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Executive Summary

Inspired by the light scattering and focusing properties of distributed optical
assemblies in Nature, such as rainbows and aerosols, and by recent laboratory
successes in optical trapping and manipulation, we propose a unique combination of
space optics and autonomous robotic system technology, to enable a new vision of
space system architecture with applications to ultra-lightweight space optics and,
ultimately, in-situ space system fabrication.

Typically, the cost of an optical system is driven by the size and mass of the
primary aperture. The ideal system is a cloud of spatially disordered dust-like
objects that can be optically manipulated: it is highly reconfigurable, fault-tolerant,
and allows very large aperture sizes at low cost. This new concept is based on recent
understandings in the physics of optical manipulation of small particles in the
laboratory and the engineering of distributed ensembles of spacecraft swarms to
shape an orbiting cloud of micron-sized objects. In the same way that optical
tweezers have revolutionized micro- and nano-manipulation of objects, our
breakthrough concept will enable new large scale NASA mission applications and
develop new technology in the areas of Astrophysical Imaging Systems and Remote
Sensing because the cloud can operate as an adaptive optical imaging sensor. While
achieving the feasibility of constructing one single aperture out of the cloud is the
main topic of this work, it is clear that multiple orbiting aerosol lenses could also
combine their power to synthesize a much larger aperture in space to enable
challenging goals such as exo-planet detection. Furthermore, this effort could
establish feasibility of key issues related to material properties, remote
manipulation, and autonomy characteristics of cloud in orbit. There are several
types of endeavors (science missions) that could be enabled by this type of
approach, i.e. it can enable new astrophysical imaging systems, exo-planet search,
large apertures allow for unprecedented high resolution to discern continents and
important features of other planets, hyperspectral imaging, adaptive systems,
spectroscopy imaging through limb, and stable optical systems from Lagrange-
points. Furthermore, future micro-miniaturization might hold promise of a further
extension of our dust aperture concept to other more exciting smart dust concepts
with other associated capabilities.

Our objective in Phase II was to experimentally and numerically investigate
how to optically manipulate and maintain the shape of an orbiting cloud of dust-like
matter so that it can function as an adaptable ultra-lightweight surface. Our solution
is based on the aperture being an engineered granular medium, instead of a
conventional monolithic aperture. This allows building of apertures at a reduced
cost, enables extremely fault-tolerant apertures that cannot otherwise be made, and
directly enables classes of missions for exoplanet detection based on Fourier
spectroscopy with tight angular resolution and innovative radar systems for remote
sensing. In this task, we have examined the advanced feasibility of a crosscutting
concept that contributes new technological approaches for space imaging systems,
autonomous systems, and space applications of optical manipulation. The proposed
investigation has matured the concept that we started in Phase I to TRL 3,
identifying technology gaps and candidate system architectures for the space-borne
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cloud as an aperture. Summarizing the findings, we found that the technology
enabling the Granular Imager is feasible, but is also complex and requires
advancements in different areas. During Phase II, technology readiness levels for the
various component technologies were determined, as well as mass, power, and cost
for a representative system configuration. The wavefront control process follows
the following steps of a multistage control architecture: Granular Cloud Shaping, Sub
Aperture Coarse Alignment, Figure Control, and Computational Imaging. The main
application considered was a reflective imaging system for astrophysics, but many
unexplored applications of granular spacecraft are yet to be discovered, including
refractive and diffractive systems. Granular media in space can also be used in the
radar and microwave bands to enable imaging of previously inaccessible regions of
targets with high geophysical variations with time, such as comets. We conducted
experiments and simulation of the optical response of a granular lens and, in all
cases, the optical response was closely comparable to that of the spherical mirror,
we found a marked sensitivity to fill factor and no sensitivity to grain shape.
However, we found that at fill factors as low as 30%, the reflection from a granular
lens is still excellent. We applied multi-frame blind deconvolution techniques to
experimental and numerical data and found the expected image of a reference
binary light source. We developed techniques for the modeling and simulation of
trapped granular media, and the results of the numerical tests indicate that it is
possible, with structural arrangements of rings and plates at different levels of
electrostatic potential, to stably confine one or more charged particles, when driven
by voltages that can be modulated in time and space. On the experimental side, we
have successfully stably levitated single particles and aggregates of multiple
particles inside an ion trap.

Our vision is to enable the large-scale electromagnetic utilization of an active
cloud of incoherent matter. Near-term proof-of-concept space demonstrations
might be possible within a decade, but laboratory-scale tests on Earth are possible
much sooner. This concept is technically feasible given that it is drawn from real-
world examples of dust/droplet systems like rainbows. Our solution would
completely rewrite our approach to ultra-large space-based telescopes for potential
NASA applications. All the foundations of the concept are solidly based on
established physical laws. The challenge is extending what has been proven in small
lenses in an Earth environment to a space environment under various forces and the
means to predict and control those forces for a long time to get the full benefit of the
concept. There is no guarantee that this breakthrough innovative system will meet
the configuration or design of a large aperture system at various parts of the
electromagnetic spectrum, but even if a few of those areas are or can be identified,
the benefit to NASA will be immense.
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1. The proposed Granular Imager
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Figure 1. Scenarios of application: astrophysics and planetary remote sensing.

Inspired by the light scattering and focusing properties of distributed optical
assemblies in Nature, such as rainbows and aerosols, and by recent laboratory
successes in optical trapping and manipulation, we propose a unique combination of
space optics and autonomous robotic system technology, to enable a new vision of
space system architecture with applications to ultra-lightweight space optics and,
ultimately, in-situ space system fabrication. We call this system the Granular Imager
(GI).

The Orbiting Rainbows paradigm: The paradigm that makes this granular
imager possible is based on: a) avoiding any physical structure and
sensing/actuation hardware on the primary aperture, thus lowering the system cost
(driven by the mass and complexity of the primary); b) using at-a-distance trapping
and manipulation to confine and shape the cloud acting as primary aperture; and c)
relaxing the optical figure control requirements by doing the best possible job in
software with state-of-the-art computational imaging algorithms.

Typically, the cost of a space-borne imaging system is driven by the size and
mass of the primary aperture. The solution that we propose uses a method to
construct an imaging system in orbit in which the nonlinear optical properties of a
cloud of reflective particles, shaped into a stable surface by electromagnetic means,
allow one to form a lightweight aperture of an imaging system, hence reducing
overall mass and cost. This new concept is based on recent understandings in the
physics of optical manipulation of small particles in the laboratory and the
engineering of distributed ensembles of spacecraft swarms to shape an orbiting
cloud of micron-sized objects. In the same way that optical tweezers have
revolutionized micro- and nano- manipulation of objects, our breakthrough concept
will enable new large scale NASA mission applications and develop new technology
in the areas of Astrophysical Imaging Systems and Remote Sensing because the
cloud can operate as an adaptive optical imaging sensor. While achieving the
feasibility of constructing one single aperture out of the cloud is the main topic of
this work, it is clear that multiple orbiting aerosol lenses could also combine their
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power to synthesize a much larger aperture in space to enable challenging goals
such as exo-planet detection. Furthermore, this effort could establish feasibility of
key issues related to material properties, remote manipulation, and autonomy
characteristics of cloud in orbit. There are several types of endeavors (science
missions) that could be enabled by this type of approach, i.e. it can enable new
astrophysical imaging systems, exo-planet search, large apertures allow for
unprecedented high resolution to discern continents and important features of
other planets, hyperspectral imaging, adaptive systems, spectroscopy imaging
through limb, and stable optical systems from Lagrange-points. Furthermore, future
micro-miniaturization might hold promise of a further extension of our dust
aperture concept to other more exciting smart dust concepts with other associated
capabilities.

Our objective is to experimentally and numerically investigate how to
optically manipulate and maintain the shape of an orbiting cloud of dust-like matter
so that it can function as an adaptable ultra-lightweight surface (<1g/m?) with
electromagnetic properties useful to NASA science missions. Our solution is based
on the aperture being an engineered granular medium, instead of a conventional
monolithic aperture. This allows building of scalable apertures at a reduced cost,
enables extremely fault-tolerant apertures that cannot otherwise be made, and
directly enables classes of missions for exoplanet detection based on Fourier
spectroscopy with tight angular resolution (~100 milliarcsec) and novel radar
systems for remote sensing (See Figure 1). These goals are important due to the
current need for low-cost implementations of spaceborne imaging system
architectures that can enable new science missions.

Figure 2. The Granular Imager: going from a monolithic aperture, to a cloud of dust.

The most innovative aspect of our concept uses light to shape granular media
in space. As shown in Figure 2, we want to revolutionize the way telescopes (or
antennas) are built by replacing the heavy and complex monolithic aperture in a
telescope by a cloud of reflective dust. Inspired by rainbows and scattering from
atmospheric aerosols we asked, “Can light radiation pressure techniques create an
artificial rainbow or aerosol with specific electromagnetic properties?” The goal of
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this research is to identify ways to optically manipulate and maintain the shape of an
orbiting cloud of dust-like matter so that it can function as an adaptive surface for
imaging objects in the electromagnetic spectrum. See Figure 3. For example, a
coherent cloud of reflective or refractive micrometer-sized particles could be made
to concentrate light in a focal region across a limited frequency band. In this
proposal, we equivalently use the term “aerosol” or “swarm” for the cloud of dusty
material that we want to manipulate, and we use the term “grain” or “element” to
refer to the single elements of the cloud.

This new concept for imaging system architectures relies on an advanced
method to build apertures, which results in many benefits, including reduced cost,
enabling of apertures that cannot otherwise be made. The advantage of a laser-
trapped space system is the potential to enable autonomous reflective, refractive,
and diffractive imaging architectures. These systems are ultra-lightweight, and
made of very simple, low-cost units. The cloud aperture can distribute itself to large
scales (from meters to tenths of meters, using sparse aperture technology), without
the need to fill the aperture. It is easy to package, transport, and deploy; is
reconfigurable; and can be retargeted and repointed with non-mechanical means. It
is a highly self-healing and fault-tolerant system with very low vulnerability to
impacts. It can achieve combinations of properties (combined transmit/receive),
variable focal length, combined refractive and reflective lens designs, and hyper-
spectral imaging. This effort will provide a solution to key issues related to
materials, optical manipulation, and autonomy characteristics of clouds in orbit.
This would enable new technology in the areas of Astrophysical Imaging Systems
and Remote Sensing. Furthermore, it will lay the foundation for large-scale
autonomous optical manipulation of micron-sized material in space, thereby truly
opening the door to revolutionary applications of in-situ space manufacturing.

Optical Trapping
System

5 Control System
s and Detector

Optical Trapping
System

Figure 3. The Granular Imager: a cloud trapped that operates as an active electromagnetic device.

This concept has the potential to completely revolutionize the technology of
ultra-large aperture optical elements (e.g., >1,000-km class telescope mirrors,
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lenses). If successful, this would represent a fundamental breakthrough in our
ability to detect extra-solar planets, image surface features, and spectroscopically
search for molecular signs of life. A conventional approach to form large scale in-
space gossamer structures is to assemble physical solid surfaces; however, these are
fundamentally limited in their maximum size, cost, and ability to be efficiently
launched. The proposed method is to use laser-assisted radiation pressure to shape
the dust cloud and control the alignment of the elements. Radiation pressure forces
and torques applied to various materials types, shapes, and sizes, forming a
distributed granular medium provides the opportunity for space system
architectures that are suitable for ultra-lightweight space optics, and ultimately, for
in-situ space systems fabrications. The proposed investigation matured the concept
that we started in Phase [, raising the TRL from 2 to 3 by identifying technology gaps
and candidate system architectures for the spaceborne cloud as an aperture. We
have examined the advanced feasibility of a crosscutting concept that contributes
new technological approaches for space imaging systems, autonomous systems, and
space applications of optical manipulation.

A scenario is depicted in Figure 1: (1) the cloud is first released; 2) it is
contained by laser pressure to avoid dissipation and disruption by gravitational
tidal forces; 3) it is shaped by optical manipulation into a two-dimensional object
(coarse control); and 4) ultimately into a surface with imaging characteristics (fine
control). The cloud shape has to be maintained against orbital disturbances by
periodic figure control, which is also achieved optically. Applying differential light
pressure retargets the entire cloud, so that a change of the optical axis can be
induced. Selected parts of the cloud are reshaped when required for wavefront
control, thus enabling higher quality optics. The entire imaging system is now in full
operation, as 5) a multilens system searching for exoplanets, or 6) as a radio
antenna engaged in remote sensing investigations. Figure 4 shows a snapshot of the
simulation of the Granular Imager in GEO.

Figure 4. Granular Imager in operation.

1.1 Background
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Granular matter is considered to be the 5t state of matter (after solid, liquid,
gaseous, and plasma) by virtue of its peculiar response characteristics
(cohesiveness, fluid behavior, compactification, phase transformation capability,
and other properties [Friedlander1977, Fuchs1989]). However, the dynamics,
controllable properties, and consequent benefits of engineering and manipulating
granular matter, such as dust grains, powders, and aerosols, is poorly known to the
space exploration community. Inspired by the light scattering and focusing
properties of distributed optical assemblies in nature, such as rainbows and
aerosols [Kpkhanovsky2006], and by recent laboratory successes in optical trapping
and manipulation [Ashkin1970, Ashkin1978, Ashkin1986, Ashkin1997, Bekey1999,
BornWolf1964, Dienerowitz2010,  Grzegorczyk2006a,  Grzegorczyk2006b,
Grzegorczyk2014, McCormack2006, Summers2009, Swartzlander2011], we
propose a unique combination of space optics and autonomous robotic system
technology, to enable a new vision of space system architecture with applications to
ultra-lightweight space optics and, ultimately, in-situ space system fabrication. This
research will leverage the expertise developed in autonomous space systems
technology at NASA/JPL (specifically, formation flying for astrophysical imaging
[Mettler2005]); adaptive optics of astrophysical spaceborne observatories, such as
the Spitzer Space Telescope, SIM Planetquest, Terrestrial Planetfinder, and the
James Webb Space Telescope [Andersen2011, Zhao2005, Mosier1998, Mosier2000];
and recent achievements in optical manipulation at Rochester Institute of
Technology on radiation pressure force and torque [Swartzlander2011], to
investigate the possibility of deploying, focusing, retargeting the cloud in space, and
adding autonomy to the cloud of particles in order to produce an adaptive optics
light collector. Typically, the cost of an optical system is driven by the size and mass
of the primary aperture. The solution that we propose is to construct an optical
system in space in which the nonlinear optical properties of a cloud of micron-sized
particles are shaped into a specific surface by light pressure, allowing it to form a
very large and lightweight aperture of an optical system, hence reducing overall
mass and cost.
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Figure 5. Multiphysics aspects of Granular Imager.
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Figure 6. Granular Imager technology space.

This new concept is based on recent understandings in the physics of optical
manipulation of small particles in the laboratory and the engineering of distributed
ensembles of spacecraft swarms to shape an orbiting cloud of micron-sized objects.
Figure 5 shows the multi-physical elements involved in the technology development
of the Granular Imager. Figure 6 shows the parameter space of the Granular Imager,
which includes distributes spacecraft, multi-functional materials, large apertures
smart materials, system autonomy, and interaction with the space environment. The
objectives of Phase II were: a) to mature the feasibility of large-scale optical
manipulation of granular media to enable optical and radar imaging architectures;
b) to identify optimal methodologies to deploy and maintain an active cloud in
space; c) to experimentally characterize the optical cooling for motion control and
speckle imaging for optical sensing; and d) to provide a system-level assessment
through multiscale simulation.

As background, A.J. Palmer [Palmer1980, Palmer1983, Palmer1991],
proposed to use an aerosol of dielectric particles as a holographic lens. Labeyrie’s
pellicle telescope [Labeyrie1970, Labeyrie2005] was the inspiration for a prior
NIAC study [McCormack2006]. More recently, the optical trapping of aerosols at the
micro-scale has been demonstrated in the laboratory [Dienerowitz2010,
Summers2009]. In May 1963, the US Air Force launched 480 million tiny copper
needles to create an artificial ionosphere (Project West Ford [Shapiro1964]) to
enable across-the-globe communication. The West Ford copper needles were each
1.8 cm long and 0.0018 cm in diameter and weighed only 40 micrograms. They were
designed to be exactly half of the wavelength of 8000 MHz microwaves. This length
created strong reflections when the microwaves struck the copper needles, in effect
making them tiny dipole antennae each repeating in all directions the exact same
signal they received. While it was a passive reflector, this experiment demonstrated
the large-scale electromagnetic utilization of a passive cloud of incoherent matter.
Our concept is to enable the large-scale electromagnetic utilization of an active cloud
of incoherent matter.

Recent and rapid advances in the optical manipulation area have the
potential to revolutionize micro- and nano-manipulation of objects in much the
same way that the discovery of optical tweezers, now routinely used for DNA
manipulation, did 40 years ago. Although the radiation pressure force on a
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macroscopic body is weak, a few milliwatts of laser power are sufficient to achieve a
force in the pico-newton range. There is also another major advantage. For some
NASA applications, the synthesis of large apertures made of large numbers of
emitters/receivers placed with structural disorder is desirable. For a disordered
cloud, focusing of light from an object is achieved by modulating the phase of the
distributed radiators so as to obtain a conic phase surface; it was observed that by
randomizing the emitter positions, the beam achieves better quality [Bekey1999,
BornWolf1964, Yavuz1964]. The ideal system is a cloud of spatially disordered dust-
like objects that can be optically manipulated: it is highly reconfigurable, fault-
tolerant, self-healing, and scalable to very large aperture sizes at low cost.

The solution that we propose is to construct a distributed imaging system in
space in which the primary element is a cloud of micron-sized engineered particles,
shaped along a specific surface by light pressure, allowing it to form a very large and
lightweight aperture of an imaging system, hence reducing overall mass and cost. A
cloud of spatially disordered dusk-like objects can be optically manipulated to be
highly reconfigurable, self-healing, and fault-tolerant to allow very large aperture
sizes at low cost. The optical system can have a variable focal length, combined
reflective and refractive lens designs, and hyperspectral imaging capabilities.
Near-term proof-of-concept space demonstrations might be possible in a decade,
but laboratory-scale tests on Earth are possible much sooner. This concept is
technically feasible given that it is drawn from real-world examples of dust/droplet
systems like rainbows. Our solution would completely rewrite our approach to
ultra-large space-based telescopes for potential NASA origins, Earth sensing, and
potentially also for military applications. All the foundations of the concept are
solidly based on established physical laws. The challenge is extending what has been
proven in small lenses in an Earth environment to a space environment under
various forces and the means to predict and control those forces for a long time to
get the full benefit of the concept. There is no guarantee that this breakthrough
innovative system will meet the configuration or design of a large aperture system
at various parts of the electromagnetic spectrum, but even if a few of those areas are
or can be identified, the benefit to NASA and national security will be immense. The
adaptive properties of the cloud emerge by virtue of the local anisotropy that can be
induced by light, electric, magnetic, and gravitational fields, and/or a combination of
them. A modulation of the scattering field of the grains would enable varying optical
properties of the entire system. In Phase I, we have identified various options for
cloud control and adaptability under various degrees of freedom and actuation
mechanisms. With properly chosen materials of the grain, grain size, distribution,
density, and orientation, the cloud may indeed behave as a reflective or refractive
lens, a set of fringes, or even a hologram.

The focusing of electromagnetic radiation from randomly distributed
orbiting arrays has never been investigated. The imaging through retargeting and
realization of boresight and wavefront control of an orbiting cloud represent a rich
area of investigation, independently of the applications because of the multiple
spatial and temporal scales involved to enable an integrated mission design in
astrophysical imaging, exoplanet search, large aperture that allows unprecedented
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high resolution, and hyperspectral imaging, and spectroscopy, as well as novel radar
imaging concepts.

1.2 Limitations of Related Current Approaches

In this section, we identify the limitations of past work, and how we

addressed those issues in our study. In the past NIAC study on the laser-trapped
mirror [McCormack2006], a main challenge identified by the investigators was
related to cloud overheating from a focused beam. Since most of the optical
manipulation experiments are done on Earth in water or air, there is natural heat
dissipation into a conductive medium. In space, there is no intervening medium
(except for the tenuous space plasma, which provides less heat dissipation than air
or water), hence cooling in optical binding experiments, such as those carried out in
the past NIAC study, cannot be achieved. Although those earlier experiments
achieved small-scale coherent structures in a constrained two-dimensional aqueous
chamber using spherical particles, large-scale three-dimensional structures
composed of optically functional particles in a space environment presented
untested challenges. In our study, we avoid tightly focused beams, opting instead to
gently nudge the particles using combinations of radiation pressure and
electromagnetic torque induced by polarizing the beam with relatively low
irradiance, thereby minimizing the source of heat. Furthermore, we engineer the
particles to radiate heat and optimize their response to the applied fields. For
example, each grain has a tail that may be aligned to the polarization direction of a
laser beam, thereby achieving a coherent alignment of all the exposed particles. In
the earlier NIAC study, optical binding required weakly interacting spherical
particles over a short range. In contrast, our approach assumes non-interacting,
arbitrarily shaped particles that may be widely spaced.
Figure 7 depicts the evolution of large space observatories, indicating that solutions
with very low area to mass ration are highly desirable. The uniqueness and
innovation of our concept lies in that: a) it would be a very lightweight, self-healing
system, leading to areal densities of 1 g/m? or less, compared to 10 kg/m? of an
inflatable antenna; b) one cloud could combine with other clouds to form much
larger apertures than the 6.5-meter size of the James Webb Telescope; c) it would be
easy to transport and deploy, not requiring structural elements; and d) line-of-sight
(LOS) retargeting and figure control would be realized optically. These properties
enable new mission architectures, and are in contrast to current state-of-the-art
systems, which are limited to much smaller sizes and are quite massive. Table 1
compares the Granular Imager to existing telescope technologies.
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Figure 7. Evolution of large space telescopes.
Table 1. State of the art of current telescope technology.
> Conventional Light-Weight Liquid Granular
Mairic MimorSoA | MirorSoA | Mhatable mirror Imager
;"‘."“' 40-100kgm2 | 10-20 kgm2 <Skgm2 | 100200kgm2 | <<0.1 kgim2
t:"‘“ Figure | 40nmRMS | 14nmRMS | <5 micro-m RMS | <5 micro-m RMS | <100 nm RMS
rface
ok <5A <10A 500 nm 20 nm <100A
r,::f:'*"“ >100Hz >100Hz >1 Hz >10 Hz <1 mHz
0.1to24mand | 0.3to 1.35m and
lsm larger larger 11010m 1to10m >10m
Deployable No No Yes No Yes
Thermally Thermally Thermally Thermally
e gy) StowSTE controlled Controlled Controlled Controlled
Formation Flying| No No No No Yes
Wavelength Visible Visible Visibie/Radar Visible Visible/Radar
Orbit L2 L2 LEO Ground GEOIL2
lSBaI ckilng Yes Yes Yes Yes No
ackaging Complex Complex Medium N/A Simple
Retargeting RCS RCS RCS No Optical/EM
Fault-tolerance Low Low Low Low High

1.3 Benefits of the Study

The novel concept hereby proposed addresses challenges for development of: a)
new autonomous systems, as it may open the door to innovative applications of
formation flying and autonomy technology in space; b) novel approaches to large
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precision imaging systems; and c) innovative applications of granular media as
multi-scale, multi-physics, multi-functional systems. In Phase Il we have have
assessed the basic elements of granular imaging systems in the context of two
relevant mission scenarios: an astrophysical imager and a radar mapper. From a
science perspective, the granular imager concept will open new frontiers of
exploration and scientific discovery in space science. From a robotic system
perspective, we have studied autonomy solutions and multiscale behavior of
complex aerospace systems. From the materials perspective, we have explored a
novel use of granular media in space. From a systems perspective, we have matured
the Phase I concept to TRL 3.

1.4 Contributions to space technologies

Granular imaging systems address the following NASA’s Space Technology
Grand Challenges: a) TA04, Robotics and Autonomous Systems, as we may open the
door to innovative applications of formation flying and autonomy technology for
large optical systems in space; b) TAO8, Science Instruments, Observatories, and
Sensor Systems, as we develop a system that may provide advancements in high
contrast imaging, optical systems, and detector and focal planes; c) TA12, Materials,
Structures, Mechanical Systems and Manufacturing, as we address innovative types
of lightweight and multifunctional structures.

1.5 Potential Impact

Similar to the way optical tweezers revolutionized micro- and nano-manipulation
of objects, our breakthrough concept will enable new large-scale NASA mission
applications and develop new technology in the areas of Astrophysical Imaging
Systems and Remote Sensing because the cloud-based system can operate as an
adaptive optical/microwave imaging sensor. While achieving the feasibility of
constructing one single aperture out of the cloud is the main topic of this work, it is
clear that multiple orbiting aerosol lenses could also combine their power to
synthesize an array of much larger aperture in space to enable challenging goals
such as exoplanet detection. Furthermore, this effort will establish feasibility of key
issues related to material properties, remote manipulation, and autonomy
characteristics of clouds in orbit. There are several types of endeavors (science
missions) that could be enabled by this type of approach, including: new
astrophysical imaging systems, exoplanet search, large apertures to allow for
unprecedented high resolution for discerning continents and important features of
other planets, hyperspectral imaging, adaptive systems, spectroscopy imaging
through limb, and stable optical systems from Lagrange points. Furthermore, future
micro-miniaturization might hold promise of a further extension of our dust
aperture concept to other more exciting smart dust concepts with other associated
capabilities.

1.6 Technical and Programmatic Risks and Mitigation Plan
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A key programmatic risk was that the scope of NIAC Phase II was not deemed
sufficient for conclusive optical cooling demos at large scales and for system-level
tests. These might need to be addressed in follow-on activity. Nevertheless,
sufficient progress was made to mature the concept to TRL 3. From an operational
perspective, the key concept maturation risks related to infrastructure cost are
excessive infrastructure (spacecraft in formation, multiple lasers), and insufficient
system testing and system integration. Mitigation plan: Explore alternative solutions
for optical trapping, which include one laser system and electrostatic/magnetic
containment fields, and propose a follow-on path with extensive ground testing
program at component level and a sequence of in-orbit demos (from small-scale
demos in KC-135 and ISS, to suborbital demos) to progressively demonstrate
system integration. The key concept maturation risks related to obtaining the
required system performance are related to insufficient system verification and
validation. Mitigation plan: Complete extensive error budgeting at imager scale,
cloud scale, and granular medium scale, which uses system simulation to predict
performance at system level, while the complexities of the physics are provided
experimentally. The key concept maturation risks related to system development
time are insufficient maturity of the cooling and speckle imaging experiments, and
the technological complexity of these potential risks. First, high levels of light
scattering may be deleterious for image formation. This is a serious problem for
reflective imagers. Mitigation plan: Consider refractive and diffractive options.
Second, it is challenging to provide the needed phase coherence between elements
of the cloud to be able to be of any use in visible band. Mitigation plan: Address
problem in the radar band. Third, optical manipulation at large scales may require
very large laser power, or too many lasers, hence excessive cost to implement.
Mitigation plan: Currently, the Air Force uses 1-MW lasers for missile defense, so in
20-30 years, larger laser power (possibly relying on space-based solar power) will
likely be available. Fourth, any dust clouds might create unwanted orbital debris
due to leakage. However, this issue can be dismissed by the fact that at altitudes
>1,000 km, orbital debris smaller than 10 cm is not easily tracked, and the
collisional cross-section of debris in the micron size is negligible compared to larger
debris. Mitigation plan: Turn off one bank of the counter-propagating containment
lasers to apply preferential pressure to cloud, which will be accelerated away into
space. Fifth, electrostatic charging might cause undesired aggregation and clustering
that might affect the surface accuracy of the aperture. Mitigation plan: Explore
appropriate material for grains and electrostatic behavior. Lastly, the previous NIAC
study on the Laser-trapped Mirror [Grzegorczyk2014] identified a difficulty with the
lack of natural optical cooling of the grains in space. Mitigation plan: Our work in
Phase [ [Quadrelli2012] has led to the discovery that we can induce optical cooling
actively via modulation of the light polarization, thus reducing the cooling problem
to an active control problem.

1.7 Technology Challenges

Key technologies that were relevant to mature the concept in Phase II are
discussed next. Granular imaging systems will require complex multistage control
methodologies and diffractive optics techniques. To achieve this goal, the Phase Il
multiscale system simulation of the science campaign was essential to assess
system-level performance for representative scenarios. Also, system-level
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integrated modeling and simulation of reflective, refractive, and diffractive
configurations in different frequency bands is essential to flow down requirements.
Speckle imaging experiments are essential to demonstrate that optical imaging
based on spatial disorder is practical, and we have begun experimenting with
computational optics techniques (IBD) to retrieve the image in the presence of
noise. Optical cooling experiments are essential to demonstrate the multiple levels
of precision in trapping and containment of the granular aperture, and were done in
Phase II. Recent work based on the optical vortex [Valdlen2010] expands optical
manipulation of particles into a gas media and provides full control over trapped
particles, including the optical transport and pinpoint positioning of 100 micron
objects over a meter-scale distance with 10 micron accuracy. Finally, a cost-benefit
analysis is essential to make the cloud aperture more promising compared to a
monolithic aperture. Preliminary evaluations of total system cost done in Phase I,
based on existing cost models available in literature [Stahl2010], demonstrate the
enormous cost reduction for the orbiting cloud, compared to a monolithic system
(Figure 8). In our view, the cost savings alone was sufficient reason to mature the
concept in Phase II.

The key feasibility issues related to cost are system testing and system integration.
In this regard, the in-depth study of reflective, refractive, and diffractive systems
will provide a unique approach to flow down imaging requirements down to the
cloud level. The key feasibility issues related to system performance are analyzing
whether there is sufficient sensing and control authority to ensure a stable
wavefront through the granular medium. In this regard, we will also explore
imaging architectures in a less demanding frequency band (i.e., radar), thus
accelerating the maturation at the system level. The key feasibility issues related to
risk are providing sufficient system verification and validation, and the development
of a multiscale system simulation will make requirement verification possible. The
key feasibility issues related to system development time are sufficient maturity of
the cooling and speckle imaging experiments. Successful cooling experiments
(critical technology) will enable the demonstration of the concept feasibility in a
ground laboratory, and successfully accomplishing these experiments will
contribute to raising the system TRL.
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Figure 8. Effective imaging system mass and cost vs. effective diameter, for monolithic and cloud
aperture. Cost-benefit analysis is essential to make the cloud aperture more promising compared to the

monolithic aperture.
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2. Summary of Work Done in Phase I

The approach for Phase II combined both experiments and simulations to mature
the concept to TRL 3. Our specific near-term objective was to conduct small-scale
experiments to demonstrate optical manipulation of tenuous granular media in
water, complemented by a parallel analysis effort to model and simulate the
behavior of the granular medium as an element of an imaging system in orbit being
controlled by light.

The design concept in Phase II followed a top-down approach. At the large-scale,
the imaging system is held in shape by means of formation flying technology.
Macroscopically, the aerosol cloud forming the primary aperture can then be
thought of behaving as an equivalent rigid object. Established wave front sensing
and control techniques of adaptive optics are then used to stabilize the image
assuming the granular aperture behaves as an equivalent monolithic aperture. We
then invoke methods of sparse aperture technology, such as Golay arrays
[Brady2009], to precisely formation-fly many clouds, which, at the microscale, are
spatially random, but at the macroscale form a regular array. Through optical
manipulation technology, we sense and control the average alignment of the grains
within each cloud to provide a cloud figure shape that is adequate for our goals.
Therefore, the top-down formation flying and adaptive optics approach merges with
the bottom-up optical manipulation approach to achieve our goal. The elements of
this approach are discussed next.

In Phase II, the following steps were completed to mature the concept: a) an
enhanced focus on reflective, refractive, and diffractive optical systems; b)
exploration of radar imaging architectures and identification of the most promising
applications; c) experimentation and simulation to prove the active cooling
approach based on optical feedback mechanisms; and d) use of integrated modeling
and simulation to determine adaptive optics needs required by aperture to function
as an imaging system. Experiment design, as well as preliminary experimental work
conducted in Phase II, were based on demonstrating the grain cooling and alignment
approach on an optical bench.

In flow diagram form, Figure 9 describes the overall Phase II task flow. It starts in the
upper left corner with the particle simulation engine, which was developed in Phase I.
This engine computes the motions of the particles that make up the primary optic at the
granular level. The orange rectangles represent the microscale control system of the
particles. Its purpose is to “corral” the particles, keep them functioning as a unit, and
ensure the optical properties of the conglomerate meet the requirements for the next
stages of control. From the position and orientation of the particles, a complex
electromagnetic pupil function is computed, from which the optical figure and pupil can
be determined (green box). The red boxes represent the next stage of control, which is the
relative position and orientation of the separate spacecraft imaging system. The
spacecraft has its own thrusters and reaction wheels to maintain precision optical
alignment using a laser metrology truss developed at JPL as a precision sensor. The light
blue boxes represent the mid-level control systems. A STOP integrated model was
created for a single patch/cloud and its corresponding correction/collections system.
Drivers to the STOP model include thermal variations (purple circle) based on the
trajectory of the system relative to the Sun and other thermal sources. The STOP model
has two main control systems, one for LOS correction and an adaptive optics control
system that uses a Shack-Hartmann sensor to control a deformable mirror. Combining
information from multiple STOP models (one for each patch), a time-varying PSF is
computed (green box). The relative positions of each cloud may vary with respect to each
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other; therefore, an outer control system for maintaining precision phasing between the
patches is necessary (shown in yellow). An IPO (In-focus PSF Optimizer) is another
WEFS&C algorithm developed at JPL for segmented optical systems. This algorithm will
drive the optical delay lines to maintain the relative phase of each patch and will also
provide feedback information to the LOS control to maintain pointing. Finally, the time-
varying PSF is convolved with an image (or “scene”). Speckle imaging and multiframe
blind deconvolution algorithms was investigated to “clean up” the imagery to get an
accurate estimate of the original scene.

Multiscale
Granular medium
simulation engine
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% )T Imaging/ 1 Image
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control
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Figure 9. Phase II Task Flow.
Accordingly, the Phase II work was distributed in the following tasks/subtasks:

2.1 Tasks Related to Systems Engineering

Task 1.1: Imaging systems requirements: Imaging requirements for exoplanet imaging and
spectroscopy was researched and flowed into our optical system design. JPL has
a strong history of exoplanet technology development coupled with real
experience via the Caltech astronomy department. In addition, JPL designed the
coronagraphic masks for the James Webb Space Telescope. We leveraged this
experience to put together an imaging error budget via existing software models.
In Phase |, we developed Code V optical system designs for three different
applications of the aerosol optic since we didn’t limit ourselves to just one concept
for the “cloud”. In Phase Il, we converted these optical designs to a JPL-based
optical analysis package called “MACOS”, which allowed us to compute optical
sensitivities of the system and thereby create a covariance-based error budget for
the individual optical elements. The STOP model that provides a time-domain
simulation of the entire system also uses the optical sensitivities.

Task 1.2: Conceptual radar system study: In this task, we explored the physics of clouds
applied to radar remote sensing instruments. Specifically, we will developed a
vector radiative transfer method for use with short wavelength radar instruments,
and a Rayleigh or small particle approximation method for use with long
wavelength radar instruments. We validated the models using a full-wave
electromagnetic solver for a specific set of fixed configuration and property of the
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cloud. Next, we developed a few radar instrument architectures that utilize the
models developed to obtain higher-resolution remote sensing. Specifically, we
developed a radar imaging architecture for topographic mapping where the cloud
physics modeled using the radiative transfer theory is shown to provide higher
resolution. Similarly, to study the operation on the other end of the spectrum, we
developed a radar sounding architecture for subsurface or ionospheric sounding,
where the cloud physics modeled using the Rayleigh phase or the small particle
approximation method is shown to provide higher resolution.

Task 1.3: Theoretical analyses at grain scale: A theoretical description of the forces and
torques on a small umbrella-shaped optical element wws developed. The model
includes radiation pressure and polarization effects. The model was used to
develop a means to achieve a fixed attitude and position of a perturbed umbrella-
shaped granular element in space. The control process was used to minimize the
rotational and kinetic energy of each element, thereby cooling the motion of the
granular medium.

Task 1.4: Adaptive optics approaches: Controllable spatial frequency and dynamic range
requirements for our system were determined based on the expected residuals of
the microscale control (e.g., laser containment, optical lift, corralling, etc.) of the
aerosol cloud. The secondary WFS&C system, which uses a Shack-Hartman
sensor and a deformable mirror for correction, was designed to meet these
requirements. A model of the WFS&C system was constructed, leveraging
previous work from other programs. This model was part of a time-domain
simulation that, ultimately, will use the particle motion model as a driver and will
assess the overall performance by applying corrections on the deformable mirror
and evaluating the resulting wavefront.

Task 1.5: Cost-benefit analysis and roadmap development: Cost-benefit analysis is essential
to make the cloud aperture more promising compared to the monolithic aperture.
In Phase |, we started an effort on the preliminary evaluation of total system cost,
based on existing cost models available in literature. The preliminary results of
these computations, i.e., the effective aperture mass and imaging system cost vs.
effective diameter, for monolithic and cloud apertures, have already demonstrated
the enormous cost reduction for the orbiting cloud, compared to a monolithic
system. This preliminary effort constitutes the basis of a more detailed cost-
benefit analysis that was conducted in Phase I, which culminated in a detailed
assessment of cost and identification of key technology gaps for the selected
system architectures. The roadmap for technology maturation was also developed
in this task.

2.2 Tasks Related to Experiments

Task 2.1: Optical manipulation experiments: Micro-structures composed of space-qualified
CP1 polyimide were micro-fabricated at the R.I.T. Semiconductor and
Microsystems Fabrication Laboratory. Radiation pressure and torque experiments
were conducted on single spinning structures under free-fall or in a neutrally
buoyant liquid to investigate and demonstrate stable control of the position and
attitude of the element.

Task 2.2: Optical imaging experiments: For the scope of this Phase Il task, experiments were
done in water, since they were achievable in the timeframe of the task. In water,
we showed that hemispherical bodies aligned with the control laser direction. A
laboratory model of a thin swarm of reflectors was built by randomly adhering
small mirrors across the concave surface of a blackened parabolic reflector. The
piston and pitch of the elements were randomized, but stationary. A collimated
laser beam, collinear with the axis of the parabolic reflector was used to

32



NASA INNOVATIVE ADVANCED CONCEPTS (NIAC)
ORBITING RAINBOWS

determine the point-spread function speckle pattern. The laser was then removed
to allow the parabola to collect light from a scene of distant paraxial point sources.
The measured speckles, combined with the PSF, were used to reconstruct an
image of the paraxial scene.

Tasks Related to Numerical Studies

Task 3.1: Optical manipulation simulation studies: Previously developed ray-tracing software
at RIT was used to compute the forces and torques on the individual grain. The
analysis was used to refine the design of the grains and to motivate
measurements in our laboratory experiments.

Task 3.2: Physics-based system simulations: These simulations have the ultimate goal to
verify and validate system requirements, and were further developed to form a
multiscale, physics-based simulation engine with which to test operational
architectures of the imaging system in different frequency bands.

Task 3.3: Imaging simulations: Since our optical system will be continuously in motion, we
expect that it will require extensive image processing utilizing multiple fast-frame
images to estimate a single resolved scene. In Phase I, we did a comprehensive
literature search of various phase retrieval and phase diversity approaches that
could be used for this system. In Phase I, we created an image-processing plan,
develop simulations of the techniques we plan to use, and evaluated their
effectiveness for imaging scenarios in the visible and microwave bands.

3. Granular Imager Architecture

3.1 JPL Team-A Study

The Team-A study goals were to identify the most promising science mission for a
granular imager. The study objectives were to complete the parameter space for a
granular imager, identify the strongest science mission for this technology, generate
one or more mission architectures for the strongest science mission, and identify
driving mission requirements. The key results were that the team identified
opportunities and challenges for a range of wavelengths, then brainstormed
promising future mission concepts that would take advantage of granular imager
technology. The four most promising of these were explored in more detail. Finally,
the team outlined a technology development roadmap to take the concept from its
current state to flight. The Granular Imager configuration considered in this Study
included the following assumptions:

- The Granular imager (GI) will be in geosynchronous Earth orbit (GEO)

- Focal length about 100 km

- Particles could stay in orbit for a long time

- Glisreconfigurable and can be "self-healing”

- Glis susceptible to solar wind, coronal mass ejections are really bad

- Need 6 trapping-system S/C per GI (per cloud)

- GIfill factor is ~30%
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Finally, the Study resulted in the definition of several mission concepts for
the Granular Imager, as depicted in Figures 10 through 13.

Tomography of Small Bodies

Concept Driving Requirements

¢ Orbit comet/asteroid « High fill factor (~50%)

* B0 1o 200 MHz (radar) « Control of cloud while in orbit (position) & alignment
¢ 3-10 10-m dia cioud + Gl w/o balloon

* Metalic or metamaterial cloud * Low mass & power of shaping lasers

« High fill factor (~50%)

¢ ConOps:

a. Redkrected imaging
b. High-resolution imaging

Needed Technologies Going-Forward Plan/Potential Sponsors
* Cloud control . 4X
* (See driving reqts) * DoD
* Metalic and metamaterial * Planetary defense
cloud propearties * Near-Earth Objacts Office

* Formation-flying & control
* Need orbital demonstration

Figure 10. Concept #1: Tomography of small bodies.

Habitable Worlds

Concept Driving Reguirements

. A1L2 * Balloon material for Prime Mission
* Near-IR to Vis, 0.5 10 2.0 ym * Pointing stability (m o pm stability)
* 15- 1o 20-m-diameter primary * Vibration isolation

* Order-of-magnitude light-gathering

[improvemant] over JWST

Gl particies in a balioon

Low fill factor

Sun-shade for thermal loads

Starshade for light-suppression

Needed Technologies Going-Forward Plan/Potential Sponsors

» Light-gather vs. fill facter * Getting to orbital dermo w/ component maturity
* Star-shade/occultation mask coronagraphy - 7X

» Straylight mitigation * 8X

* Need expariments
» Formation-flying and control
* Need orbital demonstration
* More advanced computational imaging

Figure 11. Concept #2: Habitable Worlds.
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Imaging of KBOs

« A1L2 * KBO tracking

¢ 2510 50 ym (emissions) (temperature) * Pointing and stability

¢ 0.3 t0 0.9 ym (optical) (compasition) * Passive cooling of telescope structure

¢ 15 to 20-m-diameter primary

¢ Gl particles In 8 balloon

* Obtaln spectra

¢ Sun-shade
Needed Technologies Going-Forward Plan/Potential Sponsors

* Strayfight mitigation . 4X

* Need experiments * Near-Earth Object Offica
* Formation-flying & control
* Need orbital demonstration
* Inverse advanced computational imaging
Figure 12. Concept #3: Imaging of KBO’s.

Solar Concentrator
Concept Driving Regyirements

¢ LEO {Sun-synchronous), secondary @ GEO * Track the Sun

« Reflector * Align Gl prdmary %o secondary

* Send ight t a secondary S/C

* Convert thermal to microwave @ 85% efficiency

* Transmit microwave power 1o whoever needs it
Needed Technokogies Going-Forward Plan/Potential Sponsors

* Align Gl particles such that reflected ight is sent ¢ DD

0 a focus by the secondary SIC « DOE
¢ Thermal control * Asrcspace Corporation

« Solar pressure active control
* How 1o get microwaves from GEO

Figure 13. Concept #4: Advanced Solar Concentrator.

3.2 Imaging Architectures for Astrophysics and Remote Sensing

The three optical system designs from Phase I were evolved to become a part of a
larger simulation, as described in the Work Plan. The first optical design assumed
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the cloud would contain reflective particles and be controlled in a manner to
produce a semi-coherent reflective phase sheet. Although not continuous, the
surface would need to have variations less than 2A?/ AA , where A is the
bandwidth of light, to achieve meaningful imagery (in any frequency band)). A
second design treats the cloud as a refractive element, e.g., a lens. Using effective
medium theory, we derived a theoretical focal length of a system based on particles
having an index of refraction close to glass and having a fairly dense (1 partin 1000)
fill factor. Finally, we developed a third optical system design for a diffractive, or
“holographic”, lens such as Palmer [Palmer1980, Palmer1983, Palmer1991] had
outlined. Compared to refractive systems in the visible band or radar imagers in the
microwave band, which do not require grain level control, reflective and diffractive
imaging systems would require fine control down to the grain level.

The control system architecture for each of these designs was developed and
simulated as well in Phase II. The highest bandwidth control system is the line-of-
sight (LOS) control system, which uses a fast steering mirror to maintain the
pointing of each of the individual cloud optics. The next fastest control system is the
mid-spatial frequency wavefront sensing and control (WFS&C) system, which uses a
Shack-Hartmann (SH) wavefront sensor to control a deformable mirror to correct
for surface figure changes of the primary optic up to several waves. We plan to use a
combination of fast steering mirror and deformable mirror, which is currently
under development by Northrop Grumman Xinetics. Requirements for the temporal
bandwidth of the LOS control system will need to be evaluated as well as the
necessary pitch, stroke, and speed required of the deformable mirror wavefront
sensing and control system. Finally, the optical delay lines of each individual optical
system will also need to be evaluated to keep each of the “patches” of the multiscale
design in phase with each other. Since we expect the drivers of the overall patch
movement to be thermal effects, the bandwidth of this control system is expected to
be much lower than the previous two systems. The Structural Thermal OPtical
(STOP) simulation model will allow us to explore the requirements for this
integrated control system. The diffractive optical system design created in Phase I
was a strictly monochromatic design, however, it was mentioned in the final report
that JPL has experience in designing a diffractive optical correction system with a
10% bandwidth.

To combine the light from the separate clouds to create an effectively larger
aperture, we proposed to use a technique developed at JPL called In-focus Point
Spread Function Optimizer (IPO) to optically maintain the relative positions of all
the clouds. This technique captures non-optimal images from a point source on the
science camera and matches the images to a physical model of the system. The
simulation will allow for each individual cloud to move with respect to the other
clouds and IPO will determine each cloud’s position and orientation with respect to
the collector spacecraft. Once IPO determines these values, it can compensate using
the optical delay line for phase differences between the patches and the fast steering
mirror for LOS differences. IPO is a proven, robust technique. Prof. Fienup and his
research group at the University of Rochester [Fienup2010] have had tremendous
success using nonlinear optimization techniques with numerous kinds of diversity
to solve for phase errors and estimate the object. They solve for the full complex
pupil function using phase-diverse data. In addition, they have invented a new kind
of diversity, called transverse translation diversity, which uses a shifting pupil mask
to provide image diversity. Our design includes a microshutter array in the pupil
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plane for a similar result. Thurman and Fienup [Fienup2010] described an
algorithm that can handle random misregistrations of the point-spread functions
(PSFs) collected for a single image data set, a situation that our ever-shifting aerosol
optic may find itself needing to exploit. To combine data from several apertures, a
piston diversity technique was also developed. In addition to obtaining satisfactory
images from a single cloud, we are also planning on combining data from multiple
clouds to increase or effective aperture.

In Phase II, we explored phase diversity to estimate the object under
investigation. Phase diversity is a technique to jointly estimate an object, i.e.,
extended scene, and phase errors in an optical system. The phase errors are used to
deconvolve a better estimate of the measured object. This technique requires a set
of diverse images to be taken nearly simultaneously. The most common form of
diversity is “phase diversity”, and the phase is most commonly a focus term. In other
words, a set of imagery, each with different focus terms, can be used to create a
better overall estimate of the scene under interrogation. Multiple techniques exist to
solve for phase errors, including iterative and using global optimization. If the
diversity between images is not known or not known well, then other techniques
are used such as “blind deconvolution.” Multiframe blind deconvolution was
developed for speckle imaging, where a precise measurement of a stellar object
from the ground is not possible due to the changing index of refraction caused by
the Earth’s atmosphere.

3.3 Applicability of Granular Imager to Astrophysics

3.3.1 Exo-Planet Measurement Requirements

This section makes extensive use of the Exo-C STDT Final Report (2014). The
work accomplished by the Exo-C mission concept study is leveraged to quickly derive
system requirements to achieve a similar mission. The direct detection of exo-planets
requires an imaging system to be able to detect the faint reflected light from the exo-
planet while not being blinded by the glare of the parent star the planet orbits. This
places stringent requirements on the system to be able to suppress the light from the
parent star while leaving the light from the exo-planet intact. For example, as seen from
outside our solar system, the brightness of Jupiter at quadrature is given by, B=1/4
(albedo)-(R_J(5.2 AU))* = 10” and detection of an Earth like planet would require
starlight suppression on the order of 107'°. Of course it is not enough to just suppress the
starlight, you must also maintain starlight suppression stability over the time of a
measurement. Otherwise, you signal will be contaminated with stellar light and your
contrast will degrade. Exo-planets with stellar contrasts of 10” will have brightness in
the range of V=23-29, with a median of V=27. Therefore depending on the collection
area of the imaging system, the integration time may be on the order of multiple days. As
a point of reference, the recent Exo-C mission study report quoted integration times of 10
days to spectrally characterize a planet for that system’s 3m” collecting area.

The spatial field of view (FOV) is the area around a star where planets may be
visible to our imaging system. The spatial FOV is defined by two angular measurements:
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the inner and outer working angles. The inner working angle (IWA) defines how close to
a parent star you can see the planet at the required contrasts stated above. The IWA is
limited by the imaging system’s resolving power and the control bandwidth of an
imaging systems starlight suppression system. The outer working angle (OWA) defines
how far away from a parent star you can see a planet at or above the required contrast.
The OWA is typically limited by the control bandwidth of an imaging system’s starlight
suppression system. For an ideal perfect imaging system the OWA is limited by the
detector’s FOV. The EXO-C mission study report quoted a desired IWA of 0.26” at
900nm (0.16” at 550 nm) and a desired OWA of 1.4” at 900nm.

After detecting an exo-planet, it will be highly desirable to characterize the
spectral features of the exo-planet’s signal. Detailed spectral analysis of an exo-planet
can be used to determine if a planet has an atmosphere or not. If the exo-planet does
have an atmosphere, spectral analysis may enable us to determine the composition of the
atmosphere as well. In the previously mentioned Exo-C mission study report, it was
determined that to achieve exo-planet characterization a wavelength range of 0.45-1.0pum
was desired. This range encompasses several absorption features that are characteristic to
molecules needed to support life. They also determined that Exo-planet characterization
requires fine spectral sampling to discern features in the spectra. a spectral resolving
power of, R~70 was required to achieve exo-planet characterization. Achieving a
spectral resolving power of R~70 requires the system to maintain a decent signal to noise
(SNR) over spectral elements on the order of SNR ~10.

3.3.2 SNR and Exposure Time Computation

One of the outcomes of the A-Team study was the need to look into how
many photons would be collected by the granular aperture, and how that photon
count would be useful for astronomy. We took the performance parameters of the
Hubble detector (see Table 2), and derived an expression for the SNR (signal to
noise ratio) and for the exposure time. Some of the parameters used in the
equations below are shows in Table 2. For the star Vega, which is magnitude zero
and of spectral type A0, No=108 photons/(sec-m2-nm) centered at a wavelength of
550 nanometers in the visible. The photon flux hitting the detector is
[Schoreder2000]:

S = (No1074™)(zD?/4)(1 — £2)(7)(AN)

The background sky-photon flux hitting the detector is [Schoreder2000]:

B = (No107™)(¢¢")(xD?/4)(1 — £)()(AN)

ey
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The signal-to-noise ratio can be written as [Schoreder2000]:

kSOt

SNR =

\/('%S + B)Qt + (Cdarkt + Rz) " Mpixel

@

The exposure time can be written as [Schoreder2000]:

2\ wSQO

kSQ

. (<SNR>> {1+ B0 Camirc)

(0

(BQ+Cdark)npixel 2 2R \?
+ SO *\SNR ) Mriel
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Table 2. Observation dependent parameters, based on Hubble detector model [taken from

Schroeder2000].

Grain diameter 100 microns
Cloud encircled diameter, D*fillFactor 1m

Star magnitude, m m

Detector area projected onto sky 0.1 x 0.1 micron?
Instrument filter bandpass, AA 100 nm
Secondary mirror optical blockage, ¢ 0.33

System transmittance, t 0.324
fraction of 550nm transmitted light to detector, k¥ 0.8
quantum efficiency within filter BW, Q 0.8

Dark noise, Cdark 0.003 electrons/s/pixel
Readout noise 5 electrons-rms/pixel
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Figure 14. SNR vs. apparent magnitude for 10% fill factor.
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Figure 15. SNR vs. apparent magnitude for 50% fill factor.
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Figure 16. SNR vs. apparent magnitude for 70% fill factor.
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Figure 17. SNR vs. apparent magnitude for 100% fill factor.

Figure 14 shows the SNR vs. apparent magnitude for 10% fill factor. Figure
15 shows the SNR vs. apparent magnitude for 50% fill factor. Figure 16 shows the
SNR vs. apparent magnitude for 70% fill factor. Figure 17 shows the SNR vs.
apparent magnitude for 100% fill factor. Figure 18 shows the exposure time vs.
apparent magnitude for 10% fill factor. Figure 19 shows the exposure time vs.
apparent magnitude for 50% fill factor. Figure 20 shows the exposure time vs.
apparent magnitude for 70% fill factor. Figure 21 shows the exposure time vs.
apparent magnitude for 100% fill factor. These plots indicate that, even for low fill
factor, the performance of the granular cloud as a photon bucket is still satisfactory,
and can be used as a science instrument of performance comparable to HST
(assuming all other detector parameters remain the same).
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Figure 18. Exposure time vs. apparent magnitude for 10% fill factor.
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Figure 19. Exposure time vs. apparent magnitude for 50% fill factor.
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Figure 20. Exposure time vs. apparent magnitude for 70% fill factor.
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Figure 21. Exposure time vs. apparent magnitude for 100% fill factor.

3.4 Applicability of Granular Imager to Earth Science

Large light-weight aperture collectors and high-efficiency detectors are
identified as a critical technology both in microwave and optical technology
applications within and without NASA [NASA2004, NASAESTO02016a,
NASAESTO02016b]. In general, deployable large apertures can relax requirements on
transmitter technologies (because of the higher gain provided), enable
measurement scenarios from small satellite platforms, and enable observations with
sufficient resolution from specific vantage points such as Sun-Earth Lagrangian
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Points (L1, L2) or Geostationary orbit. In [Michel2012], the possibility of imaging
the propagation of seismic waves from a very large space-based optical telescope is
discussed. Images of seismic waves propagating at the Earth’s surface would be an
invaluable source of information for investigating earthquake physics and the effect
of the subsurface on earthquake ground motions. This application would require
ground displacement measurements at about every 100 m, with cm accuracy, and
temporal sampling on the order of 1 Hz. A geostationary optical telescope with a
large aperture appears to be the most promising system, and [Michel2012]
considers a telescope with an angular field of view of 0.8° and with an aperture
greater than 4 m, and show that key details of the seismic wave field, hardly
detectable using ground-based instruments, would indeed be imaged by such a
system. Another application is in the area of atmospheric spectroscopy from L2, as
discussed in [Mettler2004]. There are strong scientific motivations for placing an
Earth observatory at L2. The occultation due to the orbital geometry at L2 is best
suited for long-term climate change studies. We can obtain high vertical and spatial
resolution maps of many chemical species twice per day for the use in near-real
time predictive assimilation models. A similar capability would require a
constellation 