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PIAA concept(s)
• PIAA imager
• PIAA coronagraph
• PIAACMC hybrid

PIAA optics design and fabrication

Recent PIAA lab results (Subaru, JPL, Ames)

Current and future technology development 
– Moderate contrast at 1 l/D (ground-based, EXCEDE)
– Higher contrast, wider spectral band (TPF, PECO)
– High contrast with PIAA in the 1 to 2 l/D range (TPF, PECO)

Ground-based PIAA activities: SCExAO

Outline



Utilizes lossless beam apodization with aspheric optics
(mirrors or lenses) to concentrate starlight in single diffraction
peak (no Airy rings).

- high contrast (limited by WF quality)
- Nearly 100% throughput
- IWA 0.64 λ/D to 2 λ/D 
- 100% search area
- no loss in angular resol.
- can remove central obsc.
and spiders
- achromatic (with mirrors)

Phase-Induced Amplitude 
Apodization (PIAA) coronagraph

Refs: Guyon, Pluzhnik, Vanderbei, Traub, Martinache ... 2003-present
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PIAA 
concepts

Rely on BOTH 
focal plane 
mask and 
Lyot mask for 
starlight 
rejection, with 
phase-shifting 
mask
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Coronagraph 
performance

New coronagraphs now 
approach theoretical limit.

PIAA coronagraphs appear 
particularly attractive1e10 contrast

1e10 contrast
central point source

PIAACMC (Guyon et al., 2010)
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PIAACMC
• IWA for 1e10 contrast can be set anywhere from 0.64 

λ/D to 2 λ/D, according to stellar angular size & 
contrast

• Approaches ideal coronagraph performance limit set 
by fundamental physics

• milder apodization -> PIAA optics easier to make
• Focal plane mask is hard to make for polychromatic 

light

1e10 contrast
Unresolved star
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PIAA optics design and fabrication

9 PIAA sets (18 optical elements) fabricated so far:

4 reflective PIAA sets have been made
– Diamond-turned Al set (x2), funded by NASA JPL
– Zerodur set, funded by NASA Ames (*)
– Low cost diamond turned set

5 refractive PIAA sets
– Plastic set for proof of concept (1st set made)
– CaF2 18mm beam sets (x2)
– CaF2 8mm beam sets (x2)

(*) meets 1e-9 incoherent light flight mission requirements for 
Earth-like planets imaging at 2 l/D in ~10% wide band
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PIAA optics: system 
throughput, chromaticity

1st generation reflective 
optics (diamond turned Al)

Optics are highly aspheric
Recent optics manufacturing progress (largely motivated by EUV lithography) allow 
manufacturing of high quality PIAA optics

PIAA optics difficulty is mitigated by using conventional apodizer and design
PIAA does most of the apodization, apodizer does the very edge (what is 

difficult for PIAA). Typical loss ~10% in conventional apodizer
PIAACMC: no need for apodizer, optics easier to manufacture

PIAA optics need to be designed to support polychromatic work
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PIAA optics design



P
E

C
O

 
P
u

p
il m

a
p

p
in

g
 E

x
o
p

la
n

e
t C

o
ro

n
a
g

ra
p

h
 O

b
se

rv
e
r

Univ. of Arizona Ames Research Center

High contrast polychromatic PIAA demonstration 
in preparation (NASA Ames / NASA JPL)  

2nd generation PIAA optics manufacturing by Tinsley
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3rd generation refractive PIAA optics

• On-axis lenses
• Lenses are 96 mm apart
• Apodize the beam
• Remove the central 
obscuration
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Recent lab results

TDEM milestones (our goals):

(1) 1e-9 monochromatic contrast at 2 l/D
(~1e-7 prior to TDEM start)

(2) pointing jitter control below 0.01 l/D level, 
to support 1e-9 contrast



PIAA lab at Subaru Telescope



Lab results with PIAA coronagraph + FPAO
with 32x32 MEMs DM
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2e-7 raw contrast obtained at 
2 λ/D 

Incoherent light at 1e-7
Coherent fast light at 5e-8
Coherent bias <3.5e-9

Test demonstrates:
- ability to separate light into 
coherent/incoherent fast/slow 
components
- ability to slow and static 
remove speckles well below 
the dynamic speckle halo

Guyon et al. 2010

Focal plane WFS based correction 
and speckle calibration

15
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NASA Ames testing PIAA coronagraph / 
WFC architectures & MEMs DMs.

High Contrast Imaging Testbed (HCIT) is a 
vacuum facility at NASA JPL

Coronagraphy testbeds for high contrast (< 1e-8) work need 
to achieve high stability
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Recent lab results: JPL testbed
(Kern et al.)
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Recent lab results: Ames testbed
(Belikov et al.)

1.22e-006, 1.5 - 2.0 l/D
5.75e-007, 2.0 - 3.3 l/D
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High contrast in the 1-2 l/D range

Why push IWA to < 2 l/D ?

4-m telescope requires detection of planets at 2 l/D

Detection of planets with max elongation = 2 l/D with a 
coronagraph IWA = 2 l/D is very risky from images alone

– Observing must be done at the right time

– No information about position and flux

– Serious confusion problems with exozodi, multiple planets

# of planets goes as -3 power of IWA:

2.4x gain by going from IWA=2 to IWA=1.5

Reflected light goes as power -2 of IWA:

Same planet is 1.8x brighter at 1.5 l/D than 2 l/D

Need for spectroscopy to ~800nm:

2 l/D at 550nm = 1.375 l/D at 800nm

Why is it hard ? → pointing control + focal plane mask design
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Univ. of Arizona Ames Research Center

PECO high priority targets
(detection in < 6 hr)
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Univ. of Arizona Ames Research Center Low Order Wavefront Sensor

LOWFS efficiently uses starlight 
to measure tip tilt and a few other 
low order modes.
Subaru Testbed has 
demonstrated closed loop 
pointing control to 1e-3 l/D ~ 0.1 
mas on 1.4m PECO.
ref: Guyon, Matsuo, Angel 
2009
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Focal plane mask for small IWA

Fourier Transf.only histogram h(t) matters
t = thickness

• Think of focal plane mask as diffraction grating. Some 
light misses the Lyot opening, some goes through

• Mask made of a single material, with known n(lambda)
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High contrast in the 1-2 l/D range

Belikov et al.
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High contrast in the 1-2 l/D range

Belikov et al.
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Ground-based PIAA coronagraphy:

The Subaru Coronagraphic 
Extreme-AO (SCExAO) system
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The Subaru Coronagraphic Extreme-AO (SCExAO) system
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The Subaru Coronagraphic Extreme-AO (SCExAO) system

Internal source
(Near-IR + vis)

MEMS DM
+ tip-tilt mount

Spider removal
+ PIAA optics

High order WFS
Visible camera
(low noise CMOS)

Visible Science
Camera 1 (EMCCD)

LOWFS 
camera

nearIR 
Science
camera

dichroic

Pupil 
Steering
mirror

Inverse PIAA

Focal 
Plane
mask

Visible Science
Camera 2 (EMCCD)
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Conclusions

PIAA is a high performance coronagraph concept, theoretically able to provide 
high contrast between 1 and 2 l/D

Large range of design parameters → a large part of our technology 
development effort is to identify trades and sweet spots in design

– Bandwidth vs. PIAA size (# of spectral channels)

– IWA choice, throughput  - PIAACMC vs PIAA

PIAA technology development includes 3 testbeds: Ames, JPL and Subaru

Current contrast at 2 l/D at ~2e-8, slowly but steadily improving

The most difficult part of the effort is wavefront control (probably the reason 
why no coronagraph currently achieves 1e-8 at ~2 l/D)

PIAA is starting on-sky observations (see talk by Martinache et al. Tomorrow)

Future directions: better contrast, closer in, with broadband light.
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