG. TIME 

(Hours) Comment

-9 -9 0 , 0 1.37 Jupiter, Noiseless detector

-9 -9 0, 0.1 1.41 Read noise

-9 -9 0, 0.2 1.52 More read noise

-9 -9 0, 0.5 2.29 More read noise

-9 -9 0.0001, 0 1.41 Dark Current

-9 -9 0.0002, 0 1.45 More dark Current

-9 -9 0.001, 0 1.74 More dark current

-9 -8 0, 0 4.8 Instrument-limited

-9 -8 0.001, 1 8.4 Instrument-limited

-10 -9 0.0001, 0.1 111 exo-Earth

-9 -9 0.001/0.5 2.7 Jupiter, RN and DC

-9 -9 0.001/1 5.4 more RN and DC

 AFTA Integration Time Examples, 10% bandpass

For V=5, Exozodi density = solar system, 100 s readout, 10% bandpass, Coro 

throughput 0.2, Telescope throughput 0.6
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current of 0.0001 e-/s and read noise of 0.1 e- increase integration time from 14 hours to 21 hours for Jupiter-analog 

characterization.  Increasing the instrument background to 10-8 drives the characterization time to 55 hours. 

The integration time for control of the dark hole is key parameter that drives the stability requirements and the available 

time for science integrations.  When instrument background light, exozodiacal light, and detector noise are present, the 

integration time for controlling speckles at a given contrast level is the same as for detecting a planet; both are limited by 

the same photometric noise.  However, it is possible to take the bright light that is rejected by the coronagraph and 
interfere it with the light leaked by the instrument (e.g. refs. 15,16). The interference term can be much brighter than the 

background and its calibration will be limited only by the Poisson noise in the leakage term, rendering the zodiacal light 

and detector noise moot.  This fundamental integration time is 3.7 hours  under the following assumptions:  speckle 

contrast = 10-9 detected with SNR=5; there is no other background or photometric noise; 10% bandpass measured in the 

IFS because 2% spectral resolution is required to control the wavefront across the 10% band; V=5 star.  For a 

coronagraph with 20% throughput, this is the shortest time in which one can measure the instrument background and sets 

the minimum instrument stability time for maintaining contrast sufficient to detect planets having 10-9 contrast. One 

must also account for the gain of the control system in computing the minimum stability time. Groff et al provide a 

similar argument and calculation and examples of control loops operating to maintain contrast.23 

6. CONCLUSION 

We have introduced the AFTA coronagraph instrument without describing the diffraction control system!  At the time of 

writing, the candidate coronagraphs along with the visible nullers are being evaluated through modeling and other 

criteria (e.g. complexity, sensitivity to perturbations, maturity, mass, power….) The downselect to two concepts is 

expected to happen in the spring of 2014 with the selection of a primary and backup approach.  Meanwhile, we have 

explored the implementation of the various concepts and found, not surprisingly, that their optical trains are similar in 

many respects, and that all will fit within the allocated volume.  In this paper we have shown a baseline coronagraph 

implementation and a slightly more complex and versatile one that will accommodate hybrid band-limited, vector 

vortex, shaped pupil, and PIAA coronagraphs. 
 
The AFTA coronagraph will be powerful enough to characterize Jupiter analogs around nearby bright stars.  We have 

shown one possible approach to characterization based on an integral field spectrometer.    Other approaches include 

dichroic trees, fiber-fed spectrometers, and single-reflection high-efficiency slit grating spectrometers. 
 
We would like to acknowledge many useful conversations and technical exchanges with David Content, Kevin Grady, 

Mark Melton, and the WFIRST team at Goddard Space Flight Center. This work was carried out at the Jet Propulsion 

Laboratory, California Institute of Technology, under contract to the National Aeronautics and Space Administration.   
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