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Abstract "Thefield of EXoplanet reﬁe'affch is po1sed to make major advances in the
. upcommg decade One o'a-ho more promm'%g approaches for exo-planet detection and

. speetroscopy over wideswvayebands is hullin@giterferometry, which is capable of producing
high centrast.images equlv’alent to 2%/ coroMeraphs. When combined with'a modest single
aperture telescope or a colierént array usihg@-telescopes, the nulling interferometer based
visible nulling coronagraphproduces a cost effect instrument for imaging and spectroscopy
of over 100 nearby stars.* A technology development program 1s needed to demonstrate the
high contrast technique to the required levels of 10°-10"'" contrast. We have already
demonstrated nulling levels needed to detect Jovian planets but need further development to
demonstrate those of exo-earths Such development is a continuation of current efforts and is
envisioned to be accomplished within 4 year program of testbed demonstration and
component development in segmented deformable mirrors and single mode optical fiber array
assemblies.
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1 Introduction and Background

A

Nearly 350 exo-planets have been
discovered. Planets as small as 5 earth masses §
and two earth diameters (recent Corot
discovery) have been found. Astronomers can
measure the diameter of planets as they traverse
their parent star. Infrared spectra of Hot Jupiters
have been measured when those planets have
gone behind the parent star in a secondary
transit. The next major advance is the discovery A /s
and characterization of Earth-like planets in the CCD >
habitable zone around a parent star.

One of the more promising approaches for
exo-planet detection and spectroscopy over
wide wavebands is nulling interferometry
(Figure 1). A nulling interferometer can be used
as a high-contrast imaging system to suppress Figure 1: Imaging with a nulling interferometer. A
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both diffraction and scattering (Shao, 1991). In
principle, a nulling interferometer projects an
interference pattern on the sky over the star-

fringe pattern is superimposed over the star and planet to
be imaged, the star is placed at the bottom of a deep,
achromatic destructive (null) fringe, while planet on the

planet system being imaged, while the fringe constructive fringe is transmitted.

spacing can be tuned for a specific system. The central destructive fringe attenuates starlight and
adjacent constructive fringes offer 100% transmission for planet light when the optical path from

Figure 3: Concept payload for
EPIC

Figure 2: Concept

payload for DAViNCI Figure 4: A null pattern at maximum

baseline (4m) from 500nm-600nm.

the planet is A/2 different from the star.

In the infrared domain, this approach is known as the Bracewell nulling interferometer
(Bracewell andMcPhie, 1979). The Dilute Aperture Visible Nulling Coronagraph Imager
(DAVINCI) (Shao et. al. 2009), is a large mission concept for exo-planet exploration that uses 4,
1.1m telescopes along a variable baseline (Figure 2). In DAVINCI, we accomplish nulling by
coherently combining four separate apertures to produce a null pattern (Figure 4) proportional to
the planet angle to the fourth power. The dilute aperture approach breaks the cost paradigm of
large monolithic mirrors, and requires 4 telescopes of modest aperture (1.1m ITT, Space Systems
LLC NextView-class). DAVINCI has an inner working angle (IWA) equal to an 8m filled
aperture telescope that uses a coronagraph (IWA~2 A/D).
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The Extrasolar Planetary Imaging Coronagraph (EPIC) (Figure 3) is a medium-class mission
concept, designed to detect and characterize extrasolar gas giant planets (EGPs’), and inventory
the architectures of planetary systems (Clampin et. al., 2009). Although it is based on a
monolithic 1.65m diameter telescope, both DAViINCI and EPIC’s driving technical requirements
lie within its instrument, the visible nulling coronagraph (VNC).

In the visible and near infrared, observations can be carried out with conceptually similar
variants of the same basic nulling approach using both single aperture telescopes and dilute
aperture imaging interferometers. The “nulling coronagraph” creates interference fringes, by
shearing a single aperture multiple times (Figure 6),which synthesizes a 4 element long baseline
optical interferometer. The baseline is proportional to shear distance, e.g. EPIC). For
DAVINCI, the fringes are formed by coherent combination of the four apertures physically
separated by their baseline. The nulling approach solves many of the problems associated with
normal coronagraphy (like extreme aperture wavefront correction in the mid spatial frequency
range, and its ability to interrogate multiple star systems), and also allows smaller, more cost
effective telescope apertures to be considered

EPIC and DAVINCI are designed for direct
imaging of gas-giant and terrestrial planets.
to address critical scientific questions pertinent to the habitability of terrestrial planets, and to
measure biomarkers indicative of life.

Nuller #2

Calipratio
Wavefraont
Sensor

Nuller #1

A 4

for large scale missions. The VNC
architecture is compatible with both obscured

and non-obscured telescopes, and is also

compatible with segmented telescopes.
Using direct imaging in combination with

spectroscopy with broad wavelength coverage igure 5: Block diagram of the Visible Nulling
(0.5pm-0.9pm for EPIC and 0.55pum-1.7um Coronagraph.
for DAVINCI) enables nulling interferometry

2 Major Components of the Visible Nulling Coronagraph

Light from either the EPIC telescope or the DAViINCI telescopes are sent to the first of two
nulling interferometers (Figure 5). There are two outputs, a ‘bright’ output, whose light is sent to
bore sight tracking cameras to minimize jitter during integration and to a calibration wavefront

Pupil Input ~ Bright output / Dispersive
A Components
For Achromatic
Null N —
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<> =
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Nn& output delay
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Beam - ~
- Splitters [ |
Dispersi/é \
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shear
Figure 6: Principal concept for recombination of light froma  Figure 7: Principal concept for recombination of light
single telescope. The null output which is then rotated by 90°  from 2 telescopes. There are 2 outputs for each telescope
before input to the second interferometer. pair which are then combined with the other telescope
pair..
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sensor, and a ‘dark’ output which is relayed to a second identical nulling interferometer. The
dark output of the second interferometer is the fully “nulled” beam, and is spatially filtered by a
coherent array of single-mode optical fibers. There are deformable mirrors in each of the nulling
interferometers for fine control of amplitude and phase in each fiber of the array. The light from
the fiber array is split with one part directed to the planet detection camera (or spectrometer), and
the other part sent to the calibration wavefront sensor (DAViNCI only). The calibration
wavefront sensor serves as the error signal for the deformable mirrors. EPIC calculates its error
signal using a separate null control camera ’

operating from the dark output of the second [ ' ' ' '
“ \ //

nuller.
To make the n-radian phase shift achromatic,
we use pairs of dielectric plates of differing [
thicknesses. Solutions for achromatic m-radian w0l W :
0.4 0.5 0.6 0.7 0.8 0.4 1

null contrast

phase shifts (to the needed accuracy) exist with wavelength (um)
two glasses. Thus, for thls_ experiment, the final  Fjgure 8: The broad band null depth achievable by
layout for the beam combiner consists of using pairs of dielectric plates (Morgan et. al, 2003).

identical two-glass pairs of rotatable dielectric
phase retarders (Morgan et. al., 2003), in each leg of the interferometer (Figure).

2.1 Deformable Mirrors and Single Mode Fiber Arrays
To achieve a deep null, both the amplitude

and phase of the interfering wavefronts must be R L*"Q”m S G| R
matched to high tolerance in the pupil plane. A i j,x:' : e || ||
deformable mirror (DM) is placed in one arm of * "'g . A : |

each of the nulling interferometers. At the s 3 ™ l i3 L

output of the nuller, we use an array of single - SpatalFier Aray X

mode fibers (Figure 9). Within each fiber the o e,
electric field is fully specified by two numbers, Figure 9. Principal of a Spatial Filter Array. Input
the phase and amplitude. Each nuller uses a wavefront and amplitude aberrations are converted

segmented DM, with piston as well as tip/tilt into intensity variations and stepwise phase on output.

control of each segment. Piston motion controls

the phase of the light, while tip/tilt changes the coupling of the light into the single mode fiber.
This combination allows us to control both amplitude and phase of the interfering beams in the
fiber. At the output of the single mode fiber array, the light from each fiber is collimated. The
array of collimated beams is then focused onto a detector (or spectrometer slit). The fiber array is
called coherent because the optical paths through all the fibers are matched to 1/4 of a wave.

2.2 Post-coronagraphic Wavefront Sensor (DAVINCI only)
The last element of the instrument is the post

Nulling

Null coronagraph calibration interferometer (Figure
ulling X
o Inferferometer 10). At the output of the fiber array, the starlight
Telescope e should be mostly removed while preserving the
focus | 4 D> planet light. But because we have a dilute
ﬁ %ﬂ _ aperture, we need to rotate the array, record the
., Science data and generate a synthetic aperture image. As
camera
osnit? o . the array rotates, the null or stellar leakage from

Calibration
(interferometer)
-------- sensor

r N
1 NS
________ 1 . . \\
Calibration\ S
e

\
camera X

the null has to be stable or precisely measured.
The post coronagraph calibration interferometer
. has two functions, one is to serve as a wavefront
sensor to provide feed back to run the DM’s.

Figurel0: Concept for a calibration wavetront sensor
with a nulling coronagraph.
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The other is to measure the residual starlight leakage. Part of the output of the fiber bundle is
interfered with spatially filtered starlight from one of the “bright” outputs of the nulling
interferometer. Starlight coming through the “dark™ output of the nuller will be coherent with the
starlight coming through one of the “bright” outputs, but will not interfere with the local or exo-
zodi background. This calibration interferometer concept (Shao, 2007) is also being used in the
Gemini Planet Imager, a ground based extreme AO coronagraph, and in PICTURE, a nulling
coronagraph on a sounding rocket (50cm telescope). The calibration interferometer was also part
of a NASA funded instrument concept study for TPF-C.

3 Critical Technology Development

The driving requirements to demonstrate Spectrum of white light source
technology readmess come from optlcal contrast 1 -
levels of 107 for Jovian planets and 10™'° for 08 f,fu‘( &
earth-sized planets in starlight over an extended > \
field of view. Ultimately we need to show an
imaging contrast of 2x10™"" over an inner working
angle less than 38mas using a wide band pass of
starlight (25%). In order to meet this demanding
TRL-6 requirement, deformable mirrors, spatial o
filter arrays and null control algorithms must act o
together in a stable environment within a vacuum = . S avelengt oy " e
tank. White light null 1.5x10/airy spot

To image a planet around a nearby star, we
need to suppress the light from the star at the
position of the planet, down to a level where
photon noise from the stellar leakage is smaller
than the photon noise from the local and exo-zodi
dust. Light at the 1st airy ring is ~2% of its peak
intensity. For DAVINCI, this 2% must be reduced
to ~10™ to be below the local/exo-zodi. Residual
stellar speckles are still ~10X brighter than the Dark count
planet. Next we need a method for measuring the 1 s s i ~78 pls
residual starlight speckle pattern (wavefront time sec
calibration) down to ~1/5 of the planet light,
meaning the residual speckles must be subtracted

o
05 L
/ 104 mam

o
-

Relative Intensity
.

2
s

Photons in 100msec

- Deep WL null

Figure 11: (Upper) The 15% white light
spectrum after propagation through one arm of

to ~2x10™"! for a Earth @ 107'? contrast. the interferometer. The Full width at half
We have divided the technology tasks into maximum is 100 nm. (Lower) The resulting
wide band starlight suppression and null plot showing 107 starlight suppression.

demonstration of high contrast imaging using the VNC over an extended field of view. These
demonstrations run concurrently with component development of segmented deformable
mirrors and fabrication of coherent single mode fiber arrays.

3.1 Wide bandwidth starlight suppression:

We have already achieved a deep, 10 null over a wide 16% spectral band (Samuele et. al,
2007) (Flgure 11). When combined with a 1000 element single mode fiber array, this would
yield a 10~ contrast. The major challenge of achlevmg deep starlight suppression is the precise
control of both amplitude and phase. The residual 10™ leakage is due in part to phase errors and
in part to amplitude errors, while the optical path in the two arms is matched to ~40 picometers,
and the intensity difference of the two interfering beams is matched to 0.06%. These
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measurements were made with the interferometer in the quiescent environment of a vacuum
chamber, but at atmospheric pressure. This level of performance is satisfactory for EPIC but
needs another factor of 2-3 for DAVINCI.

Starlight suppression of 10°is required to produce an overall contrast of 10 (suitable for
DAVINCI). (Earth-like planets) at an equivalent angle of 1-2A/D. Final image contrast needs to
be achieved with using the calibration wavefront sensor data to subtract speckles to the 2x10™"
contrast level (5x lower than an Earth planet contrast of 10'°)

3.2 High Contrast Imaging

To achieve this we need a test bed that is capable of demonstrating starlight suppression over a
multiple ‘pixel’ field of view. In the DAVINCI and EPIC architectures, the output of the nuller is
coupled to a coherent array of optical fibers in the pupil plane. Each segment of the segmented
DM controls the amplitude and phase into one fiber in the array. The output of the fiber array is
focused onto the science camera as in Figure 12. Both JPL and GSFC are developing parallel test

beds.
with null control
algorithms resulting in
stable closed-loop
control in a noisy lab
environment at 6.7 Hz.

The APEP Optical
test bed is designed for
a vacuum environment
(Figure 12). It will be
capable of remote
access, so both JPL and
GSFC will be able to
use the test bed to
demonstrate high
contrast imaging and
also demonstrate
control algorithms.

The nulling
interferometer with a
DM, and calibration
wavefront sensor are
shown. The fiber array
is not yet shown. It will
be located in front of
the 400mm achromatic
lens before the science
camera.

APEP is an advanced
testbed that will
ultimately demonstrate
high contrast imaging to
the required levels for
both EPIC and
DAVINCI.

Significant advances have occurred at GSFC in the development of an imaging test bed

APEP OPTICAL LAYOUT Cooling Line

ANDOR
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1 Inch Beams
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GB650

2 inch optics
o T :
Future location of ¢ ’ e e i ~ f__:___a_—_—;% |
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Figure 12: JPL Nulling Test bed for demonstration of high contrast imaging using a
nulling interferometer, DM, fiber array, and with a post-coronagraphic wavefront
sensor.
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3.3 Component Development

3.3.1 Deformable Mirror Technology

The deformable mirror consists of hexagonal mirror segments, each having 3 degrees of
freedom. The Boston Micromachines Corp (BMC) concept (Figure 13) uses three actuators
connected to the hexagonal mirror segment via posts that resemble vertices of an equilateral
triangle. This actuator geometry provides the mirror with unlimited degrees of tip/tilt motion,
and when the actuators are deflected by equal amounts, the mirror segment can be moved in
piston. The mirror segments are designed to have 1um of piston stroke when they are tilted to
3mrad. In other words, if the mirror elements remained flat, the mirror could experience 2pum of
piston motion before reaching the actuator limit. However, 1um of this motion is reserved for
tip/tilt behavior.
IRIS AO is developing a deformable mirror that is a hybrid of surface micromachining and

bulk micromachining (Figure 14). |

Rigid
High-Quality

Mirror —

<+— 600pm —p

Bondsites

Actuator
Platform

Electrodes

Temperature

1 pm max. stroke Insensitive

sy a' m 0 rp h
e | . Hexure
[—— ]

o Figure 14: Diagram of a single Iris AO mirror
segment. Dozens or even thousands of these of these

may be tiled into a deformable array

mirror segment ( 3 mrad max. it
%}ﬁﬁ‘ﬁm T Under TPF funding, Boston Micromachines
silicon substrate Corporation (BMC) developed an
Figure13: Top and side view of the BMC MEMS DM architecture for a segmented deformable
architecture for tip/tilt and piston motion (left). mirror and produced a 61 segment
demonstrator. The main drawback was that
the segments were not uniformly flat. Under subsequent
SBIR funding, BMC has mitigated this problem and has
delivered a

331 segment Electromechanical Performance - Tip/Piston
deformable t '- : ; ane
. - 1800
device 5 f Zo|
. v 1
(Flgure 15 s 1400
- i =
and Stewart i, : g |
BUS IUN mi,‘_KUM&UHiN'r.S et.al, 2007) %3 tnuu%
1l - EORMAT (¢ 0 They have z w £
0 = demonstrated ~ : N
400
Figurel5: 331 Segmented DM segment ‘ _ 5
technology demonstrator flatness to 4m 0 = 0
radius of I -
curvature and Snm rms roughness. Figure 16 Figure 16: Performance characterization of 331
shows the mirror response to each of its three segment deformable mirror for each actuator

actuators per segment. separately and for all actuators together.
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Also under SBIR funding Iris AO is
developing a DM through a
combination of fabrication techniques
resulting in a DM that has
demonstrated 7.6pum of stroke at 125V,
98.6% fill factor, and optical quality of
better than 16nm of rms after
packaging. Preliminar}; cyclic tests
over 110 hours and 10" cycles show no
noticeable changes to the actuator
positions after cycling (Figure 17).

Hexagonal mirror segments are tiled

IRIS-AO 925 Segment Mirror
Phase-ll SBIR/GSFC

TP T YT T

Figurel7: Current state of
development of Iris AO
segmented deformable mirrors.

to form a DM array. Thick (20pm)

single crystal silicon mirror segments are assembled onto surface micromachined platforms
using flip chip bonding. The rigid segments maintain high optical quality (<20nm rms figure

Figure 18: Fiber array is made by confining
fibers by equilateral prisms 1 and 3 and
equilateral prism 2 with one vertex beveled
(polished off) to have a width given by that of the
fiber array plus the diameter of one fiber.

errors) after packaging. Each actuator
platform is anchored to the chip substrate via
three bimorph flexures that elevate them after
release because of engineered residual
stressing in the top material of the bimorph
flexure. The top layer of high stress material
bends the polysilicon suspension into
position. The three underlying electrodes
allow for piston motion when energized with
equal voltages and tilt motions when
energized with different voltages (Helmbrecht
et. al., 2006). They have delivered a 367
segment demonstration mirror and a 925
segment demonstration mirror proving that
this architect is capable of fabrication at flight
like sizes (Figure 17). Current funding is
devote toward fabrication of a 163 segment
fully functional mirror. Future work will
concentrate on producing an interconnect
scheme to provide electrical access to all

actuators, and to develop a lower segment surface error.
Although key technology requirements have been met by both BMC and Iris AO, future
development will work toward realizing 1000 segment deformable mirrors with no dead

actuators with both architectures.
3.3.2 Fiber Optic Array Technology

The JPL fiber array design uses three precision equilateral prisms placed on a flat base plate as
shown in Figure 18 (Liu et. al, 2005). The middle prism has one of its vertices polished flat to a
width approximately equal to the side length of the fiber array. The fiber array is confined by two
facing sides of the upright prisms and the flat top of the middle prism.

The state of the art in Fiber optic arrays is also a 331 hexagonal array of single mode fibers.
The key technology challenge has been to align and bond a lens array to this fiber array to

produce a single monolithic assembly.

Both GSFC and JPL are working with Fiberguide Industries to develop such a custom
subscale monolithic assembly consisting of 217-fibers which is specified to meet all the
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requirements for flight except for the number of fibers (Figure 19). It is expected that two units
will be delivered (one to GSFC and one to JPL) by the end of 2009.

In addition GSFC
has an ongoing phase-
I SBIR to develop an
alternative waveguide
based approach. We
need to develop an
integrated array with
1000 fibers for the
ultimate flight
instrument, and
successful
demonstration of
these subscale
technologies is the
first important step.

217 FIBERS

4 Cost and Schedule

t— 1 TFIEERS ACROES — g
BT i

Figure 19: Design of a Single Mode Fiber Array from
Fiberguide Industries. Left: Array of 217 fibers in a
hexagonal array. Center: details of S0mm diameter
end face. Right: View of 1cm thick array.

The technology development schedule is given below in Figure 20. It 1nc1udes trme for test

bed integration and demonstration of high contrast imaging milestone of 10*, 107,

and 1071°

contrast. Concurrent with the test bed is the development of 1000 segment deformable mirrors
and matching single mode fiber arrays. The test bed development program is currently under
NASA funding. This includes funding for initial SFA development. The deformable mirrors have
previously all been developed under SBIR funding.
Our costing estimate is notional and based on current levels of effort. Assuming a 4 year
program starting in FY2011, the test bed would request support of 5 FTE + the cost of
equipment. Historically each deformable mirror has been developed for $750K under the SBIR
program, and each fiber array costs $100K. We recommend 2 vendors each of DM and SFA
technologies. So the total cost of the technology program would be 4 years x 5-10 FTE +
equipment + deformable mirror development costs + fiber array development costs. The total

cost is roughly $10-$20M.

‘Task Name

[ 2009 [2010

[2011

[2013 [2014

2008 [2012 [2015
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107-8 Contrast Achieved

1000 segment Deformable Mirror Development
2nd generation Fiber Array Development
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10”-9 Contrast Achieved
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Continued testing and verification of 107-10 contras

Testbed Development Complete

C

‘W@Aljmeved

‘l10"710 Contrast Achieved
C

Testbed Development Complete 4 10/1

Figure 20: Visible Nulling Coronagraph Technology Development and Mission Implementation Schedule

5 Recommendations

We recommend a technology development program to demonstrate the levels of contrast
needed for the imaging earth-like exo- planets and spectroscopic investigations of their
atmospheres Starlight suppression of 10 is required to produce an optical contrast of 10 Final
image contrast after speckle subtraction needs to be 2x10™'? for Jovian planets, and 2x10™"" for
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Earth-like planets at an equivalent angle of 1-2A/D. This is ultimately achieved with using the
calibration wavefront sensor data to subtract speckles to their required levels.

Optlcal nulls using a single mode fiber have already been demonstrated to 107 in laser light
and 10 in broad band light. These levels are acceptable within a factor of 2 for EPIC and
within an order of magnitude for DAVINCI. Optical contrast has yet to be demonstrated with the
combination of the nulling architecture (including the calibration wavefront sensing system).

Future demonstrations would support medium class missions such as EPIC and the final
demonstration would support large missions such as DAVINCI. We need advanced test beds in
vacuum to demonstrate the required contrast levels. Concurrent with these demonstrations are
technology development in segmented deformable mirrors and single mode fiber arrays. Vendors
have shown that 1000 segment DM’s can be fabricated. To date, we have 300 segment subscale
devices available for test. We have also shown that large fiber arrays can be built, but they also
need to be integrated with lens arrays to form a monolithic module. We recommend a 4 year
technology development program, to fabricate full scale DM’s and fiber arrays, and to perform
demonstrations of the ultimate contrast levels. Such a program would cost less than $20M.
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