
H umanity’s natural curiosity has
motivated people to cross the
Pacific Ocean in reed boats, sail

around the world and traverse the void 
of space that separates Earth from the
moon. As we explore our solar system
and the universe beyond, we are also
beginning to understand the evolution 
of stars and planetary systems. Today’s
advanced optical telescope technology
gives us the capacity to expand explo-
ration, discovery and science to neigh-
boring solar systems in an attempt to
answer the age-old questions, “Are we
alone?” and “Where did we come from?”

We have explored our solar system 
by propelling spacecraft equipped with
sophisticated optical imaging and spec-
trometer systems throughout it.1 We
have taken close-up images of a comet,
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collected comet dust and brought it back
to Earth. We have landed two rovers on
Mars and put the Cassini spacecraft into
orbit around Saturn. We continue to plan
new missions to the Moon, Mars and
other planets.

Knowledge of our solar system and
how it evolved is growing rapidly,2

yet there remain significant barriers to
exploring distant stars in the exosolar 
systems that lie beyond our own. Today,
even the most imaginative propulsion
system driving an interstellar spacecraft
would require several hundred years of
travel to reach the nearest stars that could
have life-supporting planets. To search
for evidence of life in the universe, it will
be necessary to employ remote sensing in
the information-rich optical and infrared
regions of the spectrum.

In the past 10 years, over 100 giant
planets have been discovered by means 
of ground-based telescopes equipped
with high precision spectrometers.3

Clearly, our solar system, a star with 
planets, is not unique. The exosolar sys-
tem giant planets discovered in the past
decade may not support life, but are there
also terrestrial or Earth-like planets that
can? And if there are terrestrial planets,
do they show evidence of life?

Astronomers believe we may find a
terrestrial planet in orbit around a solar-
type star if we examine stars of age, size
and luminosity similar to that of our sun.
Terrestrial planets are very small com-
pared to their parent stars and the signa-
tures they leave are very difficult to detect
and characterize. Earth’s mass, for 
example, is 3 � 10-6 that of the sun, its 
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NASA has set forth on a new
adventure: a family of space
telescopes that observe in the
infrared and visible regions of
the spectrum is being planned,
designed and built to detect and
characterize exosolar system
terrestrial planets and search 
for evidence of life.
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NASA’s Origins program consists of
several missions, each of which builds
on the scientific and technological legacy
of previous ones while providing new
capabilities for the future. To detect and
characterize planets, these missions will
use sophisticated optics-based observa-
tional techniques, including: precision
measurement of position and spectro-
scopic velocity; precise radiometry to
search for the small brightness changes
that occur during the passage of a small
planet in front of a star (occultation); and
direct imaging.2

Measurement of position and
spectroscopic velocity
Newton’s first law of motion states that a
body traveling at a uniform velocity will
continue to do so until an external force is
applied. The gravitational force applied to
a star by planets in orbit around it will
cause the star to move in a periodic man-
ner instead of in a straight line. The plane
of orbit of the planet is most likely to be

tilted to the sky, and the star will appear to
change its velocity to and from Earth, as
well as to “wobble” against the positions
of fixed background stars.

Complete orbital elements and masses
for exosolar system planets can be
obtained by combining radial velocity
measurements of the star, taken as a func-
tion of time by a high resolution spec-
trometer, with very precise measurements
of the star’s changing position against
background stars.

Several stars with giant planets have
been measured from the surface of Earth.
An Earth-like planet will cause a wobble
in the trajectory of the parent star much
too small to be recorded by imaging
through Earth’s turbulent atmosphere.
The Space Interferometer Mission, to be
launched in early 2010, will use an inter-
ferometric technique to measure star
positions to an accuracy of four microarc-
seconds, sufficient to detect planets with a
mass a few times greater than that of
Earth. The mission will identify candidate

diameter is 9 � 10-5 that of the sun and
the ratio of its brightness to that of the
sun is 1 � 10-9 in the visible and 1 � 10-6

in the infrared.
In the course of the next decade,

advances in long-baseline optical inter-
ferometry, high contrast optics, large
aperture telescopes and focal planes will
make it possible to detect and charac-
terize Earth-like exosolar system planets.
In this article we describe ground- and
space-based observational techniques
that use optical systems to study stars and
planets in the exosolar systems, without
touching on activities that fall within
the scope of astrobiology. Particular
emphasis is placed on the implementa-
tion of techniques now under study at
NASA’s Jet Propulsion Laboratory (JPL).

Observational techniques
The development of new optical tele-
scope systems is at the core of our ability
to discover and characterize Earth-like
planets around distant stars. Both NASA
and the European Space Agency (ESA)
have invested in long-term strategic 
planning and scientific research and 
technology development focused on the
objective of detecting and characterizing
a set of terrestrial planets outside our
solar system.

Figure 1. Images of protostellar disks recorded by the Hubble Space Telescope. In both 
cases the very bright radiation has been blocked. (Left) Image of the disk around HD 141569A
(NASA, Clampin/Ford/Illingworth/Krist/Ardila/Golimowski, ACS Science Team, ESA).
(Right) Image of the disk surrounding AB Aurigae. Light from the central stars has been
removed artificially. Both stars are several million years old (NASA, Brady/Woodgate/
Bruhweiler/ Boggess/Plait/Lindler). [Images from Ref. 5.]
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objects for closer examination and pro-
vide a wealth of information on other
topics in astrophysics.

Precise radiometry to 
search for occultations
Planets do not shine by their own light
and are dark. The orbits of some exo-
solar system planetary systems are
inclined in such a way that, during a 
portion of the orbit, it appears in observa-
tions from Earth that the dark planet
transits across the disk of the star. The
effect is similar to what happened when
Venus passed in front of the sun in June
2004. As viewed from distant Earth, the
light from a large star decreases only
slightly during the passage in front of it of
a small planet. To detect and characterize
giant planets around distant stars, the
Kepler Space Telescope4 will have a stable
and accurate optical radiometry system to
record brightness changes as small as one
part in 100,000 over 15 minutes.

Direct imaging
The most ambitious optical observation
project ever undertaken will involve
creation of an image of an exosolar ter-
restrial planet. The Terrestrial Planet
Finder (TPF) project and other projects
expected to follow it, including Life
Finder (LF) and Planet Imager (PI), will
lead to a direct image of the exosolar
planet and records of its visible and
infrared spectra.

Planned ground-based direct imag-
ing projects will use current telescopes
with innovative instrumentation to
control scattered light within the tele-
scope. Because of scattered light in
Earth’s atmosphere, the use of ground-
based telescopes will be limited to the
search for bright giant planets, proto-
planetary dust and gas clouds. Space-
based projects will employ both special
purpose, low-scatter telescopes with
instruments to block the image of the
central star and long-baseline imaging

interferometers for direct detection of
planets around other stars.

What will optical images 
look like? 
In the simplest case, we expect to record
an image that contains an extremely
bright, unresolved point of light with
another very faint point of light as close
as a few milliarcseconds away. Revisiting
the star at intervals ranging from a few
days to several months will reveal if the
two objects are moving together across
the sky. If they are moving together, the
faint object is probably not a distant star
but a planet. If we observe a changing
angular separation over time and find it
to be cyclical, it is even more likely that
we have discovered a planet. If we then
record the spectrum of the fainter object,
we can determine whether it has an
atmosphere, and if so, of what composi-
tion. If the measurement of the radial
velocity of the fainter object is possible
and is found to be cyclic about the aver-
age radial velocity of the parent star, we
have more evidence that the two are 
gravitationally engaged. This further
increases the probability we have discov-
ered a planet.

To understand how planetary systems
form, we need to observe a significant
portion of the evolutionary track, which
begins with the formation of a proto-
planetary gas and dust cloud.

Figure 2 shows the results of four 
theoretical and numerical modeling
efforts aimed at understanding the for-
mation of protoplanetary systems and
solar nebula models.

The Terrestrial Planet Finder 
The TPF is a mission planned under 
the Origins program that will use
highly sensitive space telescopes to
study planets outside our solar system,
including their formation around par-
ent stars, the composition of their
atmospheres and their ability to support
life. To develop observatories that can
capture light from exosolar, Earth-like
planets and collect information about
their atmospheres, the TPF will employ
two different technical approaches in
parallel. A coronagraph6 will be used 
to control diffracted starlight by use of
masks and apodizing screens. A nulling
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Figure 2. Representations of midplane density for simulations of four different solar nebula
models. (Left to right, top to bottom). Simulations produced by: Pickett et al.; Nelson et al.;
Boss; and Mayer et al. [All simulations are from Ref. 5.]
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interferometer,7 located at the image
plane, will combine white light in such 
a way that a very dark fringe, produced
by destructive interference, blocks the
central bright star and a few arcseconds
away a region of constructive interfer-
ence—in which a planet might be iden-
tified—appears.

The coronagraph
Figure 3 shows a schematic view of the
optical system of a coronograph. From
the left in the drawing, light from a dis-
tant star enters an aperture at plane 1 of
optical power �1. An image of object
space is formed at a field stop located at
plane 2. The telescope is centered with 
the star on axis. An amplitude and phase
mask is located at this image plane to
obscure the bright, on-axis star. The
dimensions of the obscuring spot, that is,
its size, amplitude, phase transmittance
and reflectance profiles, are optimized to
control the amount of unwanted radia-
tion in the system. To the right of this
image plane mask, a field lens of optical
power �3 is located at plane 3. The field
lens relays an image of the entrance aper-
ture onto an edge-mask at plane 4. On
plane 1, diffraction around the edge of the
entrance aperture creates a bright ring of
unwanted radiation around the image of
the entrance aperture. The mask at plane
4 is designed to control the amplitude,
phase transmittance and reflectivity of the
unwanted radiation diffracted around the
edge of the complex amplitude image of
the entrance aperture at plane 1. The
optic at plane 5 relays the image plane 2
onto the final image plane 6, where the
detector array is located.

Since the stellar coronagraph has a
very small field of view, an off-axis opti-
cal system can be used. This is an advan-
tage over classical on-axis telescopes,
which require a structure to support a
secondary optical element; such a struc-
ture is a major source of diffracted and
scattered light.

For the TPF project, the coronagraph
system must be capable of blocking out
starlight as much as 10 billion times
brighter than the orbiting planet; the
approach described above, which con-
trols the diffraction of starlight, must 
be augmented by systems to prevent 
scattered light from appearing at the

detectors and masking (or worse, mim-
icking) the light from the planet. For the
TPF, the main approaches to controlling
scattered light are use of an extremely
high quality primary mirror (many times
smoother than that of the Hubble Space
Telescope) and a wave-front control sys-
tem that uses a deformable mirror to
correct wave-front errors introduced by
other elements in the optical system.

The technology 
demonstration mirror
A TPF coronagraph requires a much
larger (4-8 m) and much smoother 
primary mirror than is typically built 
for visible wavelengths. Additionally,
because the system is so sensitive to both
diffracted and scattered light, an unob-
scured, off-axis telescope is preferred
over a more traditional on-axis one. To
demonstrate that the smooth surface 
and accuracy are achievable, the TPF pro-
ject entails development of a 1.8-m, off-
axis primary mirror with the surface
quality necessary to achieve the low 
scatter required.

At less than 60 kg/m2, the mirror
design is relatively lightweight, although
it does not push the state of the art in
low-mass telescopes. Because researchers
involved in other Origins missions,
including the James Webb Space

Telescope, are working to develop
lightweight telescopes, those involved in
the TPF chose to emphasize the develop-
ment of the required surface quality in 
an off-axis mirror, addressing the techni-
cal requisites of producing an extremely
smooth surface—expertise that will not
be inherited from other programs.

Wave-front sensing and control
The wave-front sensing and control sys-
tem in the TPF must be capable of con-
trolling the wave front to better than 10-4

wavelengths. This is achieved with a 
combination of a deformable mirror 
with closely spaced actuators behind an
extremely smooth continuous face sheet
and wave-front sensing algorithms that
measure the wave front at the science
focal plane, rather than with a separate
camera, to eliminate non-common-path
errors that would be introduced by sepa-
rating the two functions.

Currently, one deformable mirror
technology, developed by the Xinetics
company in Devon, Mass., is being
demonstrated in the TPF high contrast
imaging testbed at JPL. A second technol-
ogy is in development. The first is based
on electrostrictive actuators with a face
sheet that is glued over the actuators and
polished. The deformable mirrors (DMs)
are made of modules that each contain
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Figure 3. The optical power, �3, is located at plane 3. Plane 2 is the image plane formed by
the optical element at plane 1. At the image plane, 2, an amplitude and phase mask is located.
A field lens at plane 3 relays an image of the entrance aperture at plane 1 on to plane 4, 
an edge-mask. The relay optic at plane 5 re-images the image plane at 2 onto the focal 
plane at 6.
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32 � 32 actuators; they can thus be
assembled into units with many thou-
sands of actuators. Tests to date have used
32 � 32 actuator mirrors; a 64 � 64 actua-
tor mirror has been delivered and is going
into test. The second set of deformable
mirrors is based on microelectromechani-
cal systems (MEMS) technology and 
is built using microlithography to
create arrays of actuators integrated 
with the face sheet. Although the MEMs
deformable mirrors do not yet achieve 
the level of precision required by TPF,
soon we expect to demonstrate one that
provides the required control.

Nulling interferometer
The nulling interferometer approach to
TPF would be used in the infrared wave-
lengths to detect light emitted from the
planet. In order to detect Earth-like plan-
ets, which are approximately 10-6 times
dimmer than their star in the infrared,
TPF would use multiple large telescopes
arrayed over a 30-50-m baseline on sepa-
rate spacecraft. All the telescopes would
be 2-4 meters in diameter, but because of
the longer wavelength and the design of
the interferometer, they would not need

to have nearly the surface quality of the
coronagraph telescope. To reduce the
thermal emission from the telescopes to
levels low enough to detect the planet,
they would, however, need to be cooled to
less than 40 K. The light from these tele-
scopes would be combined so that the
darkest fringe from the interferometer
lies over the star, with bright fringes fur-
ther out, where the planet would appear.

Many of the component technologies
for a TPF interferometer have been (or
will be) demonstrated in ground- and
space-based systems. Chief among these
are the collector mirrors, which have
requirements very similar to those of the
James Webb Space Telescope, planned for
launch in 2009. The main development
focus for the TPF interferometer is
demonstration of the ability to produce a
broadband null in the infrared that is suf-
ficiently deep and stable to detect planets.
Additionally, the project must develop
stable, reliable platforms to maintain the
required interferometric baselines.

Figure 4 shows a schematic view of
a space interferometer used to determine
the precise relative positions of stars 
in the sky and potentially provide 

information that will enable image
reconstruction across the surface of
stars and planets. The point source star 
is located off the paper, to the upper
right, at a distance close to infinity. The
plane wave front from the star first strikes
the telescope on the right and then the
telescope on the left. The white light from
the star that propagates through the tele-
scope on the right passes through an
internal path variable phase delay. This
internal phase delay compensates for 
the extra path difference that the wave
front passes through on the left. The
optical path delay (OPD) for the internal
path delay compensates in such a way
that a white-light fringe is observed on
the beam recombiner. The white-light
fringe is detected. A precise measure-
ment of the differential delay required to
obtain the white-light fringe is recorded.

To move from one star to another star,
the telescopes are tilted through angle �.
To find the white-light fringe for the sec-
ond star, the linear distance of the inter-
nal path delay is then moved. Precise
measurement of the distance that the
delay line has moved (by use of a cali-
brated laser interferometer, for example),
provides information on the angular dis-
tance between the two stars. Use of this
method, with proper calibration of refer-
ence or gauge blocks, makes it possible 
to measure to within 4 microarcseconds
the angular separation between the two
stars. This method, if applied at different
times during a predicted orbital period,
makes it possible to observe the cyclical
motion of a star introduced by an orbit-
ing exoplanet; it can thus provide evi-
dence of the presence of a terrestrial
planet. In this indirect method, the
presence of the planet is implied
through precise observation of the
position of a candidate exosolar system
parent star; direct imaging of the light
reflected from the planet is not made.

Optical interferometers
A direct imaging system that incorporates
a shearing interferometer to null or con-
trol scattered light in the optical system
can also be used to detect exosolar system
planets. Two types of shearing interfer-
ometer, a rotational shear interferometer8

and a modified Mach-Zehnder interfer-
ometer,7 have been demonstrated. These
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Figure 4. Schematic layout of interferometer.
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pupil-plane optical interferometers can 
be applied to block out or cancel most of
the unwanted radiation scattered by the
exosolar system parent star, leaving only
the very faint radiation from the planet to
reach the focal plane. We call this process
fringe nulling.

Nulling testbeds
TPF interferometry development efforts
focus on two testbeds: the achromatic
nulling testbed and the planet detection
testbed. The two are designed to be com-
plementary so that progress can be made
along multiple paths without having to
address full system issues and individual
advances in technology at the same time.
The nulling testbed is aimed at demon-
strating, with two input beams only, the
basic technologies of nulling at perfor-
mance levels that will meet or be trace-
able to TPF requirements. It has so far
been used to demonstrate nulling to 10-6

with a 10-�m laser and broadband
nulling to 10-4 with a 30 percent band-
width centered at 10 �m.

In the planning stage are demonstra-
tions of broadband nulling with a 50
percent bandwidth (from 7-12 �m) to a
contrast of 10-6 in a cryogenic environ-
ment. The more complex planet detec-
tion testbed will provide a system-level
demonstration with four input beams
with features to suppress background
noise and the ability to extract the light
of the planet from a simulated star and
planet system.

It will show operation of a nulling
interferometer across multiple separate
bands simultaneously, including a shorter
wavelength metrology band to demon-
strate use of stellar light at 2 �m (much
shorter than the science band of 7-17 �m
or more) to provide a bright beam for
controlling the interferometer without
reducing the light from the relatively
dimmer science beam.

Formation flying platform 
for interferometers
Stars are so far away that observation of
exosolar planetary systems will require
very high spatial resolution: it may be
necessary to achieve resolution corre-
sponding to apertures larger than 100 m.
Such large-baseline sparse apertures will
be used to image stars and planetary

systems and to provide the fundamental
star positions needed to search for terres-
trial planets. Recent studies have shown
that structurally connected interferome-
ters will be too large. Because TPF must
offer a large, stable platform for tele-
scopes and optical beam combination
systems, we are examining optical inter-
ferometers that use precision free-flying
collection telescopes.

Researchers are focusing on the devel-
opment of formation flying architecture
because of its versatility and the legacy it
will provide for the development of ever
more capable systems to characterize
extrasolar planets.

TPF has inherited a great deal of tech-
nical knowledge for formation flying
from the StarLight project, in which a
number of sensors and algorithms for
formation flying interferometry were
developed. Among them is the formation
interferometer testbed, which provided
the world’s first demonstration of preci-
sion optical interferometer operation
across unconnected moving platforms.

In addition to inherited technology,
TPF is moving toward full laboratory
demonstration of formation flying by use
of robotic platforms. The formation con-
trol testbed will integrate sensor and
algorithm technology developed by TPF 
into a multiple-robot formation flying
testbed, with three or more robots which
can move independently to provide an
accurate simulation of separated space-
craft in outer space.

Other technologies
A number of smaller-scale development
efforts are underway, including some
involving component-level technologies
to supply or complement the testbeds.
Among the most extensive are the
development and validation of tools for
integrated modeling of optical systems.

Because the interferometer and the
coronagraph approaches both require
such fine control of the optical systems
in the face of thermal and mechanical
perturbations, the computational tools
typically used to model and predict per-
formance of these systems are not suffi-
cient to meet TPF’s long-term needs.

NASA is developing enhanced inte-
grated modeling tools and validating them

by comparing their output to that of
many of the  laboratory demonstrations.

What’s in the future?
By 2050, we may see the development 
of what some astronomers are calling a
meta-telescope. The primary mirrors for
such a telescope might consist of hun-
dreds of precision free-flying spacecraft,
position-controlled in three dimensions
using laser metrology systems, each sup-
porting one segment of a very large pri-
mary mirror. The segments would form 
a large parabola or, if a Ritchey-Chrétien
design were selected for its wider field-of-
view performance, a hyperbolic surface.
Another free-flying, large spacecraft,
located at the telescope focus, would con-
tain the instrumentation modules, focal
planes, spectrographs, filters and so forth.
Apertures as large as 1 km, with focal
lengths of 5 km, would provide enough
collecting area to obtain high-resolution
spectra to detect detailed information
about atmospheric biomarkers. Telescope
and interferometer systems with similarly
large collecting areas spread over base-
lines of tens or hundreds of kilometers
would collect multipixel images of exo-
solar planets. These missions and others
will help us discover whether there is life
elsewhere in the universe as well as how
life on our own planet began.
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