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Figure 6. Potential Performance of SCI Arrays vs. FOR Figure 7. Concept for SCI Sunshield

Much time has been spent developing concepts for the SCI telescope and instrument. Much of this work is applicable to
the FFI concept so the recent decision to end study of the SCI has not diminished the value of this instrument work.
Concepts have been identified to control pointing, phase, and intensity. Figure 8 shows the concept for phase control
and is representative of the maturity of the other concepts. Work now is focused on the mechanical details of the
instrument bench (nuller, science detectors, etc.) to support structural and thermal analyses.
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Figure 8. Concept for Phase Control for the TPF-I Instrument

A number of important trades and analyses were completed about the FFI concept. Many of these analyses were
conducted by team members from Ball Aerospace. Details about this work can be found in Miller’s paper'*. Some

highlights are discussed here.

A study was conducted to assess how closely adjacent spacecraft can be positioned to each other. Factors considered
were radiative thermal coupling, collision avoidance, and plume impingement. The conclusion was collision avoidance
was the driving requirement. The recommendation is that the minimum spacing between sunshields (i.e., wingtip-to-
wingtip) separation be greater than about 2.5 m to provide sufficient time to react to attitude faults. Associated with this



trade was a first cut at a fault tree for faults specific to formation flying. A next step is to identify potential mitigations
for each of these faults.

An analysis was also conducted that revealed a limitation on the maximum array length. The limitation turns out to be
stray light from the intermediate (warmer) sunshield layers of adjacent spacecraft. This light is an error source (noise)
of great concern as it is orders of magnitude larger than the target planets’ light. Stray light can be blocked by baffles,
but the dimensions of these baffles are constrained by formation geometry, sunshield dimensions and packaging for
launch. With the current concept it is estimated that the maximum array length is constrained to about 100 m which,
conveniently, is the assumption that has been used in the star count analyses to date.

Finite element models of the spacecraft in the launch configuration and deployed were completed. A second cut thermal
model for the deployed configuration was completed. Application of these models in now underway. Initial results
from the thermal model suggest a challenge meeting the requirement for optics to be <40K. This was anticipated and
options to solve this problem will be explored in the coming months.

Major changes are in store for the FFI concept in the coming months. Mass margin estimates dictate that launching the
formation on multiple launch vehicles be considered. This means a new packaging concept needs to be created and the
challenge of getting the formation together at the final orbit must be studied. In addition, the team plans to begin study
of the X-array architecture with the intent of bringing the maturity of understanding of that option up to par with the
understanding of the linear array in time for the architecture decision to be discussed with ESA this fall.

5. TECHNOLOGY DEVELOPMENT

Technology development is planned for those top concerns not already addressed by system engineering or planned
inheritance. Testbeds will produce validated models in addition to providing demonstrations of capability. Not
described below is the Advanced Cyocooler Technology Development Program'®, managed separately at JPL, which is
developing engineering model prototypes for TPF capable of cooling to 6K. Additional details can be found in
Lindensmith’s paper'®.

There have been several programmatic changes to the interferometer technology effort since August. The recent
decision to cease the study of the SCI option resulted in the termination of the Structurally Connected Interferometer
testbed which was to investigate structural deformations of scale model trusses at cryogenic temperatures. Added are
several efforts led by investigators from universities. These efforts are to study potential technology candidates for TPF
that were not under study by the NASA team. As these efforts have just started there are no major results available yet,
but some major milestones are expected within the coming year.

The prinicipal investigator for the Electromagnetic Formation Flight testbed is Dr. David Miller of the Massachusetts
Institute of Technology (MIT). The goal of this testbed is to demonstrate that the relative ranges and bearings of
multiple spacecraft can be controlled by varying an electromagnetic field produced using orthogonal loops of high
temperature, superconducting wire. The approach uses two robots floated on air bearings on a test floor. Each robot has
two vertically mounted, orthogonal coils.

Dr. David Miller is also the principal investigator for the Model Verification study. The goal of this study is to
quantify modeling uncertainty factors. Modeling uncertainty factors will be critical to debates about development and
flight readiness since it will be impossible to verify performance of the obervatory system by an end-to-end test because
of its large size, cryogenic operational temperatures and the effects of gravity.

The principal investigator for the Propulsion Contamination test program is Dr. Manuel Martinez-Sanchez also of
MIT. The goal of this effort is to measure the potential for contamination of several candidate thruster technologies.
This effort includes development of plume models that include IR radiation signatures, direct measurement of IR
radiation between 8 to 16 um of thruster plumes, and direct measurement of depositions on quartz crystal microbalances
at <40K. The thruster technologies currently planned for study are Hall thrusters using xenon, helium, neon, and
perhaps Argon and RF ion thrusters.



The principal investigator for the Common Path Phase Semsing testbed is Dr. Phillip Hinz of the University of
Arizona. 10-6 nuller The goal of this effort is to demonstrate ???

Dr. Hinz is also the principal investigator for the Mid-IR Beamsplitter. This effort will investigate three different
approaches to the beamsplitting: single-pass (sandwich), windmill, perforated.

Figure 9 summarizes testbeds for core interferometry and cryogenic structures that existed in August and that are still
planned. “Key Intended Results” in italics have changed since August. In most cases the changes were descopes
because of budget adjustments. Highlights of progress for some of these testbeds follow. Testbeds not mentioned are

still in work but have spent the past months planning and building for upcoming milestones.

TPF spectral band can be covered by at most two nullers

Technology Activity Purpose Key Intended Results
Achromatic Nulling Physics of achieving deep, broadband, dual-polarization, o 10-4 null, 20% BW @ cryo
Testbed mid-infrared nulls. Operation at cryo temperatures. Show

e 10-6 null, 25% BW @ room
temperature

Planet Detection
Testbed

Address issues of system complexity and techniques for
system stabilization and noise suppression necessary to
detect a planet. Demonstrate the servo loops and control
systems necessary for co-phasing of a four-input nulling
interferometer. Demonstration of instrument stability and
noise suppression techniques (e.g., phase chopping needed
to detect a planet).

* planet detection and null depth
of < 10-5 of laser light can be
maintained for > one minute in
the presence of existing
laboratory disturbances

o planet extraction (flight-like
chopping) and null depth of <
10° of laser light can be
maintained for > one minute in
the presence of existing
laboratory disturbances

Mid-Infrared Spatial

Reduce the optical aberrations in wavefronts, making

* 50% throughput over 6.5-17 pm

and Coatings

compensators, windows lenses, mirrors, diffraction
elements, polarizers, etc.

Filter Technology extremely deep nulls possible. Investigate performance of bandwidth
single-mode fiber-optics made from halogenide polycrystals
or chalcogenide glasses, waveguide structures micro-
machined in silicon, or the use of photonic crystal fibers.

Cryogenic Delay Line Provide pathlength compensation that makes measurement ¢ Operate prototype closed-loop
of interference fringes possible. Develop a low noise, low at 77K
disturbance, high bandwidth optical delay line capable of e <] nmrms
sub-nanometer residual pathlength control requirements at
cryogenic temperatures’”.

Integrated Optics Reduces weight, size and complexity of the nuller and e Monolithic two-beam nuller,
could dramatically improve stability. 5x107 null depth with 20%

bandwidth at 10 um.

Adaptive Nuller Actively correct for wavefront, intensity, and polarization o Demonstrate wavefront
imperfections of the beam train entering the nuller thereby amplitude control to
permittin]g8 relaxation of tolerances on other optical precision of < 0.2% and
elements ™. phase < 5 nm over a spectral

bandwidth of >3 um in the
mid IR for two polarizations
IR Optical Materials Procure and test components and coatings for beamsplitters, | ¢ Components of broadband

performance within 6.5-17 um
range at cryo temperatures.

Cryogenic Structures
Modeling and
Technology

Testing of mechanical properties (especially damping) of
materials and components at cryogenic temperatures.

e Models that accurately predict
component & system-level
performance of FFI flight
structures

Figure 9. Technology Testbeds for Interferometry and Cryo-Structures




A 10™ null at 30% bandwidth centered on 10 pm was achieved using the Achromatic Nulling Testbed. Discovery of
an existing 10000K temperature source for this testbed will enable testing to an order of magnitude deeper at room
temperature. Additional details about this testbed are available in papers by Vasisht'® and Wallace®.

The Cryogenic Structures Modeling and Technology task tested the variation of damping for more than 10 materials
over a temperature range of room ambient to 40K. This task was originally focused on verifying components and
materials for SCI. It will be redirected to study components and materials under consideration for FFI designs. It is
likely that some of the materials already tested for SCI will be used for FFIL.

The Formation-Flying Technology testbeds summarized in Figure 9 are under development to establish the viability of
the FFI mission architecture for TPF, while retiring and mitigating mission risk. The testbeds are complementary in
addressing the technology concerns for the overall formation-flying system. These technologies extend the work
performed on the StarLight technology program.?'

Technology Activity Purpose Key Intended Result
Formation Algorithms Demonstrate algorithms for the control of a multi- e Demonstrate full TPF performance of 2
and Simulation Testbed | spacecraft formation in a distributed real-time cm and 5 arcmin in range and bearing

environment. control, off-nominal scenarios
Formation Sensor Demonstrate sensor technology for relative bearing | « Demonstrate range and bearing
Technology and range measurements of formation flying determination with 4r steradian field-of-
spacecraft including a radar mode for formation view coverage with maximum
robustness to sensor faults in flight. uncertainty of 50 cm and 1 degree in
range and bearing
Formation Control Provide a hardware platform for verification of e Demonstrate end-to-end autonomous
Testbed software unique to formation flight. Provide formation-flying in a 1-g environment
platforms for testing relative position sensors with performance of 5 cm maximum
should future funding permit. uncertainty in range and 60 arcmin in
bearing control
SPHERES Flight Flight demonstration of formation flight™ e Demonstrate feasibility of formation-
Experiments (MIT) flying in micro-g environment, perform
TPF-like array maneuvers
Formation Demonstrate interferometry on moving platforms. ¢ Demonstrate optical interferometer fringe
Interferometer Testbed acquisition and fringe tracking across
two platforms, 30 um/s relative velocity

Figure 10. Technology Testbeds for Formation Flight

Formation flight control algorithms for a two spacecraft formation were demonstrated successfully on the distributed

real-time system of the Formation Algorithms & Simulation Testbed (FAST). Next up is software tailored for control
of the Formation Control Testbed robots. An initial version of this software has already been delivered. Another
delivery with extended capabilities is expected in August.

The Ultra Binary Offset Carrier signal to be used to demonstrate coarse estimation of relative bearing and range was

successfully generated and tracked on prototype units of the Formation Sensor Testbed (FST). Coming up are tests to
demonstrate use of this signal on two spacecraft.

The Formation Control Testbed (FCT) will use three robots like the one shown in Figure 11. Integration of the first
of these robots is underway as evidenced by Figure 12. The first robot is to be delivered this September. It will emulate
real spacecraft dynamics using multiple mobile test vehicles moving on air-bearings and equipped with flight-like
avionic hardware and inter-spacecraft communication.



Figure 11. Design of Formation Control Robot Figure 12. Assembly of Formation Control Robot #1.
(courtesy Guidance Dynamics Corporation)

6.0 SUMMARY

Progress has been made in the design of and technology development for the TPF interferometer. Some things have
been learned and some new questions spawned. With the help of new partners, several major trades and conceptual
designs of assemblies were completed. Some first-cut analyses were also completed. Holes in the conceptual design are
almost all filled so that other types of detailed analyses can begin to assess whether the initial error budget can be
achieved. It won’t of course so plans exist to continue designing and testing technology.
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