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While not reported here, we note that the question of spectral bandwidth is being addressed in stages. Early
experiments with 2% bandwidth have demonstrated contrast of 1.5 x 10” using the same coronagraph masks and
speckle nulling procedure as above. Our optical model indicates that an optimal choice of Lyot mask will
improve this to the contrast levels seen in narrowband light. Initial experiments with 10% bandwidth light, again
with the same coronagraph mask and speckle nulling procedure, produced a contrast of 6 x 10”. Our model
predicts that this 10% contrast will be reduced by about an order of magnitude using a new coronagraph mask
now being manufactured with standard techniques and common materials. This is an active area of development
and a pathfinder for the TPF-C mission design.

In the movie experiment, to simulate a coronagraph operating in space, we continuously repeated the snapshot
experiment 480 times over a period of 5 hours. The apparatus was very stable during this period; it was not
adjusted in any way between exposures. The background speckle field evolved slowly, owing to room
temperature changes and mechanical relaxation, much as might be expected in a coronagraph in space.

Figure 3. Laboratory images demonstrate contrast at levels required to detect an Earth-twin.
(a) Three planet images are shown on the sky. The planets are copies of the measured star but
reduced in intensity by factors of (10, 5, and 1) x 107'°, corresponding to the typical intensities of
Jupiter, half-Jupiter, and Earth, respectively. The Earth-twin is at about 4 o’clock, and Jupiter-
twin at 2 o’clock. The D-shaped field of view rotates on the sky as the spacecraft is rotated about
the line of sight to the star (asterisk). (b) Three sample images at different rotation angles
illustrate the observing sequence. Note that the planets (white + signs) are fixed in inertial space,
and just barely visible. The rotation sequence continues to fill a full annular field of view. (c) Roll
deconvolution is applied to the data, removing the background speckles that rotate with the
spacecraft, and keeping the part of the image (planets) fixed in the sky (see also Figure 2 for
relative intensities). The planets stand out clearly against the residual background noise, which is
the time-varying part of the speckles.

The movie experiment demonstrates the process of planet discovery with a space coronagraph, as follows. As
shown in Figure 3a, we hypothesize a space coronagraph that is aimed at a nearby star (the asterisk), with the
background starlight suppressed in the target field, as in the snapshot experiment. We assume that the space
coronagraph is rotated in small increments, so that the dark target field successively covers regions that
ultimately fill the complete annular region between angular separations of 4 and 10 A/D on the sky. For
illustration we show twelve discrete 30° steps in Figure 3a, but in the example here we use 48 steps of 7.5° each,
and in each step we co-add 10 sequential exposures, using a total of 480 exposures.

Lacking a simulated planet, we added attenuated copies of the star to each exposure, at the sky locations shown
in Figure 3a. This procedure is valid because we have previously shown that the presence of a planet in the
speckle field of a star has no effect whatsoever on our wavefront correction algorithm. The orbital positions were
chosen artificially so that the projected planetary system could be captured in a single image here.
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Three snapshots of the planets-plus-speckle field are shown in Figure 3b. With a relative speckle intensity of
about 6x10™'? in each snapshot, the planets (centered under the white “+” signs) are barely visible. This
combination of a slowly evolving instrumental background that is fixed with the rotating spacecraft, plus an
astronomical object that is fixed in inertial space, has been encountered before with images from the HST. A roll
deconvolution algorithm was applied to the sequence of these images of laboratory background plus superposed
planets by John Krist. The result is shown in Figure 3¢, where we see that all three planets stand out clearly
against the remaining background. Quantitatively, the azimuth-averaged relative intensity is plotted in Figure 2
(right), where curve (d) is the roll-deconvolution background averaging about 0.9x10™'°, which is well below the
single-snapshot intensity of 6x107'°. The Earth and the Jupiter intensities are shown added to the background
from roll-deconvolution, and superposed for clarity.

The movie experiment is an existence proof that it is possible to extract exoplanets close to a star, even when the
residual speckle intensity is comparable the planet intensities. We believe, however, that for planet detection and
characterization a space coronagraph should be designed to even stricter standards, with roughly a factor of 10
weaker speckles than achieved in the present experiments. The present work is a step toward this goal, but more
work remains. Future laboratory work will focus on pushing the speckle background lower, broadening the
spectral bandwidth, suppressing speckles simultaneously on both sides of the star with a pair of DMs, and
increasing the radial field of view, both inward and outward. The present work lays the groundwork for the
development of a TPF mission that will, for the first time, explore nearby Earth-like exoplanet systems by direct
imaging and spectroscopy.
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