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ABSTRACT

The SPace Infrared telescope for Cosmology and Astrophysics (SPICA) is a infrared space-borne telescope mission of
the next generation following AKARI. SPICA will carry a telescope with a 3.5 m diameter monolithic primary mirror
and the whole telescope will be cooled to 5 K. SPICA is planned to be launched in 2017, into the sun-earth L2 libration
halo orbit by an H II-A rocket and execute infrared observations at wavelengths mainly between 5 and 200 micron. The
large telescope aperture, the simple pupil shape, the capability of infrared observations from space, and the early launch
gives us with the SPICA mission a unique opportunity for coronagraphic observation. We have started development of a
coronagraphic instrument for SPICA. The primary target of the SPICA coronagraph is direct observation of extra-solar
Jovian planets. The main wavelengths of observation, the required contrast and the inner working angle (IWA) of the
SPICA coronagraph are set to be 5—27 micron (3.5—5 micron is optional), 10, and a few /D (and as small as possible),
respectively, in which 1 is the observation wavelength and D is the diameter of the telescope aperture (3.5m). For our
laboratory demonstration, we focused first on a coronagraph with a binary shaped pupil mask as the primary candidate
for SPICA because of its feasibility. In an experiment with a binary shaped pupil coronagraph with a He-Ne laser
(A=632.8nm), the achieved raw contrast was 6.7x10®, derived from the average measured in the dark region without
active wavefront control. On the other hand, a study of Phase Induced Amplitude Apodization (PIAA) was initiated in an
attempt to achieve better performance, i.e., smaller IWA and higher throughput. A laboratory experiment was performed
using a He-Ne laser with active wavefront control, and a raw contrast of 6.5x10” was achieved. We also present recent
progress made in the cryogenic active optics for SPICA. Prototypes of cryogenic deformable by Micro Electro
Mechanical Systems (MEMS) techniques were developed and a first demonstration of the deformation of their surfaces
was performed with liquid nitrogen cooling. Experiments with piezo-actuators for a cryogenic tip-tilt mirror are also
ongoing.
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Figure 1. Left: Artist’s view showing the SPICA telescope in orbit. Right: a HII-A rocket (O JAXA).

1. INTRODUCTION

We consider the direct observation of exo-planets to be one of the most important issues for space science in the near
future. More than 250 exo-planets have been discovered by indirect observation of the Doppler shift of the spectrum or
the variable luminosity of a star due to the transit of a planet!**). However, such indirect observations do not usually
provide the spectrum, luminosity or other important properties of the planet itself. Thus, a systematic study of extra-solar
planets by direct observation is required, in which the enormous contrast between the central star and the planet is quite a
serious problem. The typical contrast is ~10™'" in the visible light region but is reduced to ~10"® in the mid-infrared'".
With coronagraphs, which were first evaluated for solar observation'” the contrast between an extra-solar planet and its
central star is expected to be reduced. Coronagraphic observations in space have an essential advantage over ground-
based observations because they are completely free from air turbulence. Thus, infrared observation using a coronagraph
and a space telescope could be one of the most feasible and therefore most promising ways to realize direct detection of
exo-planets.

The SPace Infrared telescope for Cosmology and Astrophysics (SPICA) is one of the next generation of infrared space-
borne telescope projects'®” following AKARI, which was launched in February 2006'®. SPICA will carry an on-axis
Ritchey-Chretien telescope which has a monolithic mirror with a 3.5m aperture. The whole telescope is cooled to 5 K by
radiation cooling and mechanical cryo-coolers. The required optical quality of the telescope is a diffraction limited image
at a wavelength of 5 micron. The main observation wavelength is in the range 5200 micron. SPICA gives us a unique
opportunity for coronagraphic observation because of the mid-infrared observation capability, the large telescope
aperture and simple pupil shape provided by the monolithic mirrors. Therefore, SPICA will be equipped, together with
other general purpose instruments, with a coronagraph'®'?. We have set the primary target of the SPICA coronagraph to
be the direct observation of extra-solar Jovian planets. The specification of the SPICA coronagraph is shown in table 1.
Figure 2 shows the distribution of the field of view for focal plane instruments on SPICA.

Special space missions targeting terrestrial extra-solar planets (e.g., TPF-C'"! and related missions, TPF-I'*]
DARWIN!"! use of petal-shaped occulter''®) have been proposed. These missions are quite huge and need ultimate
performance to detect the terrestrial planets, and therefore launches for these missions are planned to be significantly
later than the launch of SPICA. The James Webb Space Telescope (JWST) is a general purpose space telescope
mission!'”, and is in the same generation as SPICA. It will have coronagraphic instruments; however, the primary mirror
of JWST consists of many segments which limit the coronagraphic performance. Furthermore, the SPICA coronagraph
will have a spectroscopic mode which JWST will not have. From direct observation of Jovian-type extra-solar planets by
high quality coronagraphic imaging and spectroscopy in the SPICA mission, we expect to characterize extra-solar
planetary systems and reveal their formation history
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Figure 2. Left: distribution of the focal plane for the expected instrumentation. Right: sensitivity of SPICA telescope

Table 1. Specification of the SPICA coronagraph instrument.

Parameter

Specification

Core wavelength (L)
Observation mode
Coronagraphic method

Inner working angle (IWA)
Throughput

Outer working angle (OWA)

Contrast between IWA and OWA

Detector

Field of View
Spatial resolution

Spectral resolution

5—27 micron (3.5-5 micron is optional)
Imaging, Spectroscopy

binary shaped pupil mask,

and/or hybrid (binary shaped pupil + PIAA)
~3.5xMD" (binary shaped pupil mask mode)
<2 xAMD" (hybrid mode)

~30% (binary shaped pupil mask mode)
~80% (hybrid mode)

~30 x M/D (binary shaped pupil mask mode)
~ 10 x /D (hybrid mode)

>10°

1k x 1k format Si:As array, 0.”1/pixel

’x1

<IWA

~200

* D =3.5 m is the entrance pupil diameter of the SPICA telescope
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Figure 3. Top-left: manufactured mask #3. Bottom-left: A photograph of mask #3 by microscope. Right: Optical configuration of the
experiment. All the optical devices were set on a table with air suspension in a dark room with an air cleaning system flowing from the
top of the room onto the optical table.

2. DEVELOPMENT OF THE CORONAGRAPH

Recently, we succeeded in laboratory demonstrations of coronagraphs, in which the contrast requirement of the SPICA
coronagraph (10°°) was satisfied using visible light, as described in the following sections. These are important steps
toward the development of a MIR coronagraph in a cryogenic and vacuum environment.

2.1 Experiment of a binary shaped pupil mask coronagraph

In selecting a coronagraph for SPICA, some peculiar requirements had to be considered. The SPICA coronagraph had to
work in the mid-infrared wavelength region in a cryogenic environment, so a coronagraph without transmissive devices
was preferable. The coronagraph should not be subject to telescope pointing errors caused by vibration of the cryogenic
cooling system and the attitude control system. Achromatism was also an important property. After taking these points
into consideration, a coronagraph with a binary shaped pupil mask!"***! was selected as the primary target of our study
and an experimental demonstration that this was a feasible solution was carried out.

We carried out an experiment to investigate and demonstrate the performance of a coronagraph with checkerboard masks
using visible light in an air ambient. Of our 3 checkerboard masks, we briefly show an experiment using the last one
(mask #3) in this paper. For more details or the results using other masks, please refer to our other publications!***"!,
Binary masks consisting of 100 nm thick aluminum patterns on BK7 glass substrates were made by nano-fabrication
technology using electron beam patterning and a lift-off process. Optimization of the checkerboard mask was executed
using LOCO software presented by Vanderbei (1999)?*). The contrast, IWA and OWA of mask #3 were designed to be
10, 3.7 and 35 A/D, respectively. Anti reflection (AR) coatings were applied to both sides of the mask. The left panel
of figure 3 shows the manufactured mask #3. The configuration of the experiment is shown in the right panel of figure 3.
The setup of the experiment was in a dark room with an air cleaning system employing HEPA filters and the optical
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Figure 4. Left: observed coronagraphic images. The top and the bottom panels show a low sensitivity image of the whole PSF  and a
high sensitivity image of the dark region in the PSF through a square hole mask. Right: observed and theoretical profiles are shown as
well as the theoretical Airy profile. Each profile is normalized by the peak intensity in each image.

devices were set on a table with air suspension. A He-Ne laser with a 0.63 micron wavelength was used as the light
source. A spatial filter, consisting of a microscope objective lens and a 10 micron diameter pinhole, was used.
Collimation was done using a plano-convex lens with an AR coating and the collimated beam was incident on the pupil
mask. After passing through the mask, the beam was focused by a lens with the same specification as the collimator lens
but with a longer focal length as shown in figure 3. A cooled CCD camera was used for imaging. Wavefront control by
adaptive optics was not applied. We used several different exposure times to expand the dynamic range of the
measurement. For measurement of the dark region, a 20 micron thick black coated SUS304 mask was set in front of the
CCD camera to reduce the scattered light in the camera.

The left panels of figure 4 show the observed point spread function (PSF) with the checkerboard mask coronagraph, and
a profile of this PSF is shown in the right panel of figure 4. The profile of the observed PSF at the core in which the
relative intensity is > 10° is identical to the theoretical one. The contrast derived by averaging in the dark region using a
linear scale is 6.7x10®. Both the IWA and OWA obtained from the experiment are also consistent with the designed
values. Therefore, it was concluded that the coronagraph with a binary checkerboard pupil mask with or without a large
central obstruction works at the target contrast (10°). We also concluded that speckle is the primary limiting factor of the
coronagraphic performance in this experiment.

2.2 Experimental study of PIAA coronagraph

On the other hand, following the development of the coronagraph with a binary shaped pupil mask, the study of a
coronagraph with phase-induced amplitude apodization (PIAA) using two mirrors’®**"! was also started in an attempt to
achieve higher performance. In principle the PIAA coronagraph provides a smaller IWA (~1/2 or less than the TWA of
the binary shaped mask ) and a higher throughput (~100%) , though its development is more challenging.

The high throughput and small IWA of the PIAA coronagraph are achieved without it being affected too much by
resolved stellar disks or telescope tip-tilt errors. However, a PIAA designed to give high contrast by itself would require
optical shapes that are difficult to polish, as well as a reduced bandwidth because of chromatic diffraction. These
problems can be simultaneously solved by adopting a hybrid PIAA design (Pluzhnik et al. 2006°'), where the
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Figure 5. Left: optical configuration used for the laboratory demonstration of PIAA. Right: observed coronagraphic image shown on a
log scale (Tanaka, Guyon et al. 20025%! obtained in the laboratory of Guyon et al.) . The core of the PSF is obstructed by a focal plane
mask in which the radius is 1.5 A/D. The dark region at the right of the core is produced by wavefront control using a deformable
mirror with 32x32 actuators. The average contrast of the dark region is 6.5x107.

apodization created by the two-mirror system is moderated by combining a classical apodizer with PIAA apodization.
Tanaka et al. (2007)"*! proposed the implementation of a hybrid PIAA system with properly designed binary apodization
masks, and showed in the laboratory that such a combination is a robust approach to high contrast imaging. A laboratory
experiment was performed using a He-Ne laser in air as shown in figure 5. Active wavefront control was applied using a
Micro Electro Mechanical Systems (MEMS) deformable mirror with 32%32 channels provided by Boston
Micromachines Corp. (BMC). The whole of the optics for the experiment was set in a clean room. Thanks to thermal
stabilization and the mechanical isolation of the whole PIAA optics, the image drift on the final focus was kept quite
small (~ a few pixels in 1-2 hours). With this stability, a standard speckle nulling technique was used to successfully
eliminate broad speckles in half the image plane. In an experiment developed by Guyon and his colleagues at the

laboratory in the SUBARU observatory, a contrast of 6.5x107 at a separation of ~1.5MD from the center of the PSF was
obtained (Tanaka et al. 2007"%),

2.3 Other products

Before the final design decisions for the coronagraphic instrument are made and demonstration of a MIR coronagraph in
a cryogenic and vacuum environment is completed, there are some other projects relating to the SPICA coronagraph
being undertaken.

e A multi-stage Prolate Apodized Lyot Coronagraph (MS-PALC)®?, a variation of the classical Lyot type
coronagraph, has also been experimentally studied as reported by Abe et al. (2008, this conference)™, Venet
(2006)). This has the potential to provide a small IWA (1~1.50/D).

e Manufacturing tests of binary shaped masks for the MIR coronagraph are on-going. These masks are ~ lcm size,
i.e., larger than the masks shown in sec. 2.1, and some of them are intended to be free standing devices, i.e., have
no substrate.

e We are developing a vacuum chamber, in which the most important goal is demonstration of a MIR coronagraph in

a vacuum and cryogenic environment; however, we think the chamber has the potential to enable us to improve the
performance of our experiment with visible light.
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Figure 6: Top left: schematic view of the prototype DM unit. Bottom left: The DM unit installed in a cryostat. The radiation shield and
temperature sensor are not shown in this photograph. Right: measurement configuration.

3. ACTIVE OPTICS

3.1 Cryogenic deformable mirror

The specification of the image quality of the SPICA telescope is Smicron diffraction limit, corresponding to a wavefront
error of 350nm rms, which is insufficient for the coronagraphic instrument. Therefore we need active optics to
compensate for the wavefront error in the SPICA telescope, like a deformable mirror (DM) which can be operated at
cryogenic temperatures”®**’!. One of the usual types of DM is based on the piezoelectric effect; however, this effect tends
to be smaller at cryogenic temperatures (the piezoelectric coefficient at 5K is ~ 1/10 of that at ambient temperature: see
also Mulvihill et al.(2003)""). Recently, DMs fabricated using Micro Electro Mechanical Systems (MEMS) techniques
have been developed***). Operation of the MEMS DM is based on Coulomb forces, so does not depend on the
piezoelectric effect. The possibility of realizing large format and compact DMs is also an advantage of MEMS

technology. For example, MEMS DMs with 32%32 channels are commercially available. However, the stress introduced

into MEMS DMs by cooling due to mismatched coefficients of thermal expansion (CTE) can cause distortion and even
destroy the mirror.

Hence, we proposed to develop and evaluate a prototype cryogenic DM system based on MEMS mounted on a special
substrate designed to reduce thermal stress, as shown in figure 6. The mirror was mounted on a silicon substrate in order
to minimize distortion and prevent it from being permanently damaged by thermal stresses introduced by cooling. The
silicon substrate was oxidized and had a metal fan-out pattern on the surface. A MEMS silicon DM chip with 32
channels was bonded to the substrate. For cryogenic tests, we constructed a measurement system consisting of a Fizeau
interferometer, a cryostat cooled by liquid nitrogen, zooming optics, and electric drivers. The surface of the mirror at
95K deformed in response to the application of a voltage, and no significant difference was found between the
deformation at 95K and that at room temperature as shown in figure 7. The heat generated by the cryogenic DM was also
measured, and we suggest that this is small enough for it to be used in a space cryogenic telescope. The properties of the
DM remained unchanged after 5 cycles of vacuum pumping, cooling, heating, and venting. We conclude that fabricating
cryogenic DMs employing MEMS technology is one of the promising approachs
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Figure 7: 3D surface data obtained from the Interferometer. All data were obtained by measurements made through the window of the
vacuum cryostat. Left: surface without applied voltage at 95K. Right: surface with 80V on the 13th CH at 95K.

3.2 Cryogenic tip-tilt mirror

The SPICA telescope is influenced by mechanical vibration caused by cryo-coolers and other instruments. Such
vibration corresponds to telescope pointing jitter of ~ arcsec, which is not acceptable for the coronagraphic instrument or
other MIR instruments of SPICA. So, we are developing cryogenic tip-tilt mirrors to compensate for the pointing jitter.
Some prototypes of the cryogenic tip-tilt mirror have been manufactured in collaboration with a group at the Institute for
Astronomy, University of Tokyo, working on ground-based astronomy, in which a cryogenic chopping mirror was
developed and tested in a MIR camera, MAX 38. Figure 8 shows a prototype for one-axis chopping by a piezoelectric
actuator. More detail is shown in Nakamura et al.(2008, this conference)*”.

4. SUMMARY

SPICA is a next generation infrared space-borne telescope mission following AKARI. We are developing a MIR
coronagraph for SPICA. A coronagraph with a binary shaped pupil, and a coronagraph with PIAA are being considered
as candidates for the baseline solution and the advanced solution for SPICA, respectively. Laboratory demonstrations of
both coronagraphs were performed with a visible laser in standard atmospheric conditions, and the requirement of the
contrast for the SPICA coronagraph, better than 10, was satisfied. We are also developing cryogenic active optics.
Actuation of a prototype MEMS DM was confirmed at cryogenic temperatures in a cryostat by liquid nitrogen. A
cryogenic experiment employing a piezo-actuator for a tip-tilt mirror is on-going.
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