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Abstract

Creating an optical space telescope observatory capable of detecting
and characterizing light from extra-solar terrestrial planets poses
technical challenges related to extreme wavefront stability. The
Terrestrial Planet Finder Coronagraph design team has been
developing an observatory based on trade studies, modeling and
analysis that has guided us towards design choices to enable this
challenging mission. This paper will describe the current flight
baseline design of the observatory and the trade studies that have been
performed. The modeling and analysis of this design will be described
including predicted performance and the tasks yet to be done.

1. INTRODUCTION

NASA is funding a mission called Terrestrial Planet Finder (TPF)
that intends to find and characterize terrestrial (or rocky) planets that Figure 1. Terrestrial
might harbor life. This mission will look for Earth-like planets around Planet Finder

. . Coronagraph - Flight
nearby stars in the zone where liquid water could be present on the Baseline 1
planet surface. In order to meet this criterion, the planets must be Configuration (Ho)
orbiting in the spherical region around a star called the habitable zone
where water will be liquid. When a planet is found in this zone, by
studying the light from that planet, the presence of life can be detected from the spectrum of gases
that are present in its atmosphere. The presence of life-indicating gases such as water, oxygen,
ozone, carbon dioxide, nitrous oxide, methane, and chlorophyll in land plants can be detected in
the spectrum of light reflecting off of a planet’s atmosphere. The challenge of this mission is to
suppress the parent starlight adequately to detect and characterize the fainter light from the planet.

In order to perform this mission, two instruments are being proposed: a visible coronagraph
and an infrared interferometer — each with different methods of suppressing starlight. The
coronagraph, called Terrestrial Planet Finder Coronagraph (TPF-C), shown in Figure 1, will be
the focus of this report. Both instruments provide complementary data in different optical
wavebands to establish the presence of life on any planets that may be found and studied.

2. TECHNOLOGY RESEARCH AND DEVELOPMENT

Extreme optical wavefront accuracy is needed for this mission in order to block out the parent
starlight adequately to detect an orbiting target planet. In the visible wavelength range of TPF-C,
the planet light is 10" times fainter than the parent star. This intensity reduction factor of 10
billion times requires a deeper understanding of light propagation physics including the effect of
optical components on polarization, diffraction, phase, amplitude and wavelength and the
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relationships between these parameters. Test beds, component fabrication, measurements and
modeling developments form the core of the technology development efforts that are underway.

Currently, the most mature test bed is called the High Contrast Imaging Testbed (HCIT). It is
described in detail in the previous paper in this conference®; but, in summary, consists of a large,
isolated vacuum chamber containing an optical bench with a Lyot-style coronagraph. The star-
simulating source consists of a laser or white-light fed fiber-optic. Also in the system are a
deformable mirror, and a camera. To date, this test bed has created a half-dark hole formed using
only one DM to correct both phase and amplitude. An average contrast of 6x10™'" has been
attained that is repeatable and stable in the half area from 4A/D to 10A/D.

Several areas of study support the HCIT and the TPF-C Template - inner and outer segment
system design by theorizing, modeling, fabricating, and placedonboue prior o cuttng
measuring characteristics of components in the HCIT. The
goal is to measure component properties and model accurately
the optical propagation effects of these components. The
model will be validated using HCIT performance; then will be
used to explore methods of starlight suppression for TPF-C.
Some results are presented in a poster in Session 1¢ of this
conference. A coordinated effort involving laboratories,
NASA centers and universities has led to increased
understanding of electro-magnetic wave propagation through
coronagraph components, and has provided more accurate
understanding of methods of suppressing diffracted and
scattered starlight. Some of this work is represented in an
upcoming paper in this conference® and in a poster’.

Outer core segments:
1 complete and 1 partially complete

Figure 2. TDM core - made
In addition to the technology studies related to attaining from 6 outer and one inner
starlight suppression, a technology demonstration mirror segment (Cohen, ITT)
(TDM) is being fabricated to demonstrate the surface quality,
spatial frequency requirements, and light-weight construction required for the TPF-C primary
mirror. Figure 2 shows some mirror core segments during fabrication. The TDM has a diameter,
1.8 meters, selected to represent the lowest spatial frequency of interest. Fabrication of the TDM
will demonstrate that state-of-the-art technology can meet the spatial frequency requirements.
Understanding mirror measurement and interpreting the measured data to ensure compliance with
requirements also will be learned, along with materials and coating issues. Trade studies have
resulted in the selection of light-weighted, fuse-bonded ULE as the substrate material. ITT and
Corning are fabricating this mirror.

Alternative concepts for starlight suppression are also being studied. A pupil remapping study®, a
visible nulling concept”, and a comparison of coronagraph forms' are presented orally and in
posters in this conference.
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3. OBSERVATORY DESIGN STATUS

The current design is called the Flight Baseline 1 design concept. The mission and
spacecraft choices for the FB1 design are shown in Table 1 and provide the frame work that
defines the FB1 observatory requirements. These choices are not considered to be technology
drivers — in fact, an attempt was made to stay within the limits of existing technology where
possible so that resources at this phase of the project could focus more on areas that require
technology development or non-heritage engineering. The observatory is designed to examine
stars in nearly the entire anti-sun semi hemisphere — a 5° margin is included. The field of regard
includes all stars located in the cone defined as greater than or equal to 95° away from the sun.
As the observatory travels around the sun, this field-of-regard will sweep the entire sphere of the
universe, allowing observation of all star targets of interest during nearly 5 months of the year.
This field of regard provides the opportunity to view target stars multiple times during one year
so that planets can be seen at a favorable position in their orbit — not behind or in front of the star.
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Figure 3. Observational scenario at each target star

During each star observation, the observatory 253 ?95 (153) Radiator Side
will point at the chosen target star. Once the Figure 4. Observation angle nomenclature

dynamics are stabilized, the Table 1. FB1 Mission & Spaceraft Choices (Lisman & Feher)

observatory will collect light.

U . d t. t. th Parameter Value Comments
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the.previ(.)us image to eliminate g .I:?;:::zr;ownlink Frequency Kf—égr';‘d avg duration 2.5 hours per day
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not roll and would be detectable.
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Because the primary mirror is oblong, it is most sensitive along its long axis. In order to
completely study the habitable zone around a star, the long axis has to be rotated to positions that
are £60° away from the starting point. This is accomplished by a “roll” along the pointing axis. At
each new roll position, the adaptive optics reset the wavefront and then the image gathering is
repeated, including the dither. With 30° dithers around three 60° roll positions, the total angular
rotation around the target direction axis is +75° as shown in Figure 3 and 4. This observational
scenario defines the thermal environmental perturbations that need to be investigated. The
observatory must be stable enough between dither maneuvers to retain precise optical wavefront
stability. After each roll, the wavefront correction is reset, so stability between roll positions is
not as critical.
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Figure 5. Flight Baseline 1 Schematic
Figure 5 shows a schematic of the design concept

and Figure 6 shows the observatory design. The payload is surrounded by a large deployable
conic-shaped v-groove sun shade which insulates the payload from the changing sun angles. The
sunshade is structurally attached to the spacecraft through deployable arms and booms, so
dynamic snaps or warping of the sunshade structures will be filtered through the spacecraft before
reaching the sensitive payload.
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Figure 7. Science Payload Assembly (Ho) instrument.

The primary mirror assembly is mounted semi-kinematically with a hexapod to an aft
metering structure (AMS). Behind the primary mirror, the AMS supports thermal control heaters
and the secondary mirror assembly deployable tower and the tertiary mirror assembly. Laser
sources for laser metrology between the primary mirror and the second mirror are also mounted
on the AMS. The laser metrology system will provide continuous feedback on the secondary
mirror position. This will be used to adjust thermally-induced relative motions between the



primary mirror and the secondary mirror. The aft metering structure mounts to a payload support
structure (PSS) through three bi-pods. Further description of the telescope assembly is given in a
poster’ in this conference. Figure 7 shows the Science Payload Assembly excluding the
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conditions. Heat pipes Figure 7. Science Payload excluding Telescope (T. Ho)
conduct heat from the
electronics to a “warm” radiator and from the instrument detectors to a “cold” radiator. The
entire lower portion of the payload is surrounded by a thermal enclosure mounted to the PSS.
The PSS attaches to the spacecraft through three bi-pods. On the spacecraft side of the interface,
at the end of each bi-pod, dynamic isolation is provided — either passive or active - both options
were analyzed. The spacecraft carries thruster clusters, orbit maintenance fuel tanks,
communications antennas, and reaction wheels. The sunshade mounts off of deployable tension

truss, arms and booms. The solar panels and solar sail are also mounted on the spacecraft with
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support structure all release and fold away from the observatory upon deployment.
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4. PERFORMANCE ANALYSIS

Several observational completeness models have been created that optimize the observing
scenario to maximize planet discovery completeness. A paper® earlier in this conference
describes the approach.

Optical performance modeling is focused on developing propagation models that include all
effects of the optical elements on the wavefront. Effects that are included are: diffraction, optical
path differences, beam walk on non-perfect optical surfaces, spot diagram centroid errors at
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occulting mask, jitter effects, cross-talk between polarization, phase, amplitude, and wavelength
effects to develop a sensitivity matrix used to calculate contrast resulting from wavefront
deformations. The modeling is on-going, but preliminary results are comparable to the error

budget analysis that has been developed.
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Figure 9. Thermal models and worst case dither temperature change results
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observatory. Figure 9 shows the full thermal model using TMG software, and results of the
temperature changes for the worst case dither scenario. Even in worst case conditions, the

thermal changes meet the error budget allocation.
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Figure 10. System structural model, Thermally-induced wavefront perturbation,
and System Launch Stresses
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Figure 10 shows the structural models, launch load results, and worst case thermally induced
wavefront error. Figure 11 shows a high fidelity structural models of the primary mirror and the
acoustic and static launch loads in the mirror. The stresses in the mirror are too high requiring a

modification of the launch mounting scheme in the next design cycle.
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Figure 11. Hi Fidelity Primary Mirror model, detail of bipod model, and launch and analyzed for
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of reaction wheel
disturbance: passive and active. The passive system currently does not meet requirements, but
could be tuned with high likelihood of success. The active system meets requirements with large
margin. Both designs are important for creating design space, and possibly developing
redundancy. Figure 13 shows the worst case motion of the system optics as the reaction wheel
speed changes. The top plots show translation and the bottom plots show rotation in three axes.
The symbols at each optical element show the wheel speed at which the worst case response
occurs. The passive system plot is on the left and the active system plot is on the right. The
passive system optical responses are significantly over requirements for the SM, but within
requirements for the downstream optics The passive system shows large angular excursions of
the Fine Steering Mirror, produced by the control system as it keeps the target star positioned on
the mask. The active system response is well below requirements in translation and rotation.
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Active RMS translations
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Figure 13. Dynamic response

In conclusion, the design concept for Terrestrial Planet Finder Coronagraph continues to
evolve with promising results. It appears that the environmental stability required for this project
will be achievable. The modeling activities need to continue to develop to be sure light
propagation effects are captured fully and understood so that the correct starlight suppression
system can be maintained. There are some areas of the design that need to be addressed and
improved, but they appear to be in the realm of engineering that can be accomplished
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