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The Huygens-Fresnel Principle
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See Goodman, Introduction to Fourier Optics
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However, we need to include diffraction
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The Huygens-Fresnel Principle

r01 =
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z2 + (x� �)2 + (y � �)2
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This is too complicated so we approximate in 
different regimes.

See Goodman, Introduction to Fourier Optics
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Important approximations . . .

Fresnel (near field)

Fraunhoffer (far field)

S-Huygens (very near field)
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Fourier Transform
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On-Axis Point Spread Function

Off-Axis Point Spread Function

Star & Planet with Diffraction
Ei
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On-Axis Point Spread Function
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Resolution

Two Meter Telescope Ten Meter Telescope

Even a two-meter telescope can resolve a planet at 1 AU 
about closest stars.
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Sun Earth

At 10 pc, angular separation 
is 100 marcsec

Traub & Jucks
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> 106
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The Problem is Contrast
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High-Contrast Imaging
To image the planet with a ground or space telescope 
there are five important metrics:

• Contrast:  The ratio of the peak of the stellar point spread 
function to the halo at the planet location.

• Inner Working Angle:  The smallest angle on the sky at 
which the needed contrast is achieved and the planet is 
reduced by no more than 50% relative to other angles.

• Throughput:  The ratio of the open telescope area 
remaining after high-contrast is achieved.

• Bandwidth: The wavelengths  at which high contrast is 
achieved.

• Sensitivity: The  degree to which contrast is  degraded in 
the presence of aberations.
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High-Contrast Imaging
To image the planet with a ground or space telescope 
there are five important metrics:

• Contrast:  The ratio of the peak of the stellar point spread 
function to the halo at the planet location.

• Inner Working Angle:  The smallest angle on the sky at 
which the needed contrast is achieved and the planet is 
reduced by no more than 50% relative to other angles.

• Throughput:  The ratio of the open telescope area 
remaining after high-contrast is achieved.

• Bandwidth: The wavelengths  at which high contrast is 
achieved.

• Sensitivity: The  degree to which contrast is  degraded in 
the presence of aberations.

Throughput:  The ratio of the fraction of light in the central 
core of the PSF to the same fraction in an Airy function.
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In the remainder of this talk I will 
describe how we achieve high-
contrast using a coronagraph.

Later, Aki Roberge will 
describe how it is done 
using a Starshade.

Tomorrow, Laurent Pueyo will 
describe how the planet is 
extracted from the image.
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Coronagraphy

Modify the optical path of the telescope 
to reduce the  stellar halo in the planet  
“discovery zone” (increase contrast) 
while allowing sufficient planet light  to 
transmit through.
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The “Lyot Coronagraph”Classical/Apodized Lyot Coronagraph
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The “Lyot Coronagraph”Classical/Apodized Lyot Coronagraph
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Lyot Stop

Thursday, October 25, 12

from Matt Kenworthy, University of Leiden

What is the bandwidth?
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12

Kuchner & Traub (2002)

– 6 –

Fig. 1.— One-dimensional coronagraph with a Gaussian image mask, examined in the pupil

plane. First an incoming field hits the primary aperture, then the image mask. The mask
ITF multiplies the image intensity; in other words, the conjugate of the image mask ATF (b)

becomes convolved with the aperture function (a). The result, (c), can be passed through a
Lyot stop, (d), leaving the final field (e).

Bandlimited Lyot

Classical Lyot (Gaussian) Bandlimited Lyot
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Kuchner & Traub (2002)

– 6 –

Fig. 1.— One-dimensional coronagraph with a Gaussian image mask, examined in the pupil

plane. First an incoming field hits the primary aperture, then the image mask. The mask
ITF multiplies the image intensity; in other words, the conjugate of the image mask ATF (b)

becomes convolved with the aperture function (a). The result, (c), can be passed through a
Lyot stop, (d), leaving the final field (e).

– 8 –

Fig. 2.— Ideal band-limited coronagraph with the same aperture (a) as the coronagraph in

Figure 1. Here the conjugate of the mask ATF (b) is identically zero at all spatial frequencies
above some cutoff, εD/(2λ), so the second pupil field (c) for an on-axis source is zero except

within εD/(2λ) of the aperture edge. Consequently, a Lyot stop, (d), can block all the
on-axis light, leaving zero final field (e).

Bandlimited Lyot

Classical Lyot (Gaussian) Bandlimited Lyot
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– 12 –

Fig. 4.— The simplest band-limited mask is analogous to a single-baseline nulling interfer-
ometer. a) The mask ITF, sin4(x) multiplied by a slow taper. Dark areas are opaque. b)
The conjugate of the mask ATF (Equation 13). This occulting mask can be used with any

aperture shape, but for the circular aperture shown in c), the corresponding Lyot stop is d).

A sin^4 mask.

Throughput reduced 
by image plane mask 
& Lyot stop.
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Instrument Contrast (on-axis behavior)

The Instrument Contrast Ratio (at a specific wavelength)
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Instrument Contrast (on-axis behavior)

The Instrument Contrast Ratio (at a specific wavelength)
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Instrument Contrast (on-axis behavior)

The Instrument Contrast Ratio (at a specific wavelength)
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Coronagraph Families
• Lyot & Bandlimited Lyot

(Gemini, Keck, Hubble, Subaru, 
Palomar, VLT, JWST NICI, AFTA)

• 4 Quadrant Phase Mask
(JWST MIRI, VLT, LBT)

• Optical Vortex (Palomar, VLT, LBT)
• AIC, VNC and other nullers

• Apodized pupils
(VLT)

• Shaped pupils
(SPICA, Subaru, AFTA)

• Pupil remappers (PIAA)
(Subaru)

• Apodized phase plate
   (MMT, Magellan, VLT)

APLC 
(GPI, 
VLT/SPHERE,
Palomar)
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Focal Plane Amplitude Mask:  Lyot & Bandlimited Lyot, AIC

Coronagraphs That Change Amplitude

Focal Plane Phase Mask:  4QPM, Vector Vortex
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High-Contrast Imaging Laboratory, Princeton University

Four-Quadrant Phase Mask coronagraph (Rouan) 
(4QPM) π  

phase 
shift

π  
phase 
shift

no  
phase 
shift

no  
phase 
shift

Pupil plane Image plane w/ mask Pupil plane
Vector vortex coronagraph (Mawet)

2π x n  
phase 
RAMP

n is  
2, 4, 6…
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Pupil Plane Amplitude Mask:  Shaped Pupils, PIAA

Coronagraphs That Reshape PSF

Pupil Plane Phase Mask: APP
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Pupil Apodization to Reshape PSF

20

Slepian, D., “Analytic Solution of Two Apodization Problems”, 
September, 1965

Generalized Prolate Spheroidal Apodization
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1
Zero-Order Prolate Spheroidal Wave Function

The “optimal” apodization that maximally concentrates 
light is the Prolate Spheroidal Wavefunction,  based on 
finite uncertainty principle.

Pupil Apodization Point Spread Function
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Pupil Apodization to Reshape PSF

21

Shaped pupil contrast independent of wavelength.
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Pupil Apodization to Reshape PSF

21

It’s Simple!

Shaped pupil contrast independent of wavelength.
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Pupil Apodization to Reshape PSF

21

It’s Simple!

Shaped pupil contrast independent of wavelength.
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Ring Barcode Cross-barcode Spiderweb Starshape

M
as

k
P

S
F

Shaped Pupil Zoo (1D)

S-K

M
as

k
P

S
F

Early ripple designs ripple1 ripple2 ripple3

• Shaped pupils: A(x,y) is zero-
one valued (holes in masks)

• Advantages:
– simple to manufacture
– inherently broadband
– minimally sensitive to 

aberrations
– no off-axis degradation of PSF

• Disadvantages:
– throughput (though roughly the 

same as 8th order Lyot 
coronagraph)

– IWA (better IWA can be 
achieved through less discovery 
space or greater simplicity)

Pupils designed via optimization under certain constraints
22
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Direct 2 D Optimization of SPs

JWST
45% Throughput
5 to 15 lambda/D
10-5 Contrast
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First Lab Test of 2D SP at Princeton

A. Carlotti, E. Young, G. Che
24
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Manufacturing 2D-Optimized Shaped Pupils

•  Recent breakthrough: Reflective SPs (RSPs)


•  Silicon wafers with absorptive (black silicon) and reflective regions

1st Black Silicon RSP 

mm

m
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Fuchsel et al. 2012 

~3 µm 

•  Testing 1st black Si masks now in HCIL.
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Shaped Pupil Coronagraph for WFIRST-AFTA

First Focal Plane
Bowtie Mask
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Image
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Pupil Mapping (PIAA)

Pupil Mapping for Apodization

Nearly 100% 
throughput
100% search area
small (<2 lambda/
d) Inner Working 
Angle

Guyon (2003), Vanderbei & 
Traub (2003, 2005)
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High-Contrast Imaging Laboratory, Princeton University

Apodizing Phase Plates (Codona, Kenworthy)
One sided 
discovery zone

2 sided: with 0/π masks (Carlotti) … or with quarter wave plates 
& Wollaston prism (Snik)
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How is Phase used to Change Amplitude?
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Coronagraphs That Combine Both

Combine apodized pupil with focal plane mask and 
Lyot stop:  APLC, SPLC, ACAD
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Apodized Pupil Lyot Coronagraph
Soummer et al. 2005, 2009, 2011

Pupil Focal Pupil

A B C D
Focal

The Astrophysical Journal, 729:144 (8pp), 2011 March 10 Soummer et al.

Figure 8. Residual energy can be obtained directly from the eigenvalue Λ
as (1 − Λ)2 (Aime et al. 2002; Soummer et al. 2003a). For slightly larger
mask size, the APLC can have a much higher monochromatic rejection and
the chromaticity decreases as well. The inflection in the curve around 3λ0/D
is due to the presence of the central obstruction and does not exist for a full
aperture. The quasi-achromatic region is found in the linear region of this plot
(>5.5λ0/D), where the residual energy decreases exponentially. The derivative
of the residual energy is related to the chromaticity and is also decreasing
exponentially in this region.

Figure 9. Average contrast in the dark zone outside the IWA for the case
of GPI. The mask diameter is 5.6λ0/D at band center, which corresponds to
"0.24 arcsec in diameter.

angular resolution, and can afford to trade a slightly larger mask
for improved performance (Martinez et al. 2008; Soummer et al.
2009a).

Following the notations of Soummer et al. (2009a), the total
energy in the final image outside an area equivalent to the FPM
finds a simple expression as a function of the eigenvalue Λ0:

eom = (1 − Λ0)3. (6)

We show this residual energy in logarithmic scale in Figure 8.
Between 5λ0/D and 6λ0/D, the rejection decreases approxi-
mately exponentially, which confirms that in this region a mod-
est increase in mask diameter leads to significant contrast im-
provement, and that the chromaticity is dramatically reduced as
well. The chromaticity is related to the derivative of the resid-
ual energy with wavelength (or mask size). In this region, the
chromaticity decreases qualitatively exponentially.

3.2.3. Application to the Gemini Planet Imager

Figure 9 shows the average contrast for the GPI design, which
has a mask diameter of 5.6λ0/D. The corresponding broadband
intensities in the Lyot plane are shown in Figure 10. The design

Figure 10. Left: broadband image of the Lyot plane before application of the
Lyot stop. Note the sharp and bright outer edge of the aperture, which illustrates
why undersizing the Lyot stop does not improve contrast performance in this
case. Right: broadband image after application of the Lyot stop. The significantly
oversized central obstruction is about twice the original size. Note that the
optimization selected the central obstruction inner diameter so that the intensity
profile in the Lyot plane is also apodized along the central obstruction. Any other
Lyot stop inner diameter would create a sharp discontinuity that would diffract
more light in the focal plane and therefore degrade the contrast performance.

Figure 11. On-axis coronagraphic PSF for the GPI design in the absence of
aberrations, averaged for the H band. The average broadband contrast is better
than 10−7 for separations larger than "5λ0/D (" 0.2 arcsec).

is optimized for the telescope geometry, with a telescope OD
of 7.770 m and ID 1.023 m. The aperture is slightly undersized
to account for 2% lateral alignment tolerances. The broadband
coronagraphic PSF for the H band is shown in Figure 11. This
design satisfies the requirement of 10−7 contrast at 0.2 arcsec
(Macintosh et al. 2008).

4. CONCLUSION

In this paper, we detailed the chromatic properties of APLCs
and studied the numerical optimization of these coronagraphs
in broadband assuming a gray apodizer. We find that both
the average contrast and the chromatic performance improve
monotonically with the mask diameter, and we find a quasi-
achromatic regime for masks larger than "5.5λ0/D for the
geometry of the Gemini telescope and the H band. The exis-
tence of the quasi-achromatic behavior is discussed in light of
the mathematical properties of generalized prolate spheroidal
functions used to define the apodization for on-axis telescopes.
We explored the parameter space to determine which parame-
ters need to be optimized, and we illustrate the results with the
design of the coronagraph for the GPI. The high achromaticity
of this design translates into very good simultaneous spectral
differential imaging performance (Marois et al. 2008b). This

7

GPI APLC design
 Soummer et al. 2011

GPI design: contrast > 1e7 
at 5 λ/D with central 
obstruction and 20% 
bandpass
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Apodized Pupil Lyot Coronagraph
• Generalized prolate spheroidal apodizers 

exist for any aperture geometry and focal 
mask diameter

• Quasi-Achromatic Solutions exist for large 
enough mask (e.g. with GPI with 5.6 
lambda/D mask diameter)

2
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where α(0) is a coefficient that corresponds to the projection
of Ψ(0)

A onto ϕ0. Superscripts denote the iteration number. We
consider the pupil itself P for our initial estimate, as it insures to
have a nonzero projection onto the first eigenfunction ϕ0. This
pupil complex amplitude is propagated to the Lyot plane, and
we obtain

Ψ(0)
C = α(0)ϕ0P − α(0)Λ0ϕ0

+ α(0)

( ∞∑

n=1

γnϕn

)

P − α(0)
∞∑

n=1

γnΛnϕn. (13)

This Lyot plane amplitude is then subtracted from the pupil
amplitude and limited to the pupil:

Ψ(0) =
(
Ψ(0)

A − Ψ(0)
C

)
P (14)

= α(0)Λ0

(

ϕ0 +
∞∑

n=1

Λn

Λ0
γnϕn

)

P. (15)

We obtain the next iterate after renormalization:

Ψ(1)
A = Ψ(0)

max(Ψ(0))
(16)

=
(
ϕ0 +

∑∞
n=1(Λn/Λ0)γnϕn

)
P

max
(
ϕ0 +

∑∞
n=1(Λn/Λ0)γnϕn

) . (17)

This expression can be generalized to the kth iterate after some
algebra:

Ψ(k)
A =

(
ϕ0 +

∑∞
n=1(Λn/Λ0)kγnϕn

)
P

max
(
ϕ0 +

∑∞
n=1 (Λn/Λ0)k γnϕn

) . (18)

Because eigenvalues are ordered as Λ0 > Λ1 > Λ2 > · · · > 0
(Slepian 1964), the convergence of the algorithm to the first
eigenvalue Φ0 is always guaranteed. In the perfect case, the ratio
(Ψ(∞)

C (r)/Ψ(∞)
A (r))P (r) is constant over P and equal to 1 − Λ0.

We use the uniformity of this ratio as a stopping criterion for the
algorithm, as it gives a proxy for the precision on the eigenvalue.
We find satisfactory results when we stop the iterations when
the precision on the eigenvalue is 0.1%.

3. PERFORMANCE AND SENSITIVITY TO GEOMETRY

3.1. Effect of Central Obstruction

In this section we study the performance and sensitivity of an
APLC to central obstruction in a circular aperture, with circular
focal plane mask. We first generate a large number of apodizers
to sample finely the obstruction and mask size parameter space.
Depending on the obstruction and mask size, we identify two
morphologies of apodizers: bell shaped or bagel shaped. In
Figures 5 and 6, we show the prolate apodizers for a range
of obstruction and mask sizes.

Small obstruction and small masks produce bell-shaped
apodizers (bottom left in Figure 5), whereas large obstructions
and/or large mask (top right in Figure 5) produce bagel-shaped
apodizers. Denoting by D1 the diameter of the primary aperture
and by D2 the diameter of the obstruction, the existence of
these two regimes can be understood by comparing the scales of

Figure 5. Given telescope geometry defines an integral eigenvalue problem
in which for any mask size (eigenvalue), an apodization can be computed
(eigenfunction). This figure illustrates the apodization that can be obtained for
a few telescope geometries varying the size of the central obstruction (y-axis),
and as a function of the mask’s size (x-axis).

D1/α and D2, where α denotes the mask diameter in resolution
elements (Soummer 2005). Indeed, in the convolution product
of Equation (3), the extent of the term M̂(r) is proportional to
D1/α. For example, if D1/α # D2, the convolution product(
ΨA(r

)
∗ M̂(r) will go to zero at the center of the aperture and

the apodizer will be bagel shaped. Conversely, if D1/α % D2,
the convolution product at the center of the aperture will
only have a negligible dip, and the resulting apodizer is bell
shaped. Empirically, we consider that the bell/bagel transition
is obtained for α ≈ D1/(2D2). For example, for a 20%,
the transition region between bell-shaped and bagel-shaped
apodizer is for a mask size greater than 2.5Λ/D.

This discussion can be generalized for any features in the
pupil, and in particular for secondary mirror support structures
and segments. For a given feature of characteristic size d,
we observe a similar effect where the apodization function is
modified around the structure, when the mask size is larger
than D/(2d) (in resolution element units). This is illustrated in
Figure 14 where we can see that the secondary mirror support
structures start to influence the optimal apodization shape for
masks sizes greater than 5λ/D (in this figure, the vanes are
approximately of width D/10).

In the case of telescope geometries where the secondary
mirror support structures are very thin (as for example on Gemini
where d ≈ 1 cm), their effect is negligible in the calculation
of the optimal apodizer. Sivaramakrishnan & Lloyd (2005)
estimated the effects of such spiders on APLC coronagraphic
contrast. These very thin support structures only affect the
theoretical prolate apodizer for very large focal plane masks
(a few ten λ/D). The apodizer would present similar features

The Astrophysical Journal, 729:144 (8pp), 2011 March 10 Soummer et al.

Figure 3. Average contrast criterion for the Lyot stop geometry as a function of
inner diameter (ID) oversizing and outer diameter (OD) undersizing fractions.
The mask diameter is 5.6λ0/D, and λ1 = 1.72 µm. This shows that there is
no optimum for the OD undersizing and in practice this value is set to match
alignment tolerances (2% of the diameter). The ID shows an optimum value
and typically the Lyot stops have a central obstruction doubled from the initial
aperture geometry. For example, for an OD undersizing of 2%, the optimal
ID oversizing is 98% for this particular solution. In this case, the contrast is
improved by a factor of four compared to a 2% ID oversizing. See also Figure 10
for a qualitative explanation.

λ1 values as well. In other words, the average contrast keeps
improving with larger focal plane mask size. This result is
independent of the Lyot stop geometry.

We show in Figure 3 the evolution of the average contrast
criterion as a function of the Lyot stop geometry, specifically
the ID oversizing fraction and the OD undersizing fraction.
Here, we do not include the secondary mirror support structures,
which are optimized independently. Undersizing the Lyot stop,
OD does bring performance improvement. However, we set
the OD undersizing fraction to 0.02 (2% of the diameter) to
be compatible with alignment tolerances. The ID oversizing
however shows a clear optimum, in this case around 100%
oversizing, i.e., approximately doubling the size of the central
obstruction in the Lyot plane.

Based on this parameter space study, there is no optimum for
the mask diameter (Figure 2). We therefore select the physical
mask size as an input parameter and then calculate the optimal
wavelength λ1 and the Lyot stop geometry (limited to the Lyot
stop ID oversizing). The bandpass is a predefined constant,
and the Lyot stop OD undersizing is set by optomechanical
tolerances. The range of mask sizes we consider is roughly the
one shown in Figure 2, and is constrained between a sufficient
contrast performance and the need for a small IWA (0.2 arcsec
IWA requirement for GPI). We use nonlinear optimization
routines provided with the Mathematica software (Wolfram
2003) to search for the two optimization parameters. The choice
of the mask size depends on the science requirements in terms of
IWA (directly related to the mask radius) and contrast (contrast
performance monotonically improves with mask size). In the
next section, we discuss how increasing the mask size improves
both contrast and achromaticity, and how we can select the
appropriate mask size.

3.2. Quasi-achromatic Solutions for Gray Apodizers

3.2.1. Performance

In Figure 4, we show the average contrast Cλ(λ) as a function
of wavelength, for FPM diameters ranging from 4.4 to 6.0
λ0/D. For each mask size, we use the nonlinear optimization to
calculate the wavelength λ1 and the Lyot stop geometry. This
result confirms that the average contrast keeps improving as the
mask diameter increases. For the Gemini telescope geometry
and the H band, this set of calculations shows that smaller
masks sizes below 5λ0/D lead to significant chromaticity, and
that slightly larger mask sizes improve both the average contrast

Figure 4. Average contrast in the dark zone as a function of wavelength across
the H band, for a range of mask diameters from 4.4λ0/D to 6.0λ0/D. The
other parameters (wavelength λ1 and Lyot stop geometry) are obtained using a
numerical optimization. As the mask diameter increases the contrast improves
at every wavelength and the chromaticity decreases as well. Quasi-achromatic
solutions across most of the bandpass are obtained for mask diameters larger
than 5.5λ0/D.
(A color version of this figure is available in the online journal.)

Figure 5. On-axis coronagraphic PSFs for the H band corresponding to the
same parameters as in Figure 4. Again, this shows that the contrast improves
monotonically with mask diameter. Because of the chromaticity improvement,
the broadband contrast just outside the IWA can be improved dramatically with
modest increase in mask diameter.
(A color version of this figure is available in the online journal.)

and the chromaticity performance, to reach a quasi-achromatic
profile over most of the bandpass for masks sizes larger than
!5.5λ0/D.

In Figure 5, we show the on-axis coronagraphic PSF for
the H band and the same mask diameter as in Figure 4. This
also illustrates how the contrast improves with increasing mask
sizes. It is interesting to note that in this range, small increases
in IWA can lead to very significant contrast improvement. For
example, the contrast improves by about one order of magnitude
just outside the IWA (5–6λ0/D), for a mask diameter increase
between 5 and 5.6λ0/D. Therefore, in this regime a modest
increase of geometric IWA provides dramatic improvement of
the coronagraphic PSF, which in turn helps the actual IWA since
the perfect coronagraphic PSF contributes to residual pinned
speckles.

In Soummer (2005), we used the encircled energy within the
mask area in the final focal plane as the contrast criterion, using
the semianalytical approach based on Hankel transform prop-
erties and numerical integration (Soummer et al. 2003a). The
optimization approach was much simpler than the approach de-
scribed here. The results presented here bring at least one order
of magnitude improvement. The mask size used to calculate
the apodization function was selected as a free parameter, for
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Soummer et al. 2011
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Shaped Pupil Lyot Coronagraph

Simultaneously optimize 
pupil and Lyot plane

Gains smaller iwa and more 
throughput

Entrance Pupil Lyot Stop

from Neil Zimmerman
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High-Contrast Imaging Laboratory, Princeton University

Phase mask coronagraphs with on-axis telescopes 
(Carlotti, Mawet, Pueyo) ; here w/ 4QPM ; ask D.Mawet for Vortex.

obscuration & spiders limit high-contrast ; apodizer can retrieve it

Friday, July 25, 14



Shaped Pupil Lyot Coronagraph for WFIRST-AFTA
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Instrument Performance (off-axis behavior)
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Q is the ratio of the planet flux at 
the center of the PSF to the 
background flux there.
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Throughput
There are four possible measures of throughput often quoted:

Total Throughput:

T =

R R1
�1 P

o

(u, v)dudv

R R1
�1 P (u, v)dudv

=

R R1
�1 |A

o

(x, y)|2dxdy

R R1
�1 |A(x, y)|2dxdy

=
Ã

o

A

=
A

o

A

For binary pupils

Airy Throughput:

T
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R R
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A

Effective Throughput:

Useful Throughput (Guyon, et al. 2006):
Maximum fraction of planet light that can be separated from starlight.

T
R

=
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airy

Note: Po is a function of 
angle in image plane.
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Inner Working Angle
Where the effective throughput drops by 50%

(Maybe where td doubles to allow for sharpness change?)

Guyon, 
Pluzhnik, 
Kuchner, 
Collins & 
Ridgway  2006, 
ApJS 167, 81

T⌦  1�A2(✓)

A = Airy Function

Perfect Coronagraph
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Sharpness
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Wavefront Aberrations
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Speckle
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Wavefront Aberrations
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Remember:  Different coronagraphs have different 
sensitivities to various orders of aberrations.

Speckle
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Without 
Adaptive 
Optics

With AO

Images and Video from UC Santa Cruz Adaptive 
Optics course.

Star Image

Typical Ground Adaptive Optics

Deformable Mirror/

Wavefront Corrector

Reference Star
Target Object

Telescope
Collimating Optics

Dichroic Beamsplitter Science Camera

Wavefront Sensor

Control 
Law

Atmospheric

Turbulence

Phase Conjugation
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Without 
Adaptive 
Optics

With AO

Images and Video from UC Santa Cruz Adaptive 
Optics course.

Star Image

Typical Ground Adaptive Optics

Deformable Mirror/

Wavefront Corrector

Reference Star
Target Object

Telescope
Collimating Optics

Dichroic Beamsplitter Science Camera

Wavefront Sensor

Control 
Law

Atmospheric

Turbulence

Phase Conjugation

Planet imaging requires “Extreme Adaptive Optics” with 
high format DMs to correct mid-spatial frequencies.
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Deformable Mirrors

MEMS Deformable Mirror (BMC)Xinetics Electrorestrictive

Continuous facesheet
FOV determined by number of actuators
Model surface as linear sum of basis functions
Usually influence function as basis function 

Measured response from a single poked actuator
Approximately Gaussian shape
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Direct Images of HR8799 with AO

Gemini/NICI (Lyot)

Keck

Hale/Palomar (vortex)

Marois, Macintosh, et al. (2008)

The planets were later 
“discovered” in older HST 
images without AO.

Serabyn, et al. (2008)
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Next Generation of Extreme AO on ground

Gemini Planet Imager

APLC coronagraph 
with 4000 actuator 
MEMS DM.

GPI, SPHERE, SCExAO+CHARIS

N

E

GPI H Band Nov. 2013 60 sec

0.4"

7.8 AU

Courtesy Bruce Macintosh
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Next Generation of Extreme AO on ground

Gemini Planet Imager

APLC coronagraph 
with 4000 actuator 
MEMS DM.

GPI, SPHERE, SCExAO+CHARIS

N

E

GPI H Band Nov. 2013 60 sec

0.4"

7.8 AU
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GPI 30 min. SDI for methane
GPI 30 min. SDI for flat

Keck 45 min

Courtesy Bruce Macintosh
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Beyond Extreme AO
On ground, aberrations are predominantly phase.

For very high contrast in space, need to worry about non-
common path error and amplitude errors.  Limit contrast to 
1e-5 to 1e-7.

Solution:  Focal Plane Wavefront Sensing and Control with two 
Deformable Mirrors
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Beyond Extreme AO
On ground, aberrations are predominantly phase.

For very high contrast in space, need to worry about non-
common path error and amplitude errors.  Limit contrast to 
1e-5 to 1e-7.

Solution:  Focal Plane Wavefront Sensing and Control with two 
Deformable Mirrors

Today, “coronagraph” refers to both the optical design and 
the wavefront control system!
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DMs Coronagraph
Science 
camera

from
telescope

Estimation & 
Control

Control Algorithms:
Speckle Nulling (Brown & Burrows)
Energy Minimization (Malbet & Shao)
Electric Field Conjugation (Giveon)
Stroke Minimization (Pueyo)

Estimation Algorithms:
DM Diversity (Borde & Traub, 
Belikov)
Gerchberg-Saxton (Kay)
Kalman Filtering (Groff)

46

Focal Plane Wavefront Sensing & Control

Need to estimate complex field from only intensity
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Single DM Control
Because controlling amplitude, only single-sided dark hole.

Shaped Pupil
• 4-10 λ/D
• 10% bandpass
• 2.4 x 10-9 contrast
[Belikov et al. 2007]

Band-Limited Lyot
• 4-10 λ/D
• 10% bandpass
• 6.4 x 10-10 contrast
[Moody et al. 2008]

PIAA
• 2-3.4 λ/D
• monochromatic
• 1.9 x 10-8 contrast
[Belikov et al. 2011]

Because using phase to amplitude conversion, controller is 
chromatic and bandwidths limited.  OWA determined by # of 
actuators.
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Dual DM Control
First test at JPL HCIT in August, 2013 (monochromatic).
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Future?
Hybridizing coronagraph with DMs to generate contrast

19

 

 

50 100 150 200 250 300 350 400 450 500

50

100

150

200

250

300

350

400

450

500
−2.5

−2

−1.5

−1

−0.5

0

0.5

1

1.5

2

2.5

−0.5 −0.4 −0.3 −0.2 −0.1 0 0.1 0.2 0.3 0.4 0.5

−0.5

−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5 x (λ/D)

y
(λ

/
D
)

 

 

ï20 ï10 0 10 20

ï20

ï15

ï10

ï5

0

5

10

15

20
ï8

ï7

ï6

ï5

ï4

ï3

ï2

ï1

0

DM Setting Shaped Pupil One-Sided Dark Hole

• Contrast:  5x10-9

• Transmission: 61%
• Stroke:  0.91 \lambda
• IWA: 4 \lambda/D
• OWA: 22 \lambda/D

Riggs, et al. (2014)
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FPA 

DM1/FSM 

DM2 

Hybrid Lyot Coronagraph

Baseline design for WFIRST/AFTA

From John Trauger, JPL
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