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ABSTRACT OF THE DISSERTATION

Nanophotonic designs for light-driven propulsion and space exploration
by
Ho-Ting Tung
Doctor of Philosophy in Aerospace Engineering
University of California, Los Angeles, 2023

Professor Artur R. Davoyan, Chair

Space exploration is of paramount importance to advancing fundamental science, such
as understanding the formation of universe and origins of life, as well as for the global
economy, including communications and navigation. Despite the many milestones that
we’ve witnessed in the last 60 years of space exploration, today’s space exploration is
hindered by the limitations of existing spacecraft propulsion technologies. Specifically,
limited acceleration and velocity gain constrain the range of possible orbital maneuvers
and challenge visionary deep space missions.

In this thesis, we examine the use of radiation pressure for fast in-space propulsion. We
show that minute forces of radiation pressure may be utilized to accelerating spacecraft to
speeds that surpass those attainable by conventional chemical rockets and electric engines.
Agile and fast-transit Earth orbital maneuvering and fast-flyby solar system exploration
missions are discussed. Two distinct approaches to light-driven space exploration are
examined. Lightsailing that makes use of laser beams is shown to be advantageous for

Earth orbital transfers and for missions to outer planets with small <10 g payloads. Solar



sails provide an alternative for outer planet and interstellar space exploration. By sending
ultralight solar sails close to the sun, solar-sail spacecraft can be accelerated to very high
velocities. Both approaches face a number of technical and materials challenges, some of
which are studied in this thesis.

One of the key objectives of this dissertation is to design and fabricate suitable
materials for such high speed light-driven propulsion approaches. We use a combination of
analytical, computational, and experimental methods. Starting with space mission concept
of operations analysis and examining related parameter tradeoffs, we provide guidelines
that drive computational and experimental research of this thesis. Both analytical and
computational methods are used to photonic materials that meet stringent mission
requirements. A novel fabrication process is developed to prototype sail materials designed
theoretically. Fabricated samples are measured and characterized, and their performance is
examined. Lastly, possible space environmental effects associated with solar sailing in the
close proximity to the sun are discussed and analyzed. This work aims at laying a
foundation for the design of materials based on nanophotonic engineering for future light-

driven in-space propulsion.
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CHAPTER 1

Introduction

1.1 Space exploration today

The Interstellar Medium

Heliosphere Interstellar Medium

The 6 Gowd

Figure 1.1 Artistic illustration of the solar system and interstellar space on a logarithmic

scale. Advanced propulsion is key to enabling scalable exploration of outer solar system,

Kuiper belt objects and interstellar medium. (Image by Pat Brennan, NASA's Exoplanet
Exploration Program)

Since the launch of the first artificial satellite into Earth's orbit in 1957, space
exploration has proven invaluable for uncovering new scientific discoveries. Of a particular
interest are interplanetary and deep space missions, offering insights into the formation of
the solar system, the evolution of the universe, and, potentially, the origins of life [1-3]. At
the same time, vast distances of space challenge space exploration. Hence, in the past sixty
years only five space probes have been sent beyond the orbit of Jupiter: Pioneer 11,

Voyager 1 and 2, Cassini—-Huygens, and New Horizons. Missions to outer planets take



years of flight time and decades of costly spacecraft development. For example, it took
Juno — recent NASA’s mission to Jupiter — >5 years of flight to reach the destination [1].
The long flight time translates onto development and mission support costs, which further
constrains outer space exploration.

Nevertheless, exploration of outer solar system remains of high priority. For
example, recently, the planetary science community in its recent Decadal Survey selected
Uranus as the target of highest priority for NASA's next large-scale "flagship™ mission [2].
Study of Uranus is important to better understanding of its composition and origin.
Furthermore, planets like Uranus are among the most common types that have been
discovered in recent exoplanet surveys. Collecting data from Uranus system would help
inferring on composition and dynamics of many of recently discovered exoplanets.
However, to date Uranus and Neptune have been visited only once more than 30 years ago;
both by NASA's Voyager 2 probe in 1986 and 1989, respectively. One of the major
obstacles is a long transit time (~15 years) and the need for performing energetic maneuvers.
More efficient means of propulsion and space exploration could expedite discoveries and
study of outer planets.

Beyond Uranus and Neptune lie vast reaches of interstellar space. Our sun is
thought to be located near the edge of a local interstellar cloud [3]. The solar wind streams
outward from sun’s corona and expands throughout and beyond the solar system. The solar
wind and the interstellar medium interact to create a complex structure — a global
heliosphere. Global heliosphere extends to around 200-300 astronomical units (AU) in the
upstream direction (towards the local interstellar flow) and thousands of AU tailward,

where it shields the solar system from the plasma, energetic particles, small dust, and fields



of the interstellar medium. To directly probe the interstellar medium, it is necessary to go
to at least 200 AU and well beyond the heliopause.

Exoplanet imaging requires going even further out. Ever since the first exoplanet
was discovered in 1992, there is a strong desire to image and collect spectroscopic
information of exo-worlds. Direct multipixel imaging is beyond the reach of current
observatories. For this purpose, use of solar gravitational lens for high resolution imaging
and spectroscopy was proposed. The lens could reconstruct the exoplanet image with
~25 km-scale surface resolution in ~6 months of integration time, enough to see surface
features and signs of habitability [4]. However, such solar gravity lens imaging requires
going to ~550 AU. Advanced propulsion systems that can reach 500 AU and beyond in 10-
20 year are highly desirable.

Spacecraft propulsion limitations are manifested also at Earth orbit as well. Massive
orbital constellations being deployed to provide global services, such as navigation, Earth
observations and internet are driving the economic growth. At the same time, rapid
proliferation of orbital use faces new challenges, including spacecraft on-orbit servicing of
satellites on demand [5, 6] and collision avoidance [7], among others. Such services
become increasingly important as the number of spacecraft and orbital debris grow to a
critically significant levels [8]. However, at present there are no efficient ways to changing
spacecraft orbit, such as performing large orbital plane or altitude changes. In particular,
current chemical and plasma engines require either exorbitant amount of fuel or many
months of flight time to perform desired orbital maneuvers [9-11]. Future discoveries call

for a paradigm shift in propulsion and spacecraft design that is coupled with a new concept



of operations (CONOPS) approaches that will enable faster, cheaper, and massively

scalable ubiquitous exploration of the solar system and beyond.

1.2 Spacecraft propulsion overview

Without any forces applied spacecraft follows a prescribed orbital path (a simple
two-body problem is assumed here for sake of simplicity of discussion, while second order
effects, such as multibody dynamics, are neglected). Orbital maneuvering, such as altitude
and plane changes, and spacecraft insertion onto interplanetary and solar escape trajectories,
is associated with changing spacecraft velocity (i.e., vo(t) = v,(t)), which may be
attained by an applied propulsive force, F(t). The ability of a spacecraft to perform orbital

maneuvers is then described by a scalar velocity gain:

f LOT
) m(t)

(1.1)

here m(t) is a spacecraft mass. Higher velocity gain, Av, allows broader range of possible
orbits and trajectories, and orbits that deviate significantly from an original one. Complex
Earth orbital transfers require Av > 3 km/s. For example, going from low Earth orbit
(LEO) at 300 km altitude to a geostationary orbit (GEO) requires Av = 3.88 km/s,
whereas inserting a spacecraft from a parking LEO orbit onto Earth escape trajectory for
interplanetary flight needs Av = 11 km/s. Performing a 90 degree change of orbital plane
inclination necessitates Av =~ 9 km/s.

Current propulsion systems can be roughly categorized into chemical and electrical
propulsion systems. Chemical rockets rely on combustion of fuel to generate thrust, while

electric propulsion ionizes the fuel and accelerates the ionized fuel by electric power. For

4



conventional spacecraft with propulsion originating from fuel exhaustion, the spacecraft

velocity gain can be found by Tsiolkovsky’s rocket equation:

mo
Av = Vg In <—>,
my

(1.2)
where Av is the velocity change of the spacecraft, v,, is the fuel exhaust velocity that is
defined by an engine, m, and m, are the spacecraft mass in the beginning and in the end
of the maneuver, respectively.

The limitations of current engines in performing high Av maneuvers (Av > 3km/s)
is evident from this equation. Relatively small exhaust velocity of chemical rockets v,, =~
3km/s [12], according to equation (1-2) requires exorbitant amount of fuel to perform
desired high Av orbital maneuvers. For instance, achieving Av = 10 km/s would require
96% of spacecraft mass allocated to fuel — a significant constrain for space flight. Electrical
engines, while efficient in delivering high v,, (typically v,, =~ 30km/s [13]) and thus
high Av with affordable fuel consumption, produce very low propulsive force, |F|<<1N,
and therefore result in lengthy — months long — orbital transfers [11]. For example, Deep
Space 1 —the first spacecraft to use electric propulsion [14] — has achieved Av = 4.3 km/s
post-launch, whereas Dawn — the first electrically propelled interplanetary mission to Vesta
and Ceres — attained Av = 11 km/s, which is the largest Av ever achieved. Nevertheless,
it took 90 mN Dawn thrusters ~5.5 years to perform the maneuver (noteworthy, that Dawn
spacecraft utilized Mars gravity assist to reach the desired orbit). Fast transfer high Av
maneuvers are beyond the reach of either chemical or electrical rockets.

Future of space exploration and space sciences necessitate fundamentally different

principles of propulsion and spacecraft design, which can significantly reduce flight and
5



lead times, and development costs. Many concepts have been proposed to allow for more
efficient propulsion in space, such as nuclear propulsion [15], antimatter rockets [16], and
even wrap drives. Figure 1.2 shows a chart of different propulsion systems as a function of
thrust-to-weight ratio and specific impulse. Photon engines that make use radiation
pressure are capable of delivering very high effective specific impulse, well above any
other propulsion approach. Ability to harness high specific impulse can pave new ways for
space exploration. At the same time, low thrust-to-weight ratio of radiation pressure
necessitates novel spacecraft design principles to allow efficient in-space operations. This
thesis explores radiation pressure propulsion to push the feasibility limits for future
breakthrough fast-transit and deep-space missions with high Av, as well as studies new

regimes of operation in Earth orbital environment.
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Figure 1.2 Landscape of known in-space propulsion technologies, after [17]. Radiation
pressure propulsion (“sails” in the figure) differs fundamentally from other propulsion

concepts, and is suitable for fast in-space travel by having high specific impulse.



1.3 Overview of light sailing in-space propulsion

Radiation pressure propulsion differs fundamentally from conventional chemical
and electric means of propulsion in use today (see also fig. 1.2). Light sails reflect the
incident radiation and generate thrust upon the momentum transfer in reflection. As a result,
the need for heavy, expendable propellants employed by conventional onboard chemical
and electric propulsion systems is eliminated. The Av of radiation pressure propulsion
increases linearly with the total power incident on the sail and with the illumination time.
The potential to generate large Av enables new vantage points for science observations that

are inaccessible or impractical using conventional propulsion methods.

Figure 1.3 Artistic illustration of IKAROS solar sail. Image source: JAXA [18]
Mission concepts based on light sailing have been proposed since the 1980s. The
first spacecraft to make use of solar radiation pressure was IKARQOS built by JAXA and
launched in 2010, Fig. 1.3. IKAROS solar sail made use of solar radiation pressure
propulsion as its main way to maneuver in space on a mission to Venus. Soon after

IKAROS, NASA successfully launched NanoSail-D in 2010, demonstrating solar sailing



satellite on low Earth orbit. In 2019, another successful low Earth orbit solar sailing
satellite, LightSail-2, by The Planetary Society raised confidence in solar sails and paved
the way for the first NASA solar sails interplanetary science mission — NEA-Scout
(launched in 2022 as a part of Artemis | mission). Proliferation of small satellites and
miniaturization of instruments further stimulate development of solar sails. Lighter solar
sail spacecraft can be accelerated to even higher velocities enabling novel breakthrough
missions. Future solar sail missions would benefit tremendously from getting close to the
sun and from ultralight architectures. This is where novel lightweight materials and high

durability materials are need. Chapters 3 of this thesis explore such systems.

Figure 1.4 Conceptual illustration of Breakthrough Starshot LightSail propelled by a laser
array. Image source: Breakthrough Initiatives [19].

Laser beaming can also be utilized for the radiation pressure propulsion. Ideas of

using laser beaming as the radiation power source were proposed starting from 1960s, and

recently being revisited in the context of interstellar travel. For example, the Breakthrough



Starshot initiative (Fig. 1.4) established in 2016 sets the goal of visiting the neighbor
exoplanet Proxima Centauri b with an ultralight “StarChip” propelled by laser radiation
pressure propulsion. The laser beaming power is orders of magnitudes larger than the solar
radiation at Earth, which allows accelerating an ultralight ~1g spacecraft to ~20% of the
speed of light. In this case a StarShot probe would reaching the exoplanet in approximately
20 years. However, ultrahigh beam power and need for ~1g spacecraft challenge materials
and spacecraft designs. Chapter 2 of this thesis explores novel photonic designs to enable
efficient use of beamed laser propulsion for near-future missions.

Future light sail missions would rely on advanced materials that could handle high
power radiation flux. For example, laser sailing would rely on using high power >100 kW
lasers for propulsion, whereas solar sailing benefits from maneuvering closer to the sun. In
both cases high incident radiation power poses significant challenges on sail materials. In
this thesis we explore the material requirements for such high power operation for both
laser and solar sailing. Parameter analysis considering tradeoffs on Av, thermal balance,
and spacecraft mass are performed, and from these studies we identify the need to explore

advanced thin film materials for radiation pressure propulsion.

1.4 Purpose of study

In the scope of this dissertation two distinctive mission architectures using radiation
pressure for breakthrough space exploration and related technologies are discussed. The
first approach utilizes laser beaming as the source of radiation pressure to propel ultralight-
weight probes (Chapter 2). The second approach discussed in chapter 3 takes advantage of
solar sailing for fast transit outer space exploration. For both approaches, we study material

parameters, examine related material challenges, and study light-materials interaction and
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photonic designs (Chapter 4 and 5). Candidate sail materials are designed, fabricated, and
tested. We further discuss proper figures of merits and optimize designs accordingly. In
Chapter 6 potential environmental effects on the solar sail materials are examined. The
research encompasses both theoretical and experimental work. Finally, we outline a

roadmap for future research related to lightsail materials and photonic designs.
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CHAPTER 2

Laser Sailing for High Delta-V Missions

In this chapter we study theoretically laser-driven light sailing for Earth orbital
maneuvering and for interplanetary missions. Specifically, we show that with relatively
moderate laser beam requirements — 100 kW - 10 MW of power and 1-10 m array aperture
— a lightweight (< 100 g) wafer-scale spacecraft may be propelled to velocities and
regimes that are beyond the reach of conventional space propulsion technologies. In
particular, we demonstrate that arbitrary Earth orbital maneuvers may be performed in a
matter of minutes and show that >10x faster interplanctary flight as compared to today’s
space missions is possible. Such fast and on-demand maneuvering has a potential for novel
space operations and infrastructure. Situational awareness and responsiveness, asset
monitoring and refueling, seamless data acquisition, and in-space countermeasures are the
few technologies that we believe may emerge.

We introduce figures of merit for such regime of laser sailing and analyze
corresponding material and photonic designs challenges. We discuss several examples of
nanostructured thin films that may meet desired operation criteria. Finally, we discuss
promise of laser-driven lightsailing for Earth orbital use and for fast and scalable solar

system exploration.

2.1 Laser sailing propulsion overview

Laser sailing [20-26] fundamentally differs from conventional chemical and electric

means of propulsion. Laser sailing harnesses photon radiation pressure from an external
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laser source. Without a need to carry energy source and propellant on board, even minute
forces of radiation pressure may accelerate a light-weight spacecraft to near-relativistic
velocities [20, 23, 25]. Figure 2.1 illustrates conceptually the principles of laser sailing.
Here a laser beam is incident on thin light-weight sail (LightSail) that carries a payload.
Upon laser beam reflection laser beam photons transfer momentum to push the sail. The

radiation pressure force is then given as:
2 N
E, = ERCOS(@)PTI,

(2.1)
here, a flat specularly reflecting sail is assumed [23], P is the laser power, c is the speed of
light, R is the reflectivity of the lightsail, 8 is the angle of incidence, and 7 is a normal to
a lightsail (Fig. 2.1). As can be seen propulsive force depends only on laser beam power
and does not depend on the probe mass (i.e., not constrained by the rocket equation). For
sufficiently long illumination time and for sufficiently high incident laser power, laser

driven probes can be accelerated to very high velocities.
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Figure 2.1 Schematic illustration of principles of laser-driven light sailing
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Unique capability of laser sailing makes it of great of great promise for future deep
space and interstellar missions [20-26]. By making use of laser radiation pressure with
sufficiently high-power laser beams, lightweight probes can be accelerated to very high,
near-relativistic, velocities [23]. By doing so nearby star systems can potentially be reached
in a matter of decades, thus opening a new era for spacefaring civilization. A range of
proposals for reaching near-relativistic speeds have been considered [15, 16, 23, 27].

Laser beam sailing was first proposed in the 1960’s for interstellar travel [21]. It
was suggested that using laser beams allows avoiding extremely high mass ratios when
propelling to ultra-high velocities for future interstellar missions. The ideas of laser sailing
received subsequent development in works by Robert Forward [26], Geoffrey Landis [24],
Jordin Kare [28] and others. In his 1984 proposal [26] Robert Forward assumed a 1000 kg
interstellar probe equipped with a 71,500 tons, 3.6 km diameter lightsail pushed by 65 GW
laser (Fig. 2.2). To propel such relatively heavy space probe, laser beam needs to illuminate
the probe for a considerable amount of time (3-year illumination time was assumed). As
such, one of the mission requirements was to keep the laser collimated for a substantially
long distance. As a result, laser beamer needed to have 1000 km diameter laser array
aperture (in which case even at a distance of 4.3 light-years the laser beam spot is only
~100 km). During 3-years of illumination the probe would propel to 11% of speed of light
and reach a-Centauri system in ~40 years. Furthermore, the proposed architecture can be
extended to allow for probe deceleration and return to Earth for a roundtrip interstellar
mission (Fig. 2.2 shows conceptual illustration of the laser beamer and related mission
architecture). However, building a 3.5 km sail as well as 1000 km laser beamer that would

operate for 3 years is impractical at this stage of technology development. Recent advances
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in instrument and spacecraft miniaturization driven by consumer electronics markets, as
well as rapid proliferation of laser technology, allows new opportunities for interstellar

laser sailing with small mass probes [20, 23, 25, 29].

1000 km
LIGHTSAIL

LAUNCH

PHASE ¢ ERIDANI

o

DECELERATOR
STAGE

ACCELERATOR
LASER STAGE
100 km
RETUARN
STOPPING STAGE
PHASE o!E"lDANI

Figure 2.2 Robert Forward assumed a 1000 kg interstellar probe equipped with a 3.6 km
diameter lightsail pushed by 65 GW laser. An illustration of laser propulsion for
roundtrip interstellar travel after Ref. [26]

A notable example is the Starshot mission concept [20, 23, 25], proposed in 2015.
Starshot mission assumes propelling a ~1g spacecraft to ~20% of the speed of light by
~100 GW kilometer square laser array [20, 25]. In this case the probe would reach
exoplanet Proxima Centauri b — a potentially habitable planet 4.2 light years away in the
closest star system [30] — in about 20 years. Notably, in Starshot the overall duration of
laser illumination (i.e., acceleration phase) is <20 minutes. Figure 2.3 illustrates major

14



Starshot mission parameters. While a considerable research and development effort is
required, Starshot mission parameters are feasible to achieve with today’s technologies
with a proper development roadmap [23]. Notably, one of the key innovations making
Starshot a feasible mission is the use of an ultralight weight probes (~1 g mass with a ~10
m? laser sail). With such a small mass a relatively high radiation pressure force (~1000 N)
needs to act only for a very short period of time to propel a 1g space probe to a near-

relativistic velocity.

Lightsail
A=10m?
v;=0.2c

Laser
A=1-1.5pm
/=10 GW m™

Proxima Centauri
d= 4.2 light years
t= 20 years

Figure 2.3 Schematic illustration of the Breakthrough Starshot mission concept. Key
mission parameters are indicated. After Ref. [23]

Use of high power laser beam (100 GW) and a need for ultralight-weight sails
designs (~10 m? with < 1 um thickness) put significant constraints on materials and
photonic designs. In [23] a holistic analysis of light sail materials and photonic designs was
performed. It was suggested that high refractive index ultralow loss semiconductors such
as Si and MoS; are needed to minimize laser beam power absorption. Furthermore, a
dedicated nanophotonic engineering is needed to enable high reflectivity so that the laser

radiation pressure can be exerted, as well as to allow radiative cooling of the system in
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space [31, 32]. The search for proper materials and designs is an active research topic these
days.

Despite a considerable effort in the context of the Starshot mission concept fueled
by private foundations, a little attention has been drawn to understanding precursor
missions with smaller laser beams. Such an analysis is performed in this work, where we
examine possible missions with significantly lower power laser beams (~1 MW) with
smaller apertures (~10 m?) — a laser beamer that can be built already today. We will show
that use of lower power beams significantly changes requirements set on materials and
photonic designs, compared to common anticipation in the context of Starshot program.
We further show that such “low power” laser sailing has advantages for Earth orbital

operations and for interplanetary fly-by missions.

2.2 Small satellite missions overview

As mentioned in the previous section, ultralight weight probes (<100 g) is the main
prerequisite for laser sailing missions in the foreseeable future. Below we provide a brief
outlook on the proliferation of small satellite technology for space exploration.

Driven by instrument miniaturization and rapid growth of ride sharing opportunities
to low Earth orbit (particularly fueled by recent success of reusable rocket technology),
small satellites have gained considerable traction from government and private sectors in
the last decade. Of a particular interest are CubeSats, which, originally originated as an
educational program for students, now play an increasingly important role for science
missions. Notable example of recent successful CubeSat missions are CAPSTONE [33]

and MarCO [34] missions. The global CubeSat market is experiencing an explosive growth.
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Hence, it was valued at $210.1 million in 2019, and is projected to reach $ 491.3 million
by 2027 [35]. Such rapid growth of CubeSat technologies is a good indicator that future
space missions will rely more on miniaturized systems.

Beyond CubeSats an active research is in the fields of Femtosatellites (<100g) and
even ChipSats (<1g). Such ultra-lightweight probes are an emerging class of satellites,
which owing to their low mass and ultralow cost are of a great promise for distributed space
systems and swarm architectures [36-38]. Furthermore, a constellation of such ultra-small
satellites has potential to improve resiliency of the overall space architecture. Ultralight
probes also allow for trade-offs in individual sensor performance (such as lower imaging
resolution) in return for a wider coverage [39].

However, small mass budget also presents its challenges. For example, lightweight
probes constrained with mass, and therefore the amount of propellant, have little ability to
maneuver in space. The lack of agility limits such smallsats to orbits that they are launched
into, and therefore it is hard to perform multipurpose or complete complex tasks. The lack
of propellant further implies shorter mission timelines, which unnecessarily drives the cost
and has implications for orbital debris.

With laser sailing issues related to propulsion and orbital maneuvering can be
circumvented. Laser propulsion relies on energy purely from a laser beaming station and
does not require carrying propellant on board of the spacecraft. Figure 2.4 shows our vision
for a laser driven architecture with ultra-lightweight probes and constellations. Laser

sailing could potentially enable fast transit and high delta-V maneuvers at low Earth orbits.
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Figure 2.4 Concept of laser propelled wafer scale femtosatellites. (Left) Schematic
illustration of some of the applications of such femtosatellites: 1) seamless sensor
networks for Earth and space observations and situational awareness, 2) fast orbital
transfer for inspection and fuel delivery, 3) inspection of large and costly space assets.
Beamed laser propulsion is key to enabling agile high Av maneuvering and fast on-
demand orbital transfers. (Right) Schematic illustration of a wafer satellite. The top side
carries all of the electronics, sensors and attitude controls, the bottom is a highly
reflective laser sail surface.

To further illustrate the capabilities of laser prolusion we analyze the corresponding

velocity gain:

(2.2)
where t is the total illumination time and m = mg + m,, is the overall mass of the laser
propelled spacecraft, m; is the mass of the lightsail, and m,, is the mass of the payload, i.e.,
all other spacecraft systems. In our analysis for the sake of comparison we shall assume
normal incidence (6 = 0), unity reflectivity (R = 1) and negligible absorbance at the laser

wavelength (see also Eqg. (2.1))

18



Clearly, a light-weight spacecraft under a high enough laser power can attain very
high velocity gain, Av, in a relatively short period of time. Figure 2.5(a) compares Av
possible with P/m = 1MW /g (compare to ~ 100 GW /g considered in Starshot program
[20]) with that possible with the state-of-the-art electric and chemical engines. In 600 s
(~10 minutes) of illumination, the light-driven spacecraft gains Av surpassing that of best
chemical rockets [40, 41]. After 2000 s of illumination Av exceeds that of Dawn attained
in 5.5 years and after Mars gravity assist [42]. Figure 2.5(b) further examines capability of
laser-driven lightsailing. Evidently, very high Av needed to perform arbitrarily complex
maneuvers may be reached in a relatively short time (minutes to hours) with even moderate

laser power requirements= 100 kW /g.
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Figure 2.5 Comparison of laser sailing to chemical and electric propulsion. (a) In-space
velocity gain attained by electrical and chemical engines, and laser sailing. (b) Velocity
gain with illumination time for two different values of laser power per spacecraft weight.

Dashed lines indicate velocity gain to perform respective orbital maneuvers.
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2.3 Laser beamer considerations for in-space propulsion

In this section we discuss several high level requirements on the laser beamer for
future laser driven propulsion architectures.

As mentioned earlier one of the key requirements for laser propulsion is the ability
to focus laser beam on the spacecraft. Therefore, effects that may affect focusing and/or
laser beam quality need to be accounted. Light diffraction is one of the major effects
causing beam spreading and power density attenuation with propagation [43]. Being of a
fundamental nature laser beam diffraction is observed in both atmosphere and free space.

Consider, for example, a phased array laser system emitting at a wavelength A with
a continuously filled aperture D (see schematic in Fig. 2.6 left). It is possible to show that
the beam power can be almost entirely focused on a target with radius w up-to a maximum

distance

T Dw
fmax =577

(2.3)
That is, up-to a range Z,,,, power losses due to laser beam diffraction do not occur,
provided that the phased array laser may be reconfigured to focus on a desired target within
that range (for example by controlling the phase across the entire aperture). Fig. 2.6 left
shows schematically this regime of operation. Beyond Z,,,, diffraction effects play an
important role and should be considered. Notably, for the purposes of in-space and high
altitude laser propulsion the laser beam is focused on a target at z > 50 km. Therefore,
within the sensible atmosphere (up-to ~7-10 km), where effects of turbulence, atmospheric
absorbance, and thermal blooming are dominant, laser beam profile is nearly uniform
forming a beam column with a radius D /2.
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Beyond distance Z,,,, any phase profile adjustments at the phased array side will
not be able to compensate for beam diffraction. Hence, for high altitude propulsion and
manipulation of a target with an effective cross section of 10 cm, a ground based laser array
of a diameter of 50 cm will suffice. For in-space propulsion, to propel a 10cm space target
(i.e,. laser sail) a 10 m in diameter array would be needed; the array size may be reduced
by making spacecraft with a larger sail radius (e.g., 1 m target may be propelled by a1 m

array at an altitude of 1000 km).

In-space propulsion
7 10000;
m w=1m
Karman line é 1000§
()
o))
v o )
E i\ = 100
= ®© B “High altitude
j . _10km = :
0km atmosphere 10 ) \ L i L L Lo
ground 0.1 1 10

Laser array aperture diameter (m)

Figure 2.6 (Left) Schematic illustration of laser beam propagation and diffraction. For a
given ground based laser array aperture the beam can be near entirely focused on a given
target up-to a maximum range Z,,,,. Beyond that range due to laser beam diffraction the

beam cannot be focused on the target anymore. (Right) maximum distance at which
optimal focusing on a target of radius w can be achieved. Highlighted areas denote the
regimes of interest for high altitude operation (50-100 km) and for in-space propulsion

(1000km and more). Here A = 1.06 um.
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Atmospheric absorbance is another important factor that should be considered
when analyzing high power ground-to-space beaming [43]. The power attenuation due to
atmospheric absorbance for sites with a clear sky (i.e., low concentration of particulates,

dust, water vapor) may be with a great approximation described by an extinction coefficient
K(z) = K, exp (— hi) that being proportional to pressure exponentially decays with
0

altitude z, here K, is the extinction coefficient at the sea level and h, =~ 7km and denotes
sensible atmosphere.
The absorbance of a laser beam propagation from ground to space is then found as:

Zo

A(h) = exp [—Kohoe hol,

(2.4)
here, z = z, is the elevation (i.e., height above the sea level) of the site where ground laser
is based. The extinction coefficient K(z) varies not only with altitude but also with site
location. More polluted and humid areas imply higher absorption. In contrast, remote
locations with generally dry atmosphere possess the lowest atmospheric extinction (e.g.,
deserts, dry mountain ranges, Antarctic region etc). Notably, sites with higher elevation z,
also possess lower absorbance due to a reduced air density. In these regions absorption
above the sensible atmosphere, i.e., for zy ~ hy =~ 7km, is very small. Astronomy
community has developed an extensive map and survey of sites with near excellent
atmospheric transmittance. In Fig. 2.7 we plot data collected for Mauna Kea [44] — one of
the largest observatory sites in the world. Important to mention that the site is located at an

average altitude of 4.2 km.
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Figure 2.7 Atmospheric transmission spectrum through atmosphere above Mauna Kea.
Dashed line shows the frequency range of the Ytterbium doped fiber laser (~1.06 um)
Clearly, a large transparency window exists at the near infrared frequency range.
Hence, the transmission at 1.06 pm — wavelength of high power Yb doped fiber lasers
commercially available — is >0.99995. That is, less than 0.005% of laser power is absorbed
by atmosphere. We note that the transparency window is rather large and hence allows
selection of lasers with different wavelengths. In the rest of the sections of this chapter, we
choose the wavelength of the laser for laser sailing to be 1.06 um. Importantly, at this
wavelength a range of relatively low cost lasers are available, which is an important
consideration for high power laser beamer architectures.

Of course, in a practical laser beamed system many other issues need to be accounted
for, such as atmospheric turbulence, thermal blooming, coherent beam combining to yield
high beam powers, pointing and stability, as well as many other related issues [45-48].
These topics are active areas of research in the context of directed energy for power
delivery and for communications [43]. Their detailed outlook is beyond the scope of this

thesis.
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2.4 Orbital dynamics with laser sailing.

Let us now examine utility of laser sailing for Earth orbital maneuvering and for
interplanetary flight. Figure 2.8 provides a conceptual illustration of the architecture we
study in this section. In contrast to prior interstellar works [21, 23, 26] we focus on
understanding laser sailing with moderate power levels (100 kW — 10 MW) and relatively

small laser beamer apertures (1- 50 m).

Figure 2.8 Schematic illustration of laser sailing for Earth orbital maneuvering and for
fast transit interplanetary missions. Here a laser beam with ~1IMW power propels a
wafer-scale (~10 cm) lightsail. Powered by laser propulsion such a spacecraft can
perform highly energetic orbital maneuvers that require very large velocity gain, Av. Two
examples (not to scale) of such maneuvers are schematically shown: inclination change at
the low Earth orbit and fast transit to Neptune and beyond.

For the sake of concept demonstration, an idealistic scenario of normal incidence and

perfect reflectivity (i.e., 8 = 0 and R = 1) is assumed. Furthermore, it is assumed that
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during the illumination phase the force of radiation pressure is constant (i.e., F,, = const).
In practice one should consider effects of oblique incidence, Earth rotation and orbital
orientation with respect to a laser beam — effects that depend on a particular mission and
its objectives. Study and analysis of these effects is a subject of future studies extending
beyond this thesis. Despite its simplicity our analysis provides a guideline for the efficiency

of laser propulsion as compared to other means of navigating in space.

2.4.1 Fast transit Earth orbital transfers.

Here we study use of laser sailing for Earth orbital maneuvering [49]. In particular,
we consider two characteristic orbital maneuvers: a transfer from a low Earth orbit to a
geostationary orbit and a 90 degree orbital plane inclination change maneuver. Provided
that the range of laser operation is limited at most by the geostationary orbit (z;zo =
35,700 km altitude), we assume that all of the laser power may be focused on the lightsail.

Such assumption is justified when laser aperture diameter, D, and lightsail radius, w, meet
Rayleigh length criterion [20, 43]: Dw > %ZGEO/L where A is the laser wavelength (in our

case A = 1 um is assumed). For instance, a sail with w = 1 m would require a laser with
an aperture D =~ 26 m (compare with the 30m diameter primary mirror of the Thirty Meter
Telescope under construction). However, we stress that most practical scenarios are limited
to low and medium Earth orbits that require a much shorter operation range (z < 1000 km),
and therefore a significantly smaller laser array.

To examine trajectories and orbital maneuvers we use Runge-Kutta numerical
methods to calculate spacecraft position and velocity. A brief excerpt of the algorithm for

a two dimensional case (i.e., in an orbital plane) is provided below. The equation of motion
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is dictated by Newton’s second law in the presence of the force of gravity (— Glfzm 7) and
laser radiation pressure, F,:
d*r GMm _
mﬁ = — r—zr +F,=F
(2.5)

By denoting Z—f =1 and Z—f = % = f(#) we apply the Runge-Kutta algorithm and obtain

the following set of iterative equations:

{ Erl = ‘l_l,)lAt

Eul = f(Fi)At,

(., 2)At k
Jkrz = (T +f(é) YAt = (T; +%)At
I 7 - ﬁlAt - ET‘I ,
Lkuz =f(+ T))At =f{+ T)At

-

{ 7 — kuZ
J Krs = (@ + =)t

- k
kuz = £ + A

{ zrzl = (U + Eu3)At
kuz = f(Fi + kp3)At

(2.6)
The position () and velocity (u) from one point to another can thus be related by:
N N 1 - - - -
Tit1 =1+ g(krl + 2k + 2kr3 + kr4)
N — 1 - - - -
ui+1 = Ui + g (kul + Zkuz + Zku3 + ku4)
(2.7)
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Figures 2.9 (a-c) show calculated altitude change and plane change maneuvers for
several different laser powers and spacecraft masses. Figures 2.9 (a) shows calculations of
altitude transfers assuming 1 MW laser beam and 1 g probe. Fast, quasi-impulsive transfers
on par with chemical rockets are possible in this case [49, 50]. From the calculation, it
takes total of 583 s of illumination time (~10 min) to insert a spacecraft onto LEO to GEO
transfer orbit (Fig. 2.9(a)). A 90 degree plane change maneuver requires even higher Av =
10 km/s which results in a longer illumination time needed (total of ~40 minutes assuming
1 MWI/g) (Fig. 2.9(c)). Note that such plane change maneuvers are beyond the reach of
chemical rockets at present. With higher power per spacecraft mass (i.e., larger P /m ratio)
even faster transfers are possible. On the contrary, by relaxing the transfer time constraint,
orbital maneuvers may be performed with lower power lasers (see also Fig. 2.5(b)). Hence,
by requiring that a transfer is accomplished with total of 1 day of illumination time, we
find that am = 10 g spacecraft can be transferred from LEO to GEO by P =~ 100 kW
laser (Fig. 2.9(b)), while 90 deg. orbital plane change maneuver (Fig. 2.9(d)) is possible
with P =~ 340 kW laser. Slow transfer trajectories in Figs. 2.9(b) and 2.9(d) resemble those
attained by electric engines [11, 50], however, unlike electric rockets these maneuvers are
performed within 1 day (compare with Dawn spacecraft that took >5 years to attain post-
launch Av = 11 km/s [42]). Calculations presented in Fig. 2.9 evidently show that laser
propulsion offers a fundamentally different regime of operation, beyond the reach of
electrical and chemical rockets. While our study pertains to an idealistic scenario, it
provides a guideline for the efficiency of laser propulsion as compared to other means of

space propulsion.
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Figure 2.9 (a) and (b), Calculated orbital transfers form LEO to GEO for 1 MW/g and 10

kW/g, respectively. (c) and (d), Calculated 90 deg. inclination change maneuvers for 1
MW/g and 34 kW/g, respectively. In (a)-(d) highlighted parts of the trajectory denote
phases of active laser propulsion.
Evidently laser sailing can provide new capabilities for orbital transfers and

maneuvering and enables a new class of fast transit missions.

2.4.11 Interplanetary missions with laser sailing.

Next, we examine utility of laser sailing for fast-transit interplanetary and deep
space exploration with light-weight laser driven probes. Launching any spacecraft onto an
interplanetary mission or solar escape trajectory requires placing a spacecraft onto
hyperbolic Earth escape trajectory [49]. Once on a hyperbolic Earth escape trajectory a
spacecraft will reach the “edge” of the Earth’s gravity well (i.e., boundary of Earth’s sphere

of influence at ~9.29 x 10° km) and enter interplanetary medium where its astrodynamics
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is dominated by the solar gravity, Fig. 2.10. In the context of interplanetary and deeps space
travel it is the velocity at the boundary of Earth’s sphere of influence, v;,f, that dictates
spacecraft’s capability for exploring far reaches of space: the higher is the velocity v, f

the further out and faster the spacecraft will reach its target [49, 51-54].

influence

Figure 2.10 Conceptual illustration of the interplanetary transfer. Starting from LEO a
lightsail is inserted onto a hyperbolic Earth-escape trajectory.

In Fig. 2.11 we plot v;,, as a function of laser power, P, and laser operation range,

T Dw

z=-— [43], that is, a distance over which lightsail can be continuously accelerated by a

well-focused laser beam. Here we assume w = 10 cm lightsail and m = 1 g overall
spacecraft mass. For aw = 10 c¢m lightsail the operation ranges of interest correspond to
laser apertures with diameters ranging from D = 2m to D = 50m. We observe that even
with these moderate conditions (as compared to previous studies [20, 23]) velocities
exceeding that needed for solar system escape [49, 54] can be reached (i.e., vi,f >

12.2 km/s). Specifically, velocities 5 times higher than that of the New Horizon spacecraft
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[52], a recently launched probe for Pluto and Kuiper exploration, are possible. Clearly,
with such high velocities new opportunities for outer solar system exploration emerge.
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Figure 2.11. Lightsail hyperbolic excess velocity, v;,f, as a function of laser power and
acceleration distance.

In this context, we draw a comparison between the spacecraft acceleration method
discussed here and the traditional gravity assist maneuver employed in previous
interplanetary and interstellar missions. Figure 2.12 illustrates the relationship between the
velocity of Voyager 2 and its distance from the sun. Unlike Voyagers, which utilized
gravity assist maneuvers around gas giants to achieve solar escape velocity, laser sailing
allows reaching the solar escape velocities by accelerating the probe within the Earth's
sphere of influence. Laser sailing eliminates the need for gravity assist maneuvers,

reducing dependence on planetary phasing and allowing for a more flexible launch window.
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Figure 2.12 The velocity of Voyager 2 is plotted against its distance from the sun. The
blue curve represents the velocity of VVoyager, while the red curve depicts solar escape
velocity at various distances. VVoyager 2 achieved its velocity through flybys of four
planets, utilizing gravity assist.

Important to note that the actual transit time to a given planet depends on its phasing
with Earth (i.e., mutual positions of planets about the sun at any given moment of time [49,
50]), and can be found by solving a respective astrodynamics problem [50]. We
implemented Lambert’s equation to estimate the time of flight (TOF) to planets in the solar
system. Assuming a restricted two-body problem, per Lambert’s problem time of flight

between two positions in space can be expressed as follows:

a3 . .
TOF =2 M (a — B — (sina — smﬁ))

(2.8)

r{+rp+c

where sin? (g) ==, sin? B _ ¢ ands =
2 2a 2 2a

, ¢ 1s the distance between starting
point and destination point, M is the mass of the sun, G is the gravitational constant. For
interplanetary transfers a heliocentric picture is assumed with a starting point

corresponding to Earth and ending point is a respective destination planet. Knowing origin
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and destination in the heliocentric reference frame, distance c can be easily determined
from simple trigonometric relations and will depend on the phasing between Earth and the
destination planet. In Eq. 2.9, a is the semi-major axis of a transfer orbit connecting the
origin and destination and depends on the spacecraft insertion velocity (i.e., spacecraft

velocity in the heliocentric reference frame, vs. = vg + vy, Where vy is Earth’s orbital
velocity. Now the major challenge is to identify the angle between v;,, » and v. Note that

the magnitude of |vinf| = Viny In an idealistic scenario studied here is dictated solely by
laser beamer parameters only (i.e., aperture and power; see Fig. 2.11).

To solve this problem, we consider specific energy relation. By denoting r,, and
v, as initial position and velocity of the spacecraft (i.e., at Earth in heliocentric frame), we

obtain the following expression:

(2.9)
Assuming the sun is at the focal point F of the transfer orbit, we solve for the other
focal point F':

{IF' — 14| = 2a — |rq|
|F" =10l = 2a — |ro’

(2.10)
where r,; is the heliocentric distance to the target planet. From this set of equations we can
find F’ for elliptical or hyperbolic transfer orbits. By knowing F, F’, and a, we can then

find the transfer orbit periapsis ' as follows:
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|F" —
2
|F' —F|
2

|r'| =a— , if elliptical

Ir'| = a+

, if hyperbolic

(2.11)
Employing the expression for the specific energy, we find the velocity at the

periapsis of the transfer orbit, v':
uo WP ou / ( u )
=——= ——=|= 2x(e+—
€ 2a 2 |r'] v ¢ 7’|

Once the transfer orbit is fully determined, we can find spacecraft state vector vy,

(2.12)

and rg. at any given point on the transfer orbit. Therefore we can establish the initial
velocity vector vy, = v, at Earth in the heliocentric frame. The required excess velocity

Vins IS then calculated as:

Vinf = \/vszc + vlf" - szchcos(d)O)

(2.13)
where vg,¢p 1S the orbital speed of Earth, and ¢, is the angle between vector v, and vy.

Also, for a given semi-major axis a, the time of flight to the destination is found as follows:

§
\/% ((a —sin(a)) — (B — sin(B)), if elliptical
TOF =«

\/% ((sinh(a) — a) — (sinh(B) — B), if hyperbolic
\

(2.14)

where
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(2.15)

(L letrHe
2sin if elliptical
S rnn+r+c . _

2 sinh if hyperbolic

\

)

1
\

T,
4a '’
" 4a
. 4 [TotTr—cCc | oy
2 sin P if elliptical
T +r—c )
2 sinh B a— if hyperbolic

The complete derivation of the time of flight equation is provided in Ref. [55]. Figure 2.13

(2.16)

provides a geometric representation of the process of finding v;,,.

ol ]

p Two possible foci
—@_for the trajectory, .| Trajectory that connects
pickthe closer. the two planets.

v = velocity at ry

Circle of |F'-ry|=2a-|ry|

Figure 2.13 (a) The analysis starts by finding the imaginary focal point F* , which can be
found through simple geometric relations (in this case at the intersection of two circles

with centers at the origin, i.e., Earth, and destination planets). Solution for F also allows
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finding apse line and semimajor axis. (b) Once parameters of the orbit are known, once

can transfer depict an orbit and find velocity of the spacecraft at any point of the orbit..
Figure 2.14 depicts calculated transit times for all possible orientations between
Earth and other planets of the solar system. By solving the Lambert’s problem, we find that
with v, = 50km/s Mars may be reached in 20 days (cf. with 200 days it took
Perseverance rover to arrive Mars), Jupiter in 120 day (cf. with 5 years of transit time for
Juno mission [1]), Pluto in 1000 days (cf. with 10 years of transit time for the New Horizons
[52]), and 100 AU in 10 years (cf. with 45 years for VVoyager 1 [54]). The capability offered
by laser sailing even at moderate power and spacecraft requirements discussed here may
open new avenues for missions to interstellar space and capturing interstellar objects [56].

Such missions may also set a ground for future interstellar flight [20, 25].
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Figure 2.14 Calculated time of flight to different planets of the solar system depending on
the value of v;,¢. Here the shaded “bands” correspond to possible planetary orientations

with respect to Earth.
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Analysis of Earth orbital transfers and interplanetary transfers clearly shows that
laser sailing can allow fast transit missions with small mass probes already with moderate
laser beam power requirements. At the same time, the study we have performed so far
assumes an idealistic system with a perfect reflection (i.e., near-unity momentum transfer)
and ability to control the radiation pressure thrust vector in a desired direction. Future
detailed studies are needed to account for practical cases going beyond these assumptions.
For instance, in a realistic case the reflectivity, i.e., efficiency of radiation pressure
momentum transfer would depend on the angle of laser beam incidence with respect to the
sail normal. Deviation of the sail shape from a perfectly flat sail and laser beam profile
different from the Gaussian would also need to be accounted to calculate actual thrust
vector. Finally, while with metasurfaces [57-59] the direction of thrust vector can be
decoupled from the surface normal allowing to induce radiation pressure force in desired
directions, angle dependence of radiation pressure also needs to be considered in practical

mission application scenarios.

2.5 Understanding Lightsail photonic design requirements

Orbital maneuvers discussed in the previous section require use of relatively high
power lasers: ~100kW — 1MW to propel 1-10 g spacecraft. Notably, this regime of
operation is drastically different from that of Starshot [20, 23, 25]. Specifically, a more
than 4 orders of magnitude smaller laser power puts a different constrain on lightsail design
[31, 32, 45, 60, 61], suggesting conceptually different performance metrics. Lower laser
power implies that a wider class of materials may be used, beyond those considered in

Starshot program [23]. Whereas shorter operation distances suggest that smaller area sails
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with a radius on the order of 10 cm, and, hence, with a lower mass, mg, may be used. In

fact, the concept of operations considered here suggests that m; < m,, so that a larger

fraction of the spacecraft mass constitutes the payload mass m,, (i.e., mnfm - 1), ie,
1

S

mass allocated for instruments and other spacecraft systems. For example, 1 um thick w =
10 cm lightsail would weigh less than 100 mg, m; < 0.1 g (i.e., <10% of total spacecraft
mass m).

To further illustrate this point in the Fig. 2.15 we plot the velocity gain, Av, after t =
1000 s of illumination as a function of incident laser power and m, /mg ratio for a total
spacecraft mass of m; + m,, = 1g (here again an idealistic scenario, Eq. 2.2, is assumed).
For m; < 0.1m,, contribution of the lightsail mass to achieving a desired Av strongly
diminishes. Small fraction of the lightsail mass provides flexibility in selecting lightsail
materials and photonic design.

Evidently, a proper figure of merit for light sail design obtained from Eq. 2.2 is then:

2 R(m
Av = — Pt max <&>
c ms+m,/,

T<T,

(2.17)
where T < T, condition ensures that the sail temperature, T, is kept below a desired
threshold, T¢. In the limit of my « m,, these conditions may be considered independently,
implying that the figure of merit simplifies to searching structures that yield simultaneously
high reflectivity R(m,) — 1 to maximize radiation pressure and high emissivity for

radiative cooling to desired operation temperature T < T, while keeping m; < m,,. Inthe
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following analysis we discuss materials selection and photonic designs that can meet these

conditions, namely high reflectivity and low operating temperature in an ultrathin film limit.
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Figure 2.15 Velocity gain, Av, with laser power and payload to sail mass ratio. 1000 s of
total illumination time is assumed. The curves indicate velocity gain needed to perform

LEO to GEO transfer and 90 deg. orbital plane inclination change (see also Fig. 2.9).

In order to identify materials and photonic designs that can meet our metrics, we
first study the effects of laser absorption on sail temperature to determine the range of
admissible laser absorptivities and thermal emissivities that ensure keeping the lightsail at
a low operation temperature. At the equilibrium, sail temperature is found as a power

balance between absorbed laser power P, = aP and power emitted as thermal radiation

into the free space P,,q = 20eT*mw?:
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(2.18)
where a is the sail absorptivity at the laser wavelength A (nonrelativistic dynamics ensures
that Doppler shift may be neglected in our case), € is a hemispherical sail emissivity, factor
of 2 accounts for front and backside thermal emission (for an ultrathin film sail its front
and rear sides within a first order approximation exhibit similar emissivity values [32]),
w? is the sail area, and o is the Stefan—Boltzmann constant. Evidently for a given laser
power, P, which is chosen to satisfy desired mission requirements (Fig. 2.5(b)), the sail
temperature depends on a/e€ ratio. In Fig. 2.16 we plot sail temperature variation with the
incident laser power, P, and lightsail absorptivity to emissivity ratio, a/e, for a sail with
w = 10 cm (i.e., wafer scale [36, 62]). Clearly in the range of powers that are of interest

here (P < 1 MW) sail temperature may be kept below T < 500 K for % < 1073, which

may be reached with a proper choice of materials. Hence, with the use of low loss
dielectrics (e.g., TiO2, Al203, MgF2, BN) or wide bandgap semiconductors (e.g., Si, SiaN4,
MoS;, GaAs, C) below their absorption band, absorptivities on the order of 10™* to 10~
may be attained). In addition, nanophotonic engineering may allow design of thin thermally

emissive surfaces with a relatively high emissivity (e > 0.1) [63-68].
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Figure 2.16 Lightsail temperature as a function of the laser power and a/e€ ratio.

Together with a/e ratio lightsail temperature depends on its area mw?: larger area yields
higher radiated thermal power and thus lower lightsail temperature for a given incident
laser power P. Figure 2.17 plots minimum lightsail radius, w, needed to keep its
temperature below T = 500 K as a function of the incident laser power, P, for different
a/e ratios. In all of the studied cases the area of a sail needed to radiatively cool it to
moderate temperatures is rather small, i.e., w o« 10 cm. This suggests that small, wafer
scale, spacecraft can be launched and propelled by laser beams to perform desired

breakthrough fast transit missions.
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Figure 2.17 Minimum sail area needed to keep the sail at 500 K with laser power
variation for different /e ratios.

The analysis in this section demonstrates that a relatively small mass budget for the
sail, in comparison to the payload, eases design constraints. This allows for the
consideration of radiative cooling and the maximization of reflection for optimal
momentum transfer independently. In addition, sail designs that are made of low loss (at
the laser frequency) materials and high thermal emissivity are needed to withstand the laser

power. Photonic design considerations are examined in the next section.
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2.6 LightSail materials and nanophotonic designs

After determining the range of a/e needed for a successful operation under high laser
powers, we proceed to identify materials and photonic designs that can provide R = 1,
while offering low a/e ratio and a small lightsail mass. We assume laser wavelength of
A = 1.06 um, which is dictated by the atmospheric transparency [67] and availability of
low cost high power fiber lasers [69]. Transparent dielectrics, such as SiO», are ultra-low
loss at the laser wavelength, however, their low refractive index (n < 1.5) leads to thicker
and heavier structures. High refractive index materials (n =~ 3.5), such as Si or GaAs, on
the contrary, allow design of a diverse range of ultrathin functional photonic structures [70],
nevertheless higher loss at the laser wavelength and weak absorbance in the infrared lead
to higher operation temperatures. As optimal materials for lightsail design we consider
silicon nitride and boron nitride, which although possessing lower refractive index when
compared to Si, (n~2 vs n = 3.5), are well suited for our needs. Specifically, crystalline
stoichiometric silicon nitride (SisN4) [71-73] and hexagonal boron nitride (hBN) [74, 75]
possess ultralow loss at 1060nm (absorption coefficient ~ 11 m™1). In addition these
materials and their allotropies exhibit high infrared absorptivity [72, 76], which offers an
efficient pathway for lightsail radiative cooling [63].

Figure 2.18 shows extinction coefficient, k, for SiN and BN respectively, [77, 78].
SiN clearly exhibits a broadband absorptivity in long wavelength infrared range.

Absorptivity of BN, in contrast, is narrowband and peaks around 7um.
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Figure 2.18 Optical extinction for SiN and BN. Optical constants are taken from [72] and
[76], respectively.

As mentioned in the previous section, in contrast to Starshot LightSail, which is
constrained by a very stringent mass budget [23], design constrains in the context of the
present discussion are significantly relaxed, as soon as m, <« m criterion is satisfied. In
this case lightsail reflectivity and its thermal emissivity can be optimized independently,
as is conceptually illustrated in Fig. 2.19. In subsequent discussion we consider first design

of a perfect reflector at the laser wavelength and then we study photonic designs that

maximize the emissivity.
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emitter

Figure 2.19 Conceptual illustration of the lightsail depicting an reflector layer that faces

the incident laser beam and the thermal emitter layer that dissipates the heat radiatively.

2.6.i Ultralight reflectors for lightsail designs

To achieve high reflectivity at the laser wavelength we employ principles of nanophotonic
design to design thin film and lightweight structures. As a motif for the photonic design of
high reflectivity light sail we consider a Bragg grating and guided mode resonance (GMR)

reflectors.
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Figure 2.20 Reflection spectra for SisN4 and hBN Bragg reflector (left) and guided mode
resonance reflector (right) designs. Insets show respective geometries and calculated
electric field intensity profilesat A = 1.06pum

Figures 2.20 show two examples of lightsail reflector designs: Bragg stack and
guided mode resonance (GMR) reflectors [79], respectively. With the use of full-wave
FDTD simulations we optimize both structures to obtain a near unity reflectivity (R = 1)
at the target wavelength (1 = 1.06 um). Bragg reflector designs (Fig. 2.20 (left)) have a
total thickness ~1.3 pm (silicon nitride reflector is comprised of 133 nm thick SizN4 layer
with 265 nm thick spacers between them; boron nitride design is made of 120 nm thick
hBN layers with 265 nm thick spacer layers). Already 4-layer Bragg structures exhibit
broad reflection band across 0.9 um — 1.3 um with near unity reflectance (R > 0.98) at
the laser wavelength (4 = 1.06 um). GMR structures (Fig. 2.20 (right)), in turn, enable
much thinner, and hence lighter, reflector structures. Specifically, optimal structures with
near unity reflectance (R > 0.99) at 1.06 um have thickness of about 250 nm. Nonetheless,
being resonant in nature [79] GMR designs exhibit much narrower reflectance bandwidth.

Low intrinsic optical absorption in SisNs and hBN at the laser wavelength, results

in low laser light absorbance. Hence, nonresonant Bragg reflector structures exhibit a =~
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107, whereas resonant light-structure interaction in GMR reflectors results in a 100 fold
enhanced laser absorption, i.e., a = 10~%. We note that many other structures may be used
to achieve near-unity reflectivity as well, including metasurfaces [80], photonic crystal
membranes [81], and more sophisticated designs obtained by advanced optimization
techniques [82]. Our analysis may be generalized to these structures as well.

These designs assume that the spacer is a vacuum with refractive index n = 1. In
practice, architectures with ultralow mass density and near unity refractive index should be
used. We foresee three possible strategies for creating such structures. The first is with the
use of aerogels, which are made of low loss and high temperature silica. Previously aerogel
films as thin as 100~200 nm have been demonstrated [83]. Mechanical metamaterials made
of nanostructured architectures is another approach. For example, stiff hollow sandwich
plates made of few nanometer thick alumina have been shown recently [84] Such plates
may serve as “sandwich” panels between functional material layers. Finally, the SiN
material itself is known to have good mechanical properties, as it is one of the most
common materials for MEMS devices[85-87]. Micro pillars can be designed to sustain
hollow spaces across photonic structure.

In our study we assume normal incidence (i.e., 8 = 0 ) and optimize our structures
accordingly. However, in practice reflectivity of the designed structures may depend on
the incidence angle (i.e., R = R(6)). Figure 2.21 shows reflectivity as a function of the
incidence angle for Bragg stack and GMR designs made of Si3N4 at the laser wavelength
(1060 nm), respectively. Broad reflection band of the Bragg reflector (Fig. 2.20) results in
angle insensitive designs: almost no variation is seen for 0-15 degs. On the contrary narrow,

resonant, bandwidth of the GMR reflectors results in highly sensitive structures. Such
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angular dependence may result in a smaller velocity gain and related drop of performance.
As such, in practice mission requirements (i.e., mutual laser — sail orientation and orbital
dynamics) may need to be taken into account. In this case, structures with a desired angular
dependence should be designed. In these cases, angular dependence constitutes another

additional trade parameter (as more angle insensitive designs would need more sail mass).
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Figure 2.21 Angular dependence of reflectivity at laser wavelength for Bragg and GMR
reflectors.

Finally, we note that in our numerical calculations we assume 2D structures and TE
polarized waves. The density of the structures is estimated by extrapolating 2D designs to
a 3D structure, which provides a more accurate density estimate. Such an approach
significantly simplifies optimization (as compared to a full wave 3D optimization) and
yields good preliminary designs, which allows us to assess capabilities of laser sailing and
related figures of merit. We note that such 2D designs can be extrapolated to 3D structures
(verified numerically for a few studies cases). However, a dedicated 3D optimization may

be needed for structures where full polarization and angle of incidence control is necessary.
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2.6.i1 Thin film thermal emitters for lightsail

Next we study designs that yield high thermal emissivity. The mechanism of light
absorption in silicon nitride and boron nitride is drastically different. Stoichiometric silicon
nitride, i.e., SiaNs, is ultralow loss up-to =~ 8.3 wm and is not suitable for design of efficient
thermal emitters [72, 73]. At the same time Si rich silicon nitride, i.e., SiNy, exhibits strong
absorbance starting from ~5um, which makes it well suited for radiative cooling across
mid-infrared band [72]. Yet, a careful account of laser absorbance in non-stoichiometric
SiNyx should be taken. In our case the thermal emitter layer is nearly completely shielded
by the near-unity reflector (Fig. 2.19), and hence laser absorbance in the thermal emitter
can be neglected. Boron nitride, in turn, exhibits strong polaritonic resonance at ~7.3 um
(and at =~ 13um), which is associated with formation of a Reststrahlen band with negative
material permittivity in a range 6um — 7um [74, 75]. Phonon-polariton resonances in
hexagonal boron nitride exhibit very high quality factors, which makes coupling of thermal
radiation with a crystalline hBN challenging. Broader resonances are observed in boron
nitride nanotubes (BNNT), which makes them better suited for thermal emission
management [76]. In Fig. 2.22 we plot spectral emissivity €; for thin BNNT (500 nm thick)
and Si-rich SiNx (1 um thick) films, respectively. The emissivity can be further enhanced
by making use of micro and nanostructured surfaces. Specifically, by perforating the SiNx
film (0.265 fill factor) we are able to achieve significant enhancement of emissivity (Fig.
2.22) in a broad spectral range, A > 6 um. For BNNT films emissivity enhancement can
be attained by resonant excitation of surface phonon-polaritons [74, 75]. In Fig. 2.22 we
plot spectral emissivity of tapered surface phonon-polariton microresonators, which exhibit

broad band absorbance across entire Reststrahlen band. Strong and broadband spectral
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emissivity of both SiNx and BNNT films implies that these films may be kept at a

reasonably low operating temperature even under high power laser irradiation.

11111
> Wl
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Figure 2.22 Calculated spectral infrared emissivity spectra for SiNx and BN thermal
emitter designs. Dashed curves denote spectral emissivity of unstructured 500 nm thick
BN and 1 pum thick SiNy films, respectively. Insets show schematic of the structure and

electric field intensity profiles within one unit cell plotted at 7.7 um and 6.6 um for SiNy

(top) and BN (bottom) emitters, respectively.

2.6.iii Overall lightsail design
A final lightsail design is made of a combination of reflector (e.g., GMR or Bragg)
and an emitter layers, respectively. Figure 2.22 provides a brief visual summary of the

reflector and emitter structures we have designed.
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Figure 2.23 Dimensions of optimal reflector designs and thermal emitter designs. Red

color indicates SizsN4 or SiNx material, and blue color indicates hBN or BNNT material.

Permutation of possible reflector and emitter designs therefore yields total of 8
possible overall lightsail designs, assuming that different material permutations are also
permitted. Moving forward, for each of these 8 lightsail designs we study areal density, p,
and absorptivity to emissivty ratio, a/e. We note that both of these parameters directly
translate to the overall figure of merit (Eq. 2.18). To be more specific we assume P =

1 MW of laser power, w = 10 cm lightsail radius, m,, = 1 g payload, and ¢ = 1000 s

illumination time, and calculate lightsail temperature, T, and spacecraft velocity gain, A v.

The temperature of the sail is found from the radiation balance P,,4(T) = aPyser, Where

Proa = 2nw?n [ €,(D)Igp(T, D)dA, IBB(T,A)z"";_fm is the blackbody

radiation at temperature T, kg is the Boltzmann constant, h is the Planck constant, and c is
the speed of light, factor = approximates hemispherical emission and factor 2 accounts for

a double sided emission. The emissivity € at temperature T is founds as:
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(2.19)

Here we assume that due to structure transparency and its thin thickness front and
back side emissivities have similar spectra. This assumption was verified with full-wave
simulations for several characteristic designs.

Figure 2.24 depicts all 8 point designs studied here on a figure of merit plot, i.e. on
(Av,T) (p—a/e) plot. GMR reflectors exhibit 2 orders of magnitude higher laser
absorptivity, a, than Bragg reflectors, which results in a higher lightsail temperature. Thus,
lightsails with GMR reflectors demonstrate higher operating temperature (500K - 750K)
as compared to Bragg reflector designs (T < 300K). At the same time, lightsails with
GMR reflectors are lighter (as GMR reflectors are ~4x thinner than respective Bragg
reflectors), which, in turn, results in a higher Av. Broadband spectral emissivity of silicon
nitride (Fig. 2.22) results in a better heat rejection (i.e., lower temperature) as compared
narrow band BN thermal emitters. However, boron nitride being lighter than silicon nitride
allows design of very light-weight lightsails, which eventually translates onto higher

velocity gain, Av.
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Figure 2.24 Calculated figures of merit for 8 lightsail designs obtained by different
permutations of materials and reflector — emitter designs. Insets show schematically

respective structures.

2.6.iv Other considerations
The effects of both solar irradiance and Earth thermal emission also play role in
power balance and sail equilibrium temperature of the sail. Overall the power balance with

the account of solar absorption and Earth thermal radiation emission will be modified to:

Praa (T) = aPgser + w? COS(qun) f EA(/DIsun (/1)d/1
0

+ tw? cos(Ogaren) J e1(DIggren(A)dA
0

(2.20)
where 6, is an angle between sunline and the sail, 8z,,+, IS an angle between a direction

to Earth and sail (for low orbits an integral over all possible directions needs to be taken),
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Isun(A) and Igq.¢n(A) are spectral power densities of solar and Earth thermal radiation
spectra.

The solar irradiance power received by the sail is P = Alg,,,, where I, solar
irradiance (I,,, = 1360 W /m? at Earth) and A is the sail area. For a sail with 10 cm radius
the solar power incident on the sail is ~40W. This power level is several orders of
magnitude smaller than the laser power (>100kW). Moreover, in our case we study wide
band gap materials, such as SiNx and BN which are low loss across the solar spectrum. We
estimate that solar radiation absorption will contribute <1W to the power balance — a value
that is negligible from the point view of power balances considered here. At the same time
in the context of Starshot program, which suggests use of lightsail designs made of lower
bandgap materials (e.g., Si and MoSy), solar radiation may play a more significant role.
For example, a 10 m? sail with 10% solar absorptivity would absorb ~1kW of incident solar
power.

Earth thermal emission, on the other hand may result in a stronger contribution to
the power balance, as the sail emission band and Earth thermal radiation bands might
overlap, particularly for lower sail temperatures. To illustrate the contribution of Earth
thermal radiation we consider sails with SiN reflectors and thermal emitters as an example,
specifically designs 4 and 8 in Fig. 2.24. In Fig. 2.25 we plot estimated equilibrium sail
temperature with and without the contribution from Earth thermal radiation for the cases
of GMR and Bragg reflectors (the choice of a reflector design impacts laser absorbance
and its contribution to thermal radiation balance). Here, to get an estimate we assume that
the SiN emission layer absorbs all of Earth thermal radiation incident on it (in practice the

absorbed power may be smaller due to oblique sail orientation). Since the heat flux on sail
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from Earth thermal emission depends on the orbit altitude, the sail is set to be on a 300 km
altitude low Earth orbit, where the effect of Earth thermal emission are noticable. The
analysis shows that for lower loss Bragg reflector designs Earth thermal emission is
manifested more strongly as compared to more lossy GMR sail designs. Indeed, for a very
small laser power absorption, as is the case for Bragg reflectors, contribution from Earth
thermal radiation dominates the thermal radiation balance and results in sail heating to
~300K equilibrium. For stronger laser power absorptions, e.g., due to higher loss as in the

case of GMR or for higher incident laser powers, the role of Earth thermal radiation is

diminished.
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Figure 2.25 Estimated equilibrium temperature of the lightsail with (dotted line) and
without (solid line) Earth thermal radiation emission contribution to power balance. The
influence of Earth thermal emission on sail equilibrium temperature is diminished as the

laser power increased.
Overall we conclude that for high bandgap materials contributions of solar and Earth
thermal radiation are insignificant factors in the design of a lightsail. For other materials or
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regimes of operation a more careful account of both effects needs to be taken into

consideration.

2.7 Chapter conclusions

In summary, we have explored a conceptually different operational regime for laser-
driven light sailing. We demonstrated that even within a moderate parameter range, laser-
driven light sailing has the potential to surpass conventional propulsion methods,
presenting new opportunities for Earth orbital maneuvering and space exploration. We
introduced a figure of merit — Av, and discussed materials and design strategies that
maximize the figure of merit. We anticipate that laser-driven light sailing could herald a

new era of space missions, facilitating fast-transit space exploration. lightsail
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CHAPTER 3

Solar Sailing for Breakthrough Space Exploration

In this chapter we discuss solar sailing which uses sunlight for radiation pressure
propulsion [88-90]. While propulsion physics is similar to that of laser sailing, need to
operate under incident sunlight sets different requirements on sail materials and spacecraft
design. Below we first provide a brief overview of solar sailing and then discuss key figures

of merit for future breakthrough solar sail missions.

3.1 Solar sailing background

Solar sailing is an emerging in-space “propellant-less” propulsion technology that
IS receiving a lot of interest across the aerospace community. Solar sails are traditionally
viewed as a slow and cumbersome alternative to electric rockets, having a relatively narrow
niche for science missions. Hardly anyone can imagine a major solar sail mission to Europa
or Titan. Nevertheless, solar sails, owing to a fundamentally different propulsion physics,
which is based on light radiation pressure, have the ability to reach unprecedented
velocities and orbits [3, 91, 92] that are inaccessible by electric or chemical rockets. In
particular, solar sails have potential to perform very high delta-V maneuvers and enable a
range of non-Keplerian orbits [93, 94]. This capability is of great interest for novel space
missions that are beyond the reach of conventional spacecraft. Specifically, such missions
as solar polar imaging, fast transit interplanetary missions, interstellar probe and artificial

Lagrange points have been envisioned recently [95, 96].
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The last decade has seen several successful technology demonstration missions,
including IKAROS [97], Nanosail-D [98] and Lightsail 2 [99]. Figure 3.1 provides a brief
overview of these solar sail missions. The most notable of these is IKAROS, which was
the first solar sail mission and the first interplanetary mission of its kind designed and
operated by JAXA. Launched in 2010, a 310 kg spacecraft featuring a 196 m? sail flew by
Venus in December of 2010. IKAROS showed that radiation pressure propulsion is feasible
and can be utilized for navigation in space. Furthermore, IKAROS allowed testing a

number of emerging technologies, including embedded photovoltaic panels and liquid

crystal reflectivity control devices for attitude control [100, 101].

Figure 3.1 (Left) Artistic depiction of IKARQOS - the first sucessful solar sail
interplanetary misison [18]. (Middle) Artististic depiction of Nanosail-D2. Image from

NASA. (Right) Photographic image of deployed LightSail-2 [99].

Subsequent solar sail missions - Nanosail-D2 by NASA (2011) and LightSail-2
(2015) by Planetary Society — further verified sail deployment and tested ability for
maneuvering at Earth orbit. Notably, both Nanosail-D2 and LighSail 2 were built as small
3U CubeSat spacecraft.

One of the key metric for solar sail propulsion in space is sail area to the overall

spacecraft mass ratio, A/m. The larger is the sail area the larger is the radiation pressure
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and related thrust. On the other hand, smaller mass translates to a higher acceleration for a
given thrust. Therefore, it is highly desirable to build spacecraft with large A/m ratios. The

area-to-mass ratio of recent solar sail missions ranges from 2 to 10 m2/kg (with

IKAROS being the heaviest one).

Figure 3.2 Schematic illustration of the Solar Cruiser mission, which aims to place a
spacecraft at an artificial Lagrange L1 point closer to the sun for early space weather
warning. Image credit: NASA.

While early tests have proved to be successful, next generation of solar sail
missions would necessitate larger sail areas and larger area-to-mass ratios. A notable
example is a Solar Cruiser mission [40, 41], Fig. 3.2. Solar Cruiser is a planned
interplanetary solar sail mission that sets an ambitious goal of launching the largest sailcraft
to date, 1653 m? area and ~90 kg mass. The area-to-mass ratio in this case is ~18.5 m?/kg.
Owing to its higher area-to-mass ratio Solar Cruiser will be the first spacecraft to
demonstrate effective off-shift of Lagrange L1 point [96], which is of great importance for
early space weather warning. Figure 3.3 summarizes size and area-to-mass ratios of solar
sail missions flown and planned [58]. A trend for larger area-to-mass ratio is evident.

Future developments therefore call for lighter sail materials and more efficient spacecraft
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designs. Part of the work described in this thesis is related to studying ultrathin film solar

sail materials.
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Figure 3.3 Schematic illustration of solar sail missions flown and planned, after Ref. [58].

In addition to building lighter spacecraft (i.e., with higher A/m ratio), future

interplanetary and heliophysics missions would benefit from getting closer to the sun.

Examples of such missions include solar polar orbiter and fast transit interplanetary

exploration missions (see Fig. 3.4). Solar polar imaging mission is a long envisioned

mission of sending a solar sail spacecraft onto a polar orbit about the sun [102, 103].

Reaching polar orbits requires very high delta-V maneuvers, which are by far beyond the

reach of conventional spacecraft. As an example, recently launched Solar Parker Probe,

while reaching as close as 9 Ry from the surface of the sun, gets only to a modest 3°
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inclination to the plane of ecliptic [104]. Furthermore, by getting close to the sun, solar
sails can harness higher solar radiation flux in combination with larger gravity to perform
more efficient maneuvering. If available, solar sails with close solar approaches would
allow faster climb to the polar regions and faster missions to outer planets and interstellar

medium [101].

Solar Polar Orbit Arrival
June, 7.23, 2015 at North Pole
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Figure 3.4 (Top) Solar polar orbiter mission concept [105]. (Bottom) Concept of a fast

transit interplanetary probe mission.
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3.2 Extreme solar sailing

In the context of fast transit outer space exploration of great interest is so-called
“extreme solar sailing”, in which solar sails benefit greatly from maneuvering in the
vicinity of the sun. By making a close perihelion slingshot maneuver (as shown in Fig.
3.5(a)), velocities in excess of 60 AU/year (>300 km/s) are conceptually possible for
ultralight-weight systems (A/m > 300 m?/kg) and perihelion distances < 5 Ry (Parker Solar
probe’s nearest approach is ~9 Ry: [106]). Velocities that potentially can be accessed by
solar sails exceed those of other proposed propulsion concepts, including solar thermal [28],
large chemical rockets utilizing solar and Jovian slingshot maneuvers [29-31], and nuclear
electric propulsion [5, 29, 32]. With such high velocities, solar sailing may pave the way
to a new era of solar imaging, deep space and interstellar exploration.

Figure 3.5(b) shows calculated heliocentric exit velocity with perihelion distance
for different sail area to an overall spacecraft area-to-mass ratio. The exit velocity here is

calculated according to Ref. [58]:

+2(2R; + @) ==

Voo & 2/ S1av (1AU)? A
inf = 17 14U + d, dy m'

(3.1)

where i is the solar gravitational parameter, c being the speed of light, m is the mass of
the sailcraft, d, is the perihelion distance, R and a are the reflectance and absorbance of
the solar sail, and S1au=1360 W /mm? is AMO solar flux at Earth. Evidently, solar sail
velocity depends on its optical properties (i.e., solar reflectivity and absorptivity), sail area
to total spacecraft mass ratio, A/m, and the perihelion, d,. Smaller d, and higher A/m

ratio yield higher cruise velocities. Clearly, the exit velocity increases significantly when
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the perihelion is <10 Ry: and the spacecraft is sufficiently lightweight. With the use of a
powered slingshot, a lightsail may be placed on hyperbolic escape trajectories with high
excess velocity that can reach tens of AU/year, enabling interstellar missions. In this case,
Voyager 1 can be surpassed in 2.5 years, and the solar gravity lens location reached in just
8.5 years [4]. As such, extreme solar sailing is of great promise for fast transit outer space

missions.
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Figure 3.5 Solar sails for interplanetary and interstellar space missions. (a) Schematic of
an extreme solar sailing mission. By making use of a powered gravity assist in close
proximity to the sun, a sailcraft may be propelled to over 60 AU/year. Example solar sail
parameters are shown. Inset shows velocity and current distance from the sun for
Voyagers 1 and 2—the only two probes that have left the heliosphere. (b) A calculated
sailcraft heliocentric excess velocity (i.e., solar system exit or cruise velocity) with
perihelion distance for different sail area to spacecraft mass ratios. Here an ideal, flat

perfectly reflecting, sail is assumed. The inset below panels (a) and (b) illustrates the
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scales in the solar system, shows the positions of VVoyagers 1 and 2 and the heliosphere
boundary. Figures are altered from Ref. [58].

The concept of operations of an extreme solar sailing mission is as follows. Once
the sailcraft leaves the Earth’s sphere of influence, the sail dynamics is fully governed by
the solar gravitation attraction and solar radiation pressure. At first the sail is brought close
to the sun by orienting sail at an angle with respect to the sunline (i.e., at an angle with
respect to incident radiation); Fig. 3.6 conceptually illustrates this maneuver [58]. In this
case radiation pressure will induce a force component that is directed against the velocity
vector causing the sail to lose specific energy and gradually fall toward the sun.
Conceptually this maneuver is similar to orbit raising or lowering performed by low thrust
propulsion systems. Once near perihelion the sail is re-oriented to face the sun and is kept
that way (excluding minor potential trajectory corrections). This phase is known as a
powered slingshot or Oberth maneuver, where gravitational attraction and the radiation
pressure interplay to create a strong propulsive force. The sail stays that way for an active

post-perihelion propulsion phase, and is inserted onto a hyperbolic fast-transit trajectory.
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Figure 3.6 Schematic illustration of the sail spiraling in toward the sun and powered
slingshot, after Ref. [58].

While there have been several solar sail flight demonstrations within the last decade,
extreme solar sailing requires new materials and sail designs beyond that of current
technology. Present solar sails are thin aluminized polyamide films: ~100 nm thick
aluminum deposited atop of a ~1-5 pm thick polyamide (e.g., Mylar™ or Kapton™) [88,
89]. While this technology is well established, and flight proven, such solar sails are not
suitable for missions with close perihelion approaches, implying that conventional solar
sails are not suitable for the high Av escape missions. Extreme solar sailing requires a new
generation of lightweight sail materials and sail systems, which can get to <10 Ry

perihelion. As we discuss below such systems and missions are possible with a proper
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technology development. We further note that the need for high temperature materials was
highlighted in several of previous works, where such options as graphene, beryllium, and

dielectric sails were discussed [107-109].
3.3 Present day sail materials

As mentioned future solar sails have a potential to enable a range of breakthrough
missions. However, a significant research effort is needed to enable lighter spacecraft and
reaching closer to the sun. One of the major limitations of present day solar sails is the
material of the sail membrane. Present day solar sails are made of aluminized polymer
films with ~50-100 nm thick aluminum and a few micron thick polymer (e.g., CP1™,
Mylar™, or Kapton™) support layer [99, 110, 111], which possess relatively high areal
density and exhibit low degradation temperatures. For instance, Solar Cruiser sail
membrane is made of a 2.5 um thick CP1 coated with a thin layer of aluminum. Glass

transition of CP1 is =520K and relatively large solar absorptivity of Al (~8-10%) constrain

the minimum perihelion to 122 Ry (0.57 AU) [96, 99, 110-113], precluding Solar Cruiser
and similar sails from getting close to the sun. Table 3.1 summarizes typical materials used
for the design of solar sail membranes (commercially available) by their areal density and
their respective glass transition/melting temperature.

Table 3.1 Summary of currently used sail materials based on commercial vendor

datasheets.
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Vendors 1, 2

Density 0.7 g/m? 4.3 g/m?
Main thickness ~0.5 um 3 um
Glass transition temperature ~250°C (520 K)
. Dbwont |
Density 10.8 g/m?
Main thickness 7.5um
Glass transition temperature ~360°C (630 K)
CP1 ____ Nexolve | Spincoat |
Density 3.85 g/m2
Main thickness 2.5um <1pum
Glass transition temperature ~250°C (520 K)

Kapton™ films have higher melting temperature ~630 K (with some high grade
versions reaching ~750 K). However, Kapton™ films thinner than 7.5um are hard to
fabricate, making Kapton based sails too heavy. Therefore, most of present day sails use
CP1 as a support layer, which can be made as thin as 2.5 um (potentially even thinner; e.g.,
sub-micron thick Mylar films are commercially available). At the same time, lower glass
transition temperature of CP1 and Mylar precludes the use of these materials for close solar
approach missions.

To further illustrate the limitations of current sail materials it is instructive to study
sail temperature defined by a thermal balance of the heat generated due to sunlight
absorption in sail materials, on one hand, (i.e., P, = Py = aS, wWhere S = S;,y/d3 and
S1au=1360 W/mm? is AMO solar flux at Earth) and thermal radiation emission on the
other (i.e., Pyyt = Prqq = oT%). The equilibrium sail material temperature, T, at perihelion,

do, is then given as:

IR

(zsﬂﬂAwa

e o di
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(3.2)
where € is thermal emissivity of the sail material, o is the Stefan-Boltzmann constant, « is
solar absorptivity. In Fig. 3.7 we plot temperature of aluminized sail with perihelion
distance for different values of thermal emissivity (assuming that it can be engineered).
The front-side (i.e., Al side) emissivity is e ~0.04 (although it slightly increases with the
temperature increase), whereas back-side (i.e., polymer side) emissivity is € <0.1.
Currently used aluminized CP1 sail can reach at most 122 Ry (0.57 AU) perihelion. Kapton
based sails can get even closer to ~84 Ry (0.39 AU). That is, current polymer-based sails
are not able to get even to an orbit of Mercury. By engineering thermal emissivity of sail
materials the sails may be brought closer to the sun. The theoretical limit in this case is
given by € =2, which corresponds to both sides of the sail emitting as an ideal black body
(in practice we expect that for such ultrathin films the double sided emissivity will be <1).
In this case Kapton based sails can get to 0.1-0.13 AU and CP1 (and Mylar) based sails get
to 0.15-0.18 AU. That is, even assuming a theoretical limit, polymer-based sails are not
capable of reaching beyond 20 Rs:. By substituting low melting/glass transition point
polymer substrate with higher temperature films the sails may be brought closer to the sun.
However, in this case relatively low melting point of aluminum (~930 K) and its relatively
high absorption (~10%) limit the use of aluminum to ~12—15 Ry+ minimum perihelion, as

shown in Fig. 3.7.

67



12 Ryy (0.055 AU)

84 Ryy (0.39 AU)
1000 T :

900F
800+
700t
600F
500F
400+
300t
200+
100+

Temperature (K)

20/ 40 60 80 100120 140160 180 200

Perihelion, R,

122 Ryy (0.57 AU)

"39 Ry (0.18 AU)
* 27 Rgy (0.13 AU)

Sunlight

Al (~100 nm)

Polymer film (few um)

L4

Heat rejection into space

*10% - Al absorbance
*0.04 — Al emissivity

Figure 3.7 Calculated temperature of an aluminized sail material with perihelion distance

for different sail backside emissivities. Dashed lines denote melting/glass transition

points of respective sail material constituents. Here, the sail absorptivity is set as a=0.1,

which corresponds to 10% of sunlight absorption in Al.
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3.4 Materials for extreme solar sailing

Sun is continuously emitting electromagnetic radiation as a black body at ~5770 K.
The spectrum of this radiation in space at Earth orbit is known as Air Mass Zero (AMO)
spectrum (Fig. 3.8). And the overall irradiance at Earth orbit is ~1360 W/m?2. The intensity
of radiation varies inversely proportional to heliocentric distance. In this study we view the
sun as a point source, where the irradiance scales with the distance as:

Lo (1AU>2
sun 1AU dO
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Figure 3.8 AMO solar spectrum.

Solar spectrum is very broadband, therefore sail materials must reflect a significant
fraction of the entire spectrum (desired reflectivity >0.7) and withstand damaging radiation
effects across all spectral bands, particularly high energy part (UV) of the spectrum.

To find the suitable material for extreme solar sailing, a numerical model is
developed to analyze the equilibrium temperature of sails made of different high
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temperature materials. Sail temperature is found as power balance between absorbed solar
radiation and the emitted thermal radiation (as shown in Fig. 3.9(a)):
Paun(do) = Praa(T)
(3.4)

where

© 1
P =4 | d2a) Sua0
0 dO

(3.5)
in which A is the area of the sail, « is the absorptivity of the sail, d, is the distance to sun

in solar radii, A is the wavelength, and

[ee]

Proa = Ajdﬂ cos Hef e(D)Igp(T,A)dA
0

(3.6)
where € is the emissivity of the surface, Iy is the blackbody radiation at temperature T,
and [ dQ cos 6, is the angular integral of the emission. Note that the absorption spectrum
and the emission spectrum here are essentially the same since we are solving the problem
in an equilibrium state. The inputs of this model is spectral absorptivity a (or €) of the sail
material, and the distance from the sun do. We define the input that generates the lowest
equilibrium temperature in this model as the ideal spectrum. The ideal spectrum of a solar
sail material is schematically shown in figure 3.9(b). The reflectance should be as high as
possible across the wavelength range of incident solar radiation to minimize absorbance,
whereas it is desirable to have thermal emissivity close to 1 elsewhere to maximize

radiative cooling.
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Figure 3.9. (a) Schematic of a sail material reflecting solar radiation and using thermal
radiation to balance the sail temperature. (b) Schematic illustration of an ideal spectral
response of the sail material.

To understand sail design criteria, we have conducted an extensive analysis of
potential material candidates. A list of materials that includes materials from different
categories that resemble the ideal spectrum are surveyed and their potential use for solar
sailing is analyzed. In our survey we have examined refractory metals, high temperature
ceramics, and emerging materials such as hexagonal boron nitride and graphene. In Fig.
3.10, we compare solar radiation absorptivity of various materials. Here materials with
>1000 K melting point were chosen. Refractory metals and compounds generally exhibit
high solar radiation absorptivity, although at the same time possess higher melting point
(data for aluminum currently used in solar sails is plotted for comparison). Many of high
temperature ceramics are transparent dielectrics and demonstrate low absorptivity across
solar spectrum. However, in general dielectrics have lower melting point as compared to

refractory metals and alloys.
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Figure 3.10 Solar absorptivity for metals (yellow), ceramics (blue), and boron nitride and
graphite (purple).

Next, based on simple radiation balance between solar power absorbed (across
entire solar spectrum) and thermal radiation dissipated into free space, we have studied the
closest distance to the sun a given material can reach. As many materials have a limited
availability of measured data on optical properties (i.e., refractive index and extinction),
particularly across such a broad range of wavelengths (i.e., from 100 nm to >10 um), we
have developed a “digital spectrum” model. The model allows assessing performance of
materials with missing spectral data, and more importantly to simulate the effect of having

engineered spectral response. In this analysis, we combine real material data with an
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idealistic spectrum for wavelength ranges where data is missing. Figure 3.11 shows an

example of such hybrid spectrum.
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Figure 3.11 An example hybrid spectrum (blue curve) consisting of UV absorption band,

real material data, low absorption band, and emission band.

In Fig. 3.12 we plot the minimum perihelion distance for solar sails made of

different materials (here closest approach is defined by the temperature at which melting

point for a given material is reached).
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Figure 3.12 The graph plots the closest heliocentric distance for sails made of various
materials. The x axis is the perihelion distance, and the y axis indicates the equilibrium
temperature of the sail at the corresponding distance. Refractory metals and metal
compounds are denoted by triangular marker, ceramic materials and graphite are marked
by circles. The arrows indicate the expected improvement with thermal emission
engineering (see description in the text).
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As can be seen metals and dielectrics present two conceptually different alternatives
for sail design. As metals are not transparent (we assume 100 nm thick) to solar radiation
their backside emissivity may potentially be engineered to reach unity (e.g., by depositing
thermally emissive coatings as will be discussed later). Therefore, for metallic sails
(denoted with triangles in Fig. 3.12) we assume emissivity of unity to estimate sail
temperature and minimum perihelion. Of course, many metals and metal compounds may
have high infrared absorptivity on their own, particularly at elevated temperatures, which
would contribute to further improvement of the performance. Here, however we neglect
the emissivity of metals and assume only unity backside emissivity. That is, our estimate
IS on a conservative side. According to Fig. 3.12, most of refractory metals and metal
compounds can get to 2Ry: (minimum distance considered in this study), despite their very
strong solar absorbtivity (Fig. 3.10). Aluminum for comparison can get only to 12Ryx in a
best case scenario. At the same time, the temperature of such metals exceeds 2500 K and
in many instances reaches >3000K.

For dielectric sails (which are thin film) solar radiation interaction with the entire
body of material needs to be taken into account (that is, backside of the sail cannot be
considered independently as is done for metals). In this case we assume 100 nm thick
materials and study their solar absorptivity and double sided thermal emissivity that a given
material exhibits. We observe that thin 100 nm thick films of SiN, Al>Os can get to 2 Ryx.
Other dielectrics possessing much narrower infrared emission bands cannot get as close
(the closest is for SiO> at 7 Ryx, the range of other dielectrics studied (i.e., TiO2, hBN, and
SiC) is >15 Ry). By engineering the thermal emissivity (e.g., by properly nanostructuring

materials) the range and perihelion distance of dielectric based materials can also be
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improved. To emulate such a scenario, we have assumed a unity spectral emissivity for
A>5 um, while keeping solar absorptivity of sail materials as is. The result of such a
hypothetical scenario is indicated with dashed arrows in Fig. 3.12. In this hypothetical case
the temperature of SiN and Al2Oz can be reduced to below 1500 K, whereas SiO> can be
brought to 2 Ryx with ~1750K. hBN and SiC can be brought to ~3 Ry, although temperature
of these materials will exceed 3000K even in the hypothetical case.

In addition to temperature and optical properties of candidate materials, we have
taken into account materials density. Per this survey we find that silicon nitride (SiN) and
titanium nitride (TiN) as the best possible candidate materials for a solar sail design owing
to their high melting temperatures (2170 K and 3200 K, respectively), their potential ability
of reaching small perihelia, good optical properties (see discussion below), and low mass
densities (3.17 g/cm?® and 5.4 g/cm?, respectively). Other good material options include
SiO2, hBN, and Al20a.

TiN and SiN exhibit drastically different properties and provide two distinctly
different alternatives to designing solar sails. Specifically, we identify two conceptual
approaches to high temperature solar sail material design: metalized sails and dielectric

sails, see Fig. 3.13.
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Figure 3.13 Two possible approaches for extreme metamaterial solar sail design, after
Ref. [58].

With a knowledge on the performance of various materials, we suggest two
approaches to realize an ultra-lightweight solar sails that can survive strong radiation flux
near the sun (Fig. 3.13). The first approach is based on metalized sails with polymer
substrate substituted with higher temperature films. For example, by substituting low
temperature polymers with higher temperature (e.g., >1000 K) inorganic substrate
materials, the operation temperature of aluminized sails increases to 900 K (limited by the
melting point of Al itself). TiN is a high temperature ceramic exhibiting metallic properties
[114]. A metamaterial design based on TiN is reminiscent of the currently used aluminized
polyimide sails [96, 99, 111, 112]. Specifically, a TiN-based sail comprises a ~75 nm thick
TiN film that is deposited atop of a sub-micron thick inorganic high temperature film which
acts as a substrate (e.g., graphene composites, carbon nanotubes (CNT) or boron nitrite
composites [115-122]). TiN-based sails would reflect about 60% of sunlight and absorb
the other 40%. This corresponds to 80% efficiency for momentum transfer under normal

incidence as compared to an ideal flat perfectly reflecting sail. To control temperature raise
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and prevent overheating, the backside of the substrate is coated with a thin thermally
emissive surface that functions to cool by radiative means. For example, a 500-nm thick
CNT film [121] is expected to have emissivity of €~0.7 at T>1800 K, which can be further
enhanced by depositing few nm of tungsten (W) [123] (being metallic in nature, sun-facing
TiN surface has very small emissivity €<0.05). Our calculations indicate that such films
may get up to 3Ry perihelion before reaching a melting temperature of 3200 K (Fig. 3.14).

The overall design has an areal density of 0.96 g/m?, with melting point over 3000 K.
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Figure 3.14 TiN based solar sail. Sail temperature with perihelion distance. Inset shows
sail schematic. Melting point of TiN is ~3200 K

Silicon nitride (SiN) presents a conceptually different alternative to metamaterial
sail design. Thin SiN-based films absorb sunlight only weakly (<0.1%). With proper
emissivity control, the combination permits maintaining of relatively low temperatures
(~1600 K) even at very close perihelion distances (<3 Ry: from the surface of the sun).

However, SiN, being naturally transparent, reflects only a fraction of the sunlight and

consequently is not efficient for momentum transfer and adequate creation of propulsive
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thrust. To boost the reflectivity of SiN and enhance radiation pressure momentum transfer,
nanostructured metamaterials [124-128] made of SiN [129, 130] can be used.

For this purpose, we have examined several SiN nanostructured thin films that are
ultralight and possess high reflectivity. Figure 3.15 shows two conceptual designs one
based on multilayer films (i.e., Bragg stack) and another utilizing a photonic crystal
structure. In both cases, films with an areal density of ~1 g/m? and ~60% solar reflectivities
can be designed. Figure 3.15 (right) shows spectra for the two structures across the visible
band. A broadband reflectance of solar radiation is possible (solar reflectivities ~60% are
possible). Designs with higher reflectance at a cost of a slightly higher areal density are
also possible.

The multilayer design exhibits lower solar absorptivity and can potentially get to 3
Ry perihelion while maintaining temperature <1700K, which is well below the SiN
melting point, as shown in Fig. 3.15 (left). The grating design exhibits a slightly higher
solar absorptivity, and therefore can get to about ~6 Ry« perihelion. While SiN metamaterial
fabrication is more elaborate, lower temperature of such metamaterial does present a more

attractive approach when compared to TiN.
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Figure 3.15 SiN metamaterial sail. Calculated temperatures (left) and spectra (right) for
two optimized meta-structures. Insets show schematic illustrations of geometries. Here
silicon nitride layers are separated by vacuum gaps (e.g., with the use of aerogels or

microarchitectured “honeycomb” truss)

3.5 Chapter conclusions

Extreme solar sailing allows accelerating spacecraft to velocities well beyond the reach of
regular rockets. Such extreme missions necessitate high temperature solar sails that can get
very close to the sun and endure extreme environment of solar corona. We have outlined
key trade parameters for sail materials designs. We then surveyed material candidates for
high temperature solar sails and showed that several different material classes exist, which
could potentially allow getting to 2-5 solar radii perihelion. We then discussed
nanophotonic strategies to design lightweight and high reflectivity solar sails that can meet
stringent mission criteria. Two distinct sail material design approaches were identified and

discussed.
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CHAPTER 4

Solar sail material fabrication

In this Chapter we examine methods for fabricating ultrathin polymer-free sail
materials. Our study discusses fabrication approaches for depositing specularly reflective
metallic films atop of free-standing carbon nanotube films. Optical properties and thermal

performance of fabricated samples is examined.

4.1 Two-layer sail material design

As mentioned in Chapter 3, increased solar radiation flux for small perihelion
missions challenges design of sail materials. Conventional sail materials made of
polyimides (e.g., CP1 and Mylar) [96, 111], which have low glass transition and melting
points (~520K) [131]. As such current solar sails can’t get closer than 0.5AU perihelion.
Therefore, getting closer to the sun (e.g., <0.2AU) necessitates developing sail materials
that are based on high temperature components. The idea of removing polymer substrates
has been examined since 1970s [132]. For example, it was suggested that freestanding
ultrathin metallic films (e.g., Al) can be used for the purposes of solar sailing. Other ideas,
such as graphene and beryllium sails have also been expressed recently [107, 109].
However, to the best of our knowledge, practical implementation of these proposals is yet
to be examined. Following the design approaches outlined in Chapter 3, in this Chapter we
study a bi-layer design where polymer substrate is substituted with an inorganic thin film.
We explore fabrication of such thin film solar sail materials, and examine optical properties

in the context of future solar sail missions.
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Thin film fabrication technology has matured along with the advancement in
semiconductor industry. The film thickness, surface quality, and electric properties can be
well controlled with near atomic precision. However, most of the fabrication methods are
perfected for thin films on substrates, and the fabrication of ultrathin non-polymer
freestanding films remains nontrivial. Such freestanding thin films are of great interest for
many emerging applications. For instance, metallic freestanding thin films are of
importance for flexible transparent electrodes to be used in displays. Other applications
include membrane filters and catalysts [133-135]. While several different studies on
fabrication of freestanding metallic films have been performed in prior years, study of
optical and thermal properties of such ultrathin films is lacking. In particular, in the context
of the solar sailing high optical performance (i.e., specular reflection) and small areal
density are highly desirable.

As fabrication of large area freestanding metal films can be challenging, we chose
to fabricate such films atop an ultrathin carbon nanotube (CNT) substrate film. Our choice
of CNTs is motivated as follows. Firstly, large area mechanically robust free-standing in
ambient atmosphere carbon nanotube films as thin as 200 nm with ~160 MPa tensile
strength have been demonstrated recently [136]. Secondly, carbon nanotubes have
potential for high thermal emissivity [137-139]. Third, carbon nanotubes can withstand
very high temperature environment, exceeding 1000° C [140, 141] (although structural
transformations for single wall nanotubes have been reported at ~1800° C [142]).
Furthermore, carbon nanotubes films and composites are lightweight (~1.3-1.4 g/cm?) due

their porous nature.
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In our study, we chose to work with multiwall CNTs [143], however, our results
can be extended to single wall CNTs as well. While several different techniques exist to
fabricate submicron CNT thin films, including spin coating [144], spray coating [145],
blade-coating [136], and vacuum filtration [146] for the sake of simplicity in our proof-of-
concept studies we chose to work with the vacuum filtration method. We further note that
while a number of works reported ultrathin CNT fabrication, study of optically smooth
surfaces has not been performed yet.

As a baseline for sail materials design we consider a bi-layer film, schematically
shown in Fig. 4.1. The top layer is ~100 nm of specularly reflective metallic film, whereas
the bottom layer is a thin, ~1 um thick, CNT film serving as a robust support substrate. In
our experience a substrate is needed as ~100 nm thick metal films are not stable and can’t
be made freestanding over large areas. On the other hand, while thicker metal films are
stable and can be easily handled, their areal density becomes large for future sail material

applications.

1um CNT structural support layer

Figure 4.1 The two layer sail material designed for extreme solar sailing
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4.2 Limitations of current polyimide films

To understand limitation of materials currently used in solar sailing, we have
performed thermal tests in ambient atmosphere. Specifically, we examined Mylar and
Kapton films on a hot plate. In Fig. 4.2(a) Mylar is shown on the left side and Kapton on
the right side. Both films are fixed on a frame of aluminum foil. The two samples are then
put on the hotplate of increasing temperature in ambient atmosphere for 10 minutes for
200~400 °C. The samples do not show visible notable change at 200 °C (fig. 4.2(b)).
However, at 300 °C Mylar starts to burn. Mylar film partially disappears as shown in Fig.
4.13(d), while Kapton is not showing any visibly notable changes (Fig. 4.2(c)). At 400 °C
Mylar nearly completely disappears (Fig. 4.2(f)). At this temperature, brown spots start to
show up atop Kapton film, and the film starts to ripple (Fig. 4.2(g)). As a result, the
maximum operation temperature of Mylar is below 300 °C, while the operation
temperature for Kapton can be above 300 °C and below 400 °C. While these tests are
performed in ambient atmosphere, they give a good idea of limitations organic films have.

Even in vacuum decomposition of organic films at <500 °C is expected.
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(e)400° C

Figure 4.2 (a) 0.5 pm Mylar and 7 um Kapton film at room temperature (b) after 10
minutes on 200 °C hotplate. (c) after 10 minutes at 300 °C (d) Mylar film damaged at 300
°C (e) after 10 minutes at 400 °C (f) Mylar film mostly gone. (g) Kapton film showing

signs of burning.
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4.3 The choice of metal coating for sail materials

To understand the influence of metal coatings on the performance sail materials, in
Fig. 4.3, we plot the projected sail material temperature as a function of perihelion for Al,
Ptand TiN coatings. The temperature of the sail is estimated assuming thermal equilibrium
(see Egs. (3.4)) and assuming that optical properties do not vary as a function of
temperature. For this estimate we use optical constants for afore mentioned materials
measured at room temperature [147-149]. We further assume that the backside emissivity
is in the range of 0.5-1.

Evidently, the choice of front side coating largely affects the closest distance to sun
a potential solar sail can get to. Smaller absorptivity of Al (~10%) as compared to Pt and
TiN (~60%), results in a lower temperature of the Al-based sail material. However, low
melting point of Al precludes from getting to <~15 Ry perihelion. Pt offers a higher melting
point while at a cost of higher solar absorptivity. Pt based sails can potentially operate as
close as 6 Ry perihelion. A much higher melting point of TiN allows getting as close as
1.3 Ry from the surface of sun (although at these distance other effects, such influence of

solar corona plasma need to be considered).
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Figure 4.3 Sail material temperature as a function of perihelion distance for several

different sail materials. Dashed lines indicted respective melting points.

4.4 Fabrication of thin films

The first stage of the overall sail material fabrication procedure assumes fabricating
a smooth, thin, and freestanding substrate for subsequent coating. In the context of solar
sail materials development, optically smooth films are essential to minimizing undesired
sunlight absorption and maximizing solar reflectivity to achieve high radiation pressure.
4.4.i Graphene oxide films.

At initial stages of this work we examined fabrication of freestanding graphene
oxide (GO) film with vacuum filtration. Despite knowing the fact that graphene oxide
degrades at an elevated temperature (starting from 325°C) [150], we use GO thin film as a
platform to test the fabrication approach during the early stages of this project. Vacuum
filtration is adopted due to its capability to fabricate ultrathin freestanding films. The

process uses vacuum filtration to create a constant flow inside the GO flake-water
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suspension. The flow aids the flakes to align themselves and create a robust film via self-
assembly [151-153] (Fig. 4.4). The GO film is then peeled off from the filter membrane
after drying.

GO/CNT S S

i Water suspension

Figure 4.4 VVacuum filtration for GO and CNT thin films. Figure altered from [154].
Figure 4.5(a) shows a photograph of the vacuum filtration set up, and Fig. 4.5(b)
depicts a fabricated free standing GO film. The fabrication method can be directly applied

to other materials, such as boron nitride and carbon nanotubes, and graphene composites.

Figure 4.5 (a) Vacuum filtration setup. (b) Freestanding GO film.
From Fig. 4.5(b) one can easily observe that the GO film has a matte surface, which

implies that the surface of the film is not optically smooth. In order to prepare an optically
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smooth surface we modified the fabrication process. Specifically, an atomically smooth
piece of silicon wafer is placed on top of the liquid suspension during the process of
vacuum filtration, and the smooth surface of silicon wafer helps the GO flakes to align in

a laminar fashion while the water dries out (Fig. 4.6).
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Figure 4.6 Silicon chip assisted vacuum filtration.

Figure 4.7 compares the surface roughness of GO films produced with and without
the help of silicon wafer. Figure 4.7(a) shows the optical microscope image of the GO film
fabricated with silicon wafer, and Fig. 4.7(b) depicts the result of fabrication without use
of the silicon wafer. The silicon chip assisted fabricated shows a smaller grain size as

compared to a film made by common vacuum filtration.
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Figure 4.7 (a) the microscope image of GO film fabricated with the help of silicon wafer.
The inset depicts photographic image of the respective film. (b) the microscope image of
GO film fabricated without the help of silicon wafer. The inset depicts a photographic
image of the fabricated film.

We also tried to further reduce the thickness by reducing the concentration of the
GO suspension used. Figure 4.8 (left) shows a thin semi-transparent film that we have
fabricated. Here we start by sonicating 1 mg of GO powder in 100 ml DI water. Then we
use 10 ml of obtained suspension for each fabrication round. The estimated areal density
is 1 g/m? for each 47 mm diameter film. Figure 4.8 (middle) proves that we are capable of
maintaining the smooth surface while reducing the thickness of the film. Finally, as a test
of this approach we have deposited a layer of ~30 nm TiN through sputter coating. As can

be seen in Fig. 4.8 (right) the resulting surface is specular reflective too.
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Figure 4.8 (Left) shows the transparency of the ultrathin GO film. (Middle) shows the
specular reflection of the ultrathin GO film. (Right) smooth patch of GO film with 30 nm
of TiN coating.

Despite the successful trials on GO film, it is not suitable for the final sample. GO
film thermally reduces to reduced graphene oxide (rGO) as the temperature increase.
During this process carbon atoms leave the surface in the form CO2, and create voids on
the surface [150, 155]. The voids increase the surface roughness of the film, resulting in a
non-specular film, which is detrimental for solar sail applications. Although the defect on
the film can be controlled through annealing and careful regulation of the temperature, it

is out of scope of this research.

4.4.ii Carbon nanotube films.

We have therefore extended fabrication approach to multiwall carbon nanotube
MWCNT films. We again use vacuum filtration to fabricate thin films. We use a
commercially supplied MWCNT liguid suspension (water suspension of MWCNTSs from
NanoAmor; 2%wt MWCNT water suspension). We then dilute 1 g of the suspension in

150 ml water. We then take 4 ml of the diluted suspension and further add 6 ml of DI water
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to it. The liquid goes through vacuum filtration and form a piece of CNT film on the filter
paper. A centimeter size circular sample is fabricated, and the thickness of the CNT film is
controlled by the amount of liquid suspension used. Figure 4.9 (top left) is a photo of a
sample fabricated in such manner. Figure 4.9 (top right) displays an electron microscope
image showing the surface morphology of the film. For samples shown here, the CNT layer
is ~1um thick as shown in Fig. 4.9 (bottom). To obtain the image in Fig. 4.9 (bottom), the
CNT film is transferred from the filter paper onto a centimeter square silicon chip. The
sample is then put under an SEM, and a trench is created using focus ion beam. The cross

section can be observed by the SEM when the sample is tilted.

92



Figure 4.9 (top left) A photographic image of the fabricated MWCNT film attached to the
filter membrane. (top right) SEM image of the surface morphology of the fabricated
MWCNT film. (bottom) Cross-section SEM image that shows the thickness of CNT film
fabricated by vacuum filtration.

At this point we faced another problem of separating the thin film from the filter
paper to create a freestanding sample. Once the thickness of the fabricated films is too
small, it becomes unfeasible to peel off by tweezers (as was done for GO in Fig. 4.7.a). We
tried dipping the fabricated CNT/filter paper sample into liquid etchant to etch away the

filter paper, however due to the CNT film being wetted by the liquid etchant, the CNT film
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tends to break during the process of fishing it out of the liquid. To avoid the issues related
to liquid etchants, we developed a different fabrication process to achieve a coupon size
freestanding solar sail material sample suspended on a frame.

The surface finish of the CNT film, similar to the GO film, is unfortunately not
optically smooth, making deposition of an optically smooth reflective thin layer on top of
it to be a nontrivial task. Direct deposition on top of the CNT film simply gives a matted
surface finish. With the developed fabrication process, we successfully circumvent the
issue of rough surface finish and are able to obtain an optically smooth surface coating as

the reflection layer. The overall fabrication process is shown in Fig. 4.10.
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Figure 4.10 fabrication of metal coated CNT solar sail samples
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4.4.iii Sacrificial layer assisted fabrication.

The fabrication flow is as follows. First, the CNT thin film is fabricated by vacuum
filtration as discussed previously. The film is then separated from the filter paper by
dissolving the filter paper with acetone, and instead of directly fishing out the CNT film, it
IS wet transferred in acetone to other substrates. This method is capable of transferring
CNT films onto Kapton, Mylar, glass, and silicon substrates. Figure 4.11 shows a

photograph of CNT thin films being wet transferred onto various substrates.

Figure 4.11 CNT thin films being transferred onto Mylar and Kapton (left), and silicon
substrate (right).

However, even by transferring to an optically smooth surface such as silicon, the
surface of the film is still not prepared for an optically smooth coating. Instead of directly
depositing metal films onto fabricated rough CNT films, we deposit the reflective coating
onto an optically smooth sacrificial substrate such as silicon or Mylar as the first step and
then utilize transfer CNT film atop (see Fig. 4.10). The sacrificial layer is then dry etched
away, keeping the freestanding bi-layer thin film material. For ease of handling, part of the

sacrificial layer is kept on the samples as frames to hold the freestanding part. In our
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fabrication, we deposit the titanium nitride reflective coating via sputtering, and platinum
and aluminum by electron beam deposition.

For the first trial, we chose double sided 100 nm silicon nitride coated 525 pum thick
silicon substrate as the sacrificial substrate. A centimeter size squared window of silicon
nitride is etched away with 2.5 min of reactive ion etching (RIE), exposing the silicon
underneath. Silicon can be further etched away to release thin film sample. This approach
allows keeping a rather thick frame to support a freestanding thin film. 6 hr of 75°C KOH
wet etch is applied to the substrate before the CNT film is transfer onto the backside. The
silicon nitride acts as a etch mask in this step, and the KOH bath thins the exposed part of
the silicon substrate down to 50~100 pm. After transferring the CNT film onto the backside,
1 hr of xenon difluoride dry etch is applied to etch away the remaining silicon. The 100nm
silicon nitride would be etched away by the gas too. The reason of using dry etch as the
final step to release the thin film, is to prevent the CNT film from breaking in liquid. Figure
4.12 plots the process flow that we adopted when using silicon nitride coated silicon
substrate as the sacrificial layer. Both aluminum and CNT are highly selective to silicon

and silicon nitride in fluoride etching.
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Figure 4.12 Fabrication process flow when using silicon nitride coated silicon substrate
as the sacrificial layer.

Fig. 4.13 shows freestanding sample suspended on a silicon frame. The sacrificial
substrate in the middle is etched away by fluoride vapor. The thin film in the middle is the
specular reflective aluminum layer with the 1 pm thick supportive CNT layer. The areal
density of the film is estimated to be 0.4 g/m?. The exposed metal surface copies and
maintains the surface roughness of the smooth sacrificial layer throughout the process. Fig.

4.13 shows the front (left) and the backside (right) of the sample with the black CNT film.

Figure 4.13 Front (left) and back (right) side photos of freestanding solar sail samples

suspending on silicon frames.
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4.4.iv Film characterization.

The solar sail material, while being reflective, would inevitably absorb a portion of
the solar radiation causing material heating. To understand materials behavior under
thermal influence we have performed a thermal cycling test. Specifically, we have
measured reflectivity of the sample before and after exposing to a high temperature
environment. The spectrum is collected at 5 different points on a free standing sample by
microscope reflectometer, and then the sample is subjected to 10 thermal cycles that is
comprised of 1 minute on a 450 °C hotplate, and 1 minute of cool down in ambient air. We
note that the ideal experiment should be conducted in vacuum (so as to mimic space
environment), however, vacuum system that supports temperature as high as 450 °C was
not available to us at the time of the measurement. Figure 4.14 compares the difference in
reflectivity of the aluminum coated sample before and after the hotplate treatment, along
with theoretical curve and the reflection of aluminum directly deposited onto a rough CNT
surface. We also fabricated a sample that is fixed to a flat surface to eliminate the wrinkling
of the film, which could potentially affect the reflectivity measurement. The results show
that the reflectivity of the freestanding and fixed sample closely follows the theoretical
curve for a 100 nm aluminum thin film. The reflectivity of the samples fabricated by the
method developed in this paper is significantly higher than the reflectivity of aluminum

thin film directly deposited onto the CNT surface (which is rough).
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Figure 4.14 Reflectivity of aluminum coated solar sail material samples before and after
heat treatment, compared to theoretical curve, a reference sample, and aluminum directly
deposited onto MWCNT films.

This difference can be seen also in the photographic images presented in Fig. 4.15.

The sample on the left side, fabricated by the above method, is specularly reflective, while

the directly deposited aluminum on the right has a matte finish.

Jnm'nml|n'||'|m||m||m||n||h|||nn|un|m|||
1 2 3 4 5

Figure 4.15 The reflective surface is optically smooth when fabricated following the
method developed in this study (left), whereas the surface finish of the aluminum
deposition is visibly rough when directly applied on top of vacuum filtration CNT films

without any further treatment (right).
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After thermal cycling, the reflection drops by approximately 20% (Fig. 4.14). To
analyze the cause of the drop, we performed energy-dispersive X-ray spectroscopy (EDS)
on the sample before and after thermal cycling. Using the fluorine component that the film
gets from fluorine etching as a reference point, it can be observed that the oxygen
component increases on the thin film after thermal cycling (Fig. 4.16), indicating
oxidization of the aluminum film due to heating in the ambient air. Nevertheless, the film
remains specular reflective as indicated by the photos in the insets. We can see that for both
samples (i.e., pre thermal cycling on the left and post thermal cycling on the right in Fig.
4.16), the specular reflection is preserved and there is no visibly detectable change other

than extra wrinkling of the freestanding film.

Full scale counts: 3888 Extracted Spectrum Cursor:  4.500 keV
Full scale counts: 3052 Base(1) Cursor:  4.500 keV 195 Counts
19 Counts Al

3000 -

3000 -
2000

2000

1000 -

500 -

ﬁ’\sJ 5.

Figure 4.16 The EDS results and the photos of the solar sail sample before (left) and after
(right) thermal cycling. The oxygen component on the Al side increases after thermal

cycling. The insets are photos taken before (left) and after (right) the thermal cycle.
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We further explore if thermal cycling causes microscale deformation of the films.
For this purpose, we perform bidirectional reflectance distribution function (BRDF) of the
sample before and after thermal cycling. This measurement probes the light scattered from
the reflective surface and reveals information on macroscale surface roughens. The study
of light scattering from optical thin films can provide useful information on thin film
morphology. The power spectral density (PSD) of the surface roughness can be calculated
and used to determine the change in roughness of the thin film sample. In order to
determine the PSD function, BRDF method is used. BRDF measures the differential power
of scattered beam dP per solid angle of receiver aperture dQ in the 6 direction and per
incident power P; coming from the 6; direction. The angles used in BRDF are shown in

Fig. 4.17.

Incident beam P; i Directionallyreflected beam

Scattered
radiation P;

Sol.id angle d)

Figure 4.17 The angles defined in BRDF technique. Figure replotted from [156].
The PSD is presented as a function of spatial frequency, where

sinfg — sinb;

A
(4.1)
and
dP,
BRDF = —4%
P,cosbq
(4.2)
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where j—; is the measured scattered power per acceptance angle of the detector. Here we

consider the surface to be relatively flat, and apply the Rayleigh-Rice vector perturbation

theory, yielding a function that links the BRDF and PSD functions[156]

2

16T
BRDF = P

cosB;cosfs PSD(f)
(4.3)
This relationship allows us to extract the topographic structure of a surface from BRDF
measurements.
The BRDF measurements are performed with an optical setup shown in Figure 4.18.
It consists of a 532 nm laser diode as a light source with the beam diameter of 1 mm. The
light scattered by the sample is measured with a Si photodiode detector (PD). The PD is
mounted on a rotation stage with resolution of 0.1 deg. For a fixed angle of incidence,

angular distribution of the intensity scattered in the plane of incidence is measured by

rotating the detector around the sample.

Laser

Figure 4.18 Schematic (left) and photo (right) of the setup for BRDF measurement.
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Fig. 4.19 plots the PSD of the freestanding Al-on-MWCNT sample before and after
thermal cycling, compared with a flat fixed samples. The directly deposited aluminum
exhibits an optically rough yet macroscopically flat surface, as evidenced by its broadband
behavior on the PSD plot. In contrast, the optically smooth and macroscopically flat mirror
presents a curve that peaks at the origin. The freestanding sample, however, develops
wrinkles upon the removal of the sacrificial layer. In the plot, we note a shift in the PSD
curves of the freestanding sample away from the origin at the lower spatial frequency end,
aligning with the fixed sample at the higher spatial frequency end. This suggests that they

share similar microscopic features.

Upon comparing the PSD curve of the sample before and after thermal cycling,
differences emerge at the low spatial frequency end, indicating some alterations in the
macroscopic shape likely attributed to sample handling. Conversely, at the high spatial
frequency end, the two curves closely resemble each other, signifying the preservation of

microscopic features after thermal cycling.
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Figure 4.19 PSD of the freestanding sample before and after thermal cycling, compared
with a flat fixed samples of aluminum directly deposited on CNT film and aluminum

mirror.

4.4.v Ptand TiN sail materials.

Having investigated the changes in Al-coated CNT samples under elevated
temperatures, we now shift our focus to the study of alternative coatings, namely Pt and
TiN. In this exploration, we replace the 100nm aluminum with 100nm platinum using the
same fabrication process. The reflectivity is measured and depicted in Fig. 4.20 (left),
alongside the reflectivity of platinum deposited on a flat Si substrate for reference. A
theoretical curve for a 100 nm platinum is also presented as a reference. The reflectivity of
the freestanding sample demonstrates a strong correlation with that of the reference sample

and the theoretical curve.

In Fig. 4.20 (right), a photo of the centimeter-sized platinum-coated freestanding

MWCNT film suspended on the silicon frame is shown. A mirror-like reflection is evident,

similar to the case of aluminum-coated samples studied above.
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Figure 4.20 (Left) Reflectivity of solar sail material sample with Pt reflection layer,
compared with reference sample and theoretical curve. (Right) Photograph of the
fabricated Pt-MWCNT solar sail sample suspended on silicon frame.

Next we turn our attention to TiN sail material fabrication. Direct extension of the
fabrication procedure used for Pt and Al is not applicable for TiN fabrication. Specifically,
titanium nitride has low selectivity against the fluoride etching gas that we used to release
the thin film from the sacrificial silicon substrate. To circumvent this issue, we maintain
the overall fabrication process flow, however change the sacrificial layer to a 0.9 um thick
Mylar thin film. In this case Mylar is removed by O plasma reactive ion etching (RIE).
First, approximately 100 nm of TiN thin film is deposited onto 0.9 um thick Mylar film via
sputtering. A centimeter size 1 um CNT thin film is then transferred on top of the TiN.
Finally, the Mylar film is etched away via 10 minutes of O2 plasma RIE. Photos of the
resulting sample are shown in Fig. 4.21. The photo on the left side shows the front side of
the sample. The circle in the middle is where the thin film is released from the sacrificial

Mylar film through etching. The TiN coating is specular reflective with a yellow tone. The
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photo on the right side shows the backside of the sample with CNT thin film transferred

onto the TiN coated Mylar film.

) D 1 2 &
Figure 4.21 Front (left) and backside (right) of the titanium nitride coated MWCNT film.
The circle in the middle is the freestanding part.

The reflectivity of the TiN sample is measured and plotted alongside the reference
sample of TiN-coated Si substrate and the theoretical curve (Fig. 4.22). The reflectivity
curve aligns with the trend of the theoretical curve, albeit with some discrepancy. This
difference may arise from the material data used, considering that TiN is a compound
deposited by sputtering. The material data used to calculate the theoretical curve may differ
from the true material properties due to variations in the Ti-to-N ratio [153].

Discrepancies between the reference sample of TiN on the Si substrate and the
freestanding film result from differences in substrate material (CNT versus Si) and
potential TiN degradation during plasma etching. Nevertheless, this set of results on Pt and
TiN demonstrates that the reflective layer's material can be substituted with other reflective
surface coatings, while maintaining specular reflective quality using the same fabrication

process.
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Figure 4.22 Measured reflectance of the TiN coated solar sail sample with the reference

sample of TiN coated Si substrate and the theoretical curve.

4.5 Chapter conclusions

In conclusion, we outlined a fabrication process for thin film solar sail materials. The
fabrication process enables creating freestanding, 1 um thick MWCNT films with a
specular reflective surface atop. Such thin films extend the operational range of solar

sailing closer to the sun, enabling a conceptually new set of missions.
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CHAPTER 5

Silicon Nitride Solar Sail Material Inverse Design

In the Chapter 3 we have explored a relatively simple solar sail material
architectures, which were based on existing photonic design templates. In this Chapter we
extend this study further and consider use of inverse design techniques to examine more
efficient sail material design prototypes. In this Chapter we explore silicon nitride based
photonic solar sail designs and show that inverse design techniques allow to optimize for
reflectance while minimizing sail density and operating temperature. Our study shows that

inverse design offers a great potential for the design of advanced solar sails.

5.1 Key trade parameters

We being our study by examining interplay of key parameters on solar sail
performance. Specifically, taking solar sail exit velocity as a an objective function, we
examine its dependence on the main sailcraft parameters, such as areal density and
reflectivity, on solar sail velocity [58]. The expression 3.1 provides a convenient tool to
conduct trade studies to understand the performance limits based on the sail material
properties, sail area and spacecraft mass. We consider a square sail with two diagonal

booms, on par with Lightsail 2, NEA Scout, and Solar Cruiser, as shown in Fig. 5.1.
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Figure 5.1 Square solar sail. Credit: NASA/MSFC/D. Higginbotham.

The sailcraft mass may be split into three key constituents: m = mg + my,; +
Mgupp, Where mg is mass of the sail material, mg,,, is mass of the sail support (i.e.,
booms), and m,, is the mass of the spacecraft bus that carries all key spacecraft
components, such as instruments, power systems, control electronics, attitude control,
communication and other systems. Boom mass may be approximated as mg,,,, = 2V2 ap,,
where p,, is boom average linear density and a is the length of sail side (i.e., sail area A =
a?). In principle, boom linear density is not constant and is also a function of the sail area.
Boom density should be chosen according to a maximum load the sail may experience,
which grows for larger sail areas and smaller perihelia.

The expression for the hyperbolic excess velocity (Eg. 3.1) is then modified as:

+2(2Rs + )

S 215 S1av (1AU)? as
inf 1AU + d, ¢ do 2VZap, +atps +my

(5.1)
where p; is the sail material areal density.
For the sake of analysis we set target velocity as 60 AU/year. In Fig. 5.1 we plot

several parametric trade studies in which we analyze the exit velocity with the sail side
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length by varying only one of the sailcraft parameters at a time. This study shows that the
exit velocity is very susceptible to the perihelion distance (Fig. 5.2a), as expected. Reaching
target of 60 AU/year requires very small perihelia (<5 Rsx). The velocity is also very
sensitive to sail material parameters — areal density (Fig. 5.2b) and reflectivity (Fig. 5.2c).
As can be seen sail exit velocity strongly depends on the sail reflectivity, and it may be

better to design higher reflectivity sail materials in expense of sail material density.
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Figure 5.2 Trade studies of the exit velocity with sail area for different sail parameter
variations based on equation 5.1 (a) for different perihelia for different payload masses,
(b) for different sail areal densities, (c) for different sail reflectivities. Insets in each panel

denote parameters that are kept fixed.

5.2 Bragg reflector and metasurface

Bragg reflectors comprised of alternating layers of high and low refractive index
materials present a straightforward approach to achieving broadband reflection. Figure 5.3
plots reflectance for a 7-layer Bragg reflector constructed of alternating stacking of silicon
nitride thin films and low refractive index films (refractive index~1). Such Bragg reflector
reflects ~42% of the solar radiation and has an areal density of 0.97 g/m?. Here solar
reflectivity is calculated as:
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where R(A) is the spectral reflectivity of the material.
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radiation spectrum is also show for a reference. (Right) Schematic illustration of a 7-layer
Bragg reflector. The Bragg reflector is designed to a center wavelength of 500 nm. We
observe a reflection band from 400~700 nm, and the tail of the solar radiation above 700
nm is not covered by the band.

Photonic metamaterials [126, 127] present another alternative to solar sail material
design. Metamaterials derive their properties not from the properties of the base materials,
but from the nanoscale architecture. We examine the use of metamaterials to deign solar
sails out of transparent silicon nitride thin films [124, 128, 129]. Figure 5.4 shows one of
the designs we have identified. The structure reflects 35% of the solar radiation, and has

an areal density of 0.52 g/m?, which is nearly half of the Bragg reflector, studied above.
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Figure 5.4 (Left) The reflection spectrum of silicon nitride metasurface reflector with the
solar radiation spectrum. (Right) Schematic illustration and dimensions of the
metasurface studied.

Multilayer Bragg stacks exhibit higher solar reflectivity as compared to
metasurfaces, however Bragg stacks typically have higher areal density. Nevertheless, both
of these simple designs fail to reach solar reflectivity of 70%, which is needed for solar
sailing at 60 AU/year (see Fig. 5.2c).

The bandwidth of a Bragg reflector is insufficient to achieve a >70% solar reflection.
Adding more unit cells does not significantly widen the bandwidth. To design a broadband
reflector that covers a larger fraction of the solar radiation spectrum, altering the thickness
of each layer in the Bragg stack. Such an approach allows getting a broader response.
However, unlike the case of the periodic Bragg reflector, the parameter space for such a
multilayer design is large. For this purpose to discover optimal designs we employ inverse

design techniques.
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5.3 Solar sail designs by particle swarm optimization

Computational design of micro and nanophotonic structures with desired optical
responses and dispersion properties has emerged as a versatile engineering tool. It has
enabled a breadth of applications from integrated optics [157, 158] and metasurfaces [31,
60, 82] to radiative cooling [158, 159] and accelerators on chip [160, 161]. Computational
design relies on numerical optimization algorithms that search across a virtual space of
possible geometries and materials to find designs with responses close to desired target
specifications. Here, we implement particle swarm optimization (PSO) to optimize the
silicon nitride multilayer stack for a solar sail material design. Particle swarm optimization
(PSO) is a heuristic optimization method that is applicable to a range of computationally
complex problems with multi-objective figures of merit (FOM). PSO solves a problem by
having a population of candidate solutions, referred to as particles, and moving these
particles around in the search-space. The movement of each particle is influenced by its
locally best-known position but is also directed toward the best-known positions in the
search space. These positions are continually updated as other particles discover better
solutions. This dynamic is anticipated to drive the swarm towards optimal solutions [162].

In our study, we choose solar sail escape velocity (Eg. 5.1) as the figure of merit.
This figure of merit, depends on sail material reflectivity, minimum perihelion distance a
sail can get to, and sail material density (see also Fig. 5.2). We make use of transfer matrix
method [163] to calculate sail reflectivity, absorptivity and emissivity. In addition to
optical properties we track the overall density of a multilayer stack. We then iteratively
modify structural properties of the system (i.e., thickness of each layer) based on particle

swarm optimization algorithm to find structures that maximize the figure of merit.
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5.4 SiN optical constants

Our solar sails designs are based on silicon nitride and therefore it is critically
important to understand dispersion of its optical constants (i.e., refractive index and
extinction coefficients) across a wide UV to MIR spectral band. At the same time SiN
optical properties depend on the deposition technique. Low loss silicon nitride is often
fabricated by LPCVD or with a high temperature annealing [164, 165]. Such SiN films
possess near-stoichiometric composition. This leads to materials with high thermal stability,
high refractive index, and low optical extinction. On the other hand, high loss silicon nitride
films are usually fabricated by PECVD, where high temperature is not required in the
process. These films are rich in Si-H and N-H bonds, which can introduce optical
absorption losses across the spectrum.

The low-loss silicon nitride is beneficial for designing high-reflectivity and small
solar absorptivity structures. The high-loss silicon nitride, in turn, demonstrates enhanced
infrared absorption starting from ~7 um due to a larger number of defects and dangling
bonds (a related IR absorption band in the low-loss SiN is strongly red shifted). In Fig. 5.5
we plot silicon nitride refractive index (Fig. 5.5 (top)) and extinction coefficient (Fig. 5.5
(bottom)) according to several different data sources[71, 77, 166-169]. As can be seen the
extinction coefficient, k, varies substantially depending on the source of data (and related
methods of thin film growth). As a result one may expect strong effect of SiN optical

properties on sail material performance.

115



3.5/ /) [166] i
[/ L (169]
3r / [168]
[77]

23 T / (7]
— — = / [77]
A — — T~ / [77]

/ [77]

150
[71]
= [167]
O.5| |
107" 10° 10 10?
I T T
10° - . =
[ : **9'__;;;;::744, -
X
107
L | 1
10" 10° 10 102

Wavelength (um)

Figure 5.5 Optical constants of silicon nitride produced by different fabrication method or
parameters. Real part n (top) and imaginary part k (bottom).

To assess different material properties on the sail performance and estimate the
dynamics in two limiting cases, we have aggregated SiN data from different sources into
one function which coves UV [169], visible [77], and IR spectral bands [71] (i.e.,
effectively stitching data together). This approach allows assessing limiting cases of high
and low optical extinction. The resulting approximate SiN complex refractive index is
plotted in figure 5.6. The high loss data has k values ~0.01 throughout most of the visible

wavelength, while the low loss data has k values as low as 107
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Figure 5.6 Aggregated SiN refractive index data for high loss and low loss cases. Real

part n (top) and imaginary part k (bottom) are shown.

5.5 Particle Swarm Optimization of sail photonic designs

Utilizing PSO and SiN data above we study multilayer sail material optimization.
In our designs we fix the number of layers and with the PSO algorithm vary their
thicknesses. The result of such optimization for a low-loss silicon nitride is shown in Table
5.1. Figure 5.7 shows an example of an optimized 7-layer structure and a related reflectance

spectrum.
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Table 5.1 Optimization results for multilayer sails using low-loss silicon nitride data

5 layers 7 layers 11 layers 15 layers
Reflectivity 0.5679 0.6562 0.7659 0.8357
Absorptivity 3.5438e-04 4.3566e-04 7.8678e-04 0.0013
Emissivity 0.0705 0.0949 0.1637 0.1502
Perihelion distance <1 <1 <1 <1

(Rx)
Sail temperature (K) 951.9038 929.4589 K 940.6814 1114.6

Areal density (g/m?) 0.9494 1.4145 45016 6.8215

According to the table, optimization clearly shows improvement in reflectivity as
compared to the Bragg reflectors. We attribute such an improvement to a wider reflectivity
bans (see Fig. 5.7). Adding more layers helps improving reflectivity even further (e.g., 11-
layer structures yield reflectivity as high as 70%), however, at a cost of increased areal
density. For low-loss SiN, all of the designs can reach 1 Rysand maintain a reasonable sail

temperature (assuming thermal balance calculations only).
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Figure 5.7 The reflectance of a 7-layer design optimized by PSO. A broad reflection band
can be achieved by multilayer design.
In order to examine the worst case scenario, we conduct the same optimization
process using high-loss silicon nitride data this time (see also Fig. 5.6). The results for this
case are shown in Table 5.2.

Table 5.2 Optimization results for multilayer sails using high-loss silicon nitride data

5 layers 7 layers 11 layers 15 layers
Reflectivity 0.5370 0.6048 0.7056 0.7541
Absorptivity 0.0687 0.0986 0.1021 0.1268
Emissivity 0.0354 0.0573 0.0658 0.1124
Perihelion distance 11 11 10 9
(Rs)
Sail temperature (K) 2173 2173 2173 2173
Areal density (g/m?) 0.8736 1.7461 1.7256 3.7460
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For high-loss SiN structures, the minimum perihelion distances the sail can get to
is significantly increased. The optimization further yields thinner structures (i.e., smaller
areal density) to minimize solar absorptivity. However, thinner layers result in smaller
overall solar reflectivity.

Next, we implement PSO to study metasurface designs. We start from optimizing
asimple 2D grating. The structural parameters and the reflectance of an optimized structure
are plotted in Fig. 5.8. The solar reflectivity is 5% higher than that obtained by parametric

sweep (Fig. 5.4). Such 2D grating also possesses lower areal density.
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Figure 5.8 PSO results for a 2D grating structure.

We also explore other geometries (Figs. 5.9-5.11). Grating on a slab (Fig. 5.9)
further improves the reflectivity to 46.7%, however at a cost of a slightly increased areal
density. A multilayer grating-slab design (Fig. 5.10) allows improving both reflectrace and
areal density: ~58% and 0.736 g/m?, respectively. By adding another one more layer
(Fig. 5.11), solar reflectivity of 62.4% is achieved with areal density <1g/m?. Note that
although these simulations are done in 2D with TE polarization, the designs can be
generalized to 3D as well.
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Figure 5.9 PSO results for grating on a slab.
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Figure 5.10 PSO results for grating on a slab with gap in between.
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Figure 5.11 PSO results for grating on a two layer structure.
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In order to push the limits of what can be done under this frame work, we decide to
combine the metasurface design concept with the multilayers and apply PSO. Due to the
large number of input variables in this design, we further separate the metasurface
optimization and multilayer optimization. Specifically, for the metasurface layer, we focus
on optimizing short wavelength (UV~500 nm) reflectivity, whereas for the multilayers, we
focus on optimizing long wavelength (500~2000 nm) reflectivity. We then combine the
optimized structures into one multilayer system. Suc hybrid design and its solar reflectivity
spectrum are shown in Fig. 5.12. From this spectrum we can see how the reflection curve
behaves differently below and above 500 nm. A stop band below 500 nm is created by the
metasurface layer with hole pattern, and the curve above 500 nm resembles the one in Fig.
5.7. The reflection band of the multilayer stretches into the near infrared wavelength,
covering the tail of the solar radiation. The solar reflectivity of the final design is 75.6%,

with an areal density of 2.16 g/m?.

0.478 ym

0.8
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Figure 5.12 Reflectivity (left) and structural parameter (right) of the hybrid design

combining metasurface layer and multilayers.
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5.6 Chapter conclusions

In this Chapter we examined solar sail material photonic designs. Silicon nitride as the
base material is used and the dependence of its optical properties on the overall
performance is analyzed. Several design motifs are studied, including Bragg reflectors and
grating reflectors. Particle swarm optimization is then used to discovers more elaborate
designs with better performance metrics. Finally, a design that satisfies the requirements

for extreme solar sailing is presented.
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CHAPTER 6
Modeling solar corona plasma interaction with the

solar sail material

Advanced solar sailing would require flying in close proximity to the sun, where it
would interact among other things with the solar wind, the density and temperature of
which increase in the vicinity of the sun. Solar wind plasma may cause sputtering of surface
layers, radiation enhanced sublimation, and potentially ablation [67,68]. He+ and H+ ions
implantation may cause formation of nanoscale bubbles, leading to structural deformation
and materials exfoliation [118, 119]. Figure 6.1 highlights some of the possible effects of

sail material degradation when subject to a solar radiation environment, after Ref. [58].

O sputterants o electrons

O Hand Heions VWA X and y rays

Figure 6.1 Effects of solar plasma and energetic photons and particles on solar sails in the
proximity of sun : (I) formation of bubbles, (I1) surface sputtering, (I11) cracking,
exfoliation and delamination, (1) surface morphology deformation, and (V) energy
deposition and thermos-mechanical stresses. Figure from Ref. [58].
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In this Chapter, we analyze the effects of the solar wind on the solar sail materials in
the vicinity of the sun. We focus on understanding solar wind sputtering and the way it
may be affected by the buildup electric sheath and electron emission from the heated

surface.

6.1 Solar activity close to the sun

Solar wind consists of a stream of charged particles (electrons and protons),
emanating from the inner solar corona. It is known that solar wind can lead to sputtering
[170, 171], therefore the influence of solar wind on thin film sail materials needs to be
accounted for. For this purpose, we calculate the sputtering rate taking into account plasma
sheath and secondary electron emission from the surface.

In our analysis of sputtering we make two simplifications:

1) We assume a few micron thick sail material with a 100 nm front aluminum layer.
Although, as discussed previously, such a sail will not survive small perihelion flyby,
we use Al to develop a generic understanding that can be extended to other materials.

2) We model the surface of the sun and the solar sail surface effectively as two
electrodes. Based on solar wind data [172], the Debye length of the solar wind is
found as:

€okgT,

2
Npq

(6.1)
where €, is the vacuum permittivity, kg is the Boltzmann constant, T, is the plasma

temperature, n, is the particle density, and q is the electron charge. The Debye length for
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protons in the solar wind from 2~20 Ry is 0.65~2.65 m. Clearly, Ap < L, where L is the
distance between the sail and the solar surface.

Immersed in the solar wind plasma the sail surface would be constantly bombarded
by electrons and ions causing material sputtering (Fig. 6.2). The sputtering rate depends on
several conditions, including the sheath region surrounding the sail surface. It is the
difference between the electrical potential between the plasma region and this sheath region
that directly leads to ion bombardment of the surface.

InC|dent ion

Photon @ Reflected
/ |on/neutrals
o
Sputtered @
atom o Secondary
electrons
CoIInsnon
cascade .

@ Implanted gas atoms
Figure 6.2 Possible phenomena for a surface bombard by high energy ions [173]. In this
study we focus on sputtering.
The flux of ions and electrons is unequal due to a much higher speed of the electrons.
As a result, the sail will be charged negatively with respect to solar wind plasma. This
excess negative charge modifies the space charge distribution leading to sheath formation

(schematically illustrated in Fig. 6.3(Left)).
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Figure 6.3 Plasma sheath profile. (Left) in the absence of secondary electrons (Right) in
presence of secondary electrons. From [174].

In equilibrium, the potential held by a surface immersed in plasma environment is
known as the floating potential @4, since the potential floats to a value sufficient to
maintain an equal flux of positive and negative species. We shall assume that plasma is at
equipotential. This potential is termed the plasma potential @45, . The potential
difference between the floating potential and the plasma potential ®,;55mq — Prioq¢ IS the
sheath potential, ®. This potential denotes the magnitude of the energy barrier which an
electron must overcome in order to reach the sail. It is also the potential through which a
positive ion is accelerated toward the substrate (see Fig. 6.3).

The spatial profile and extent of the sheath potential can be further modified by the
emission of secondary electrons from the surface of the solar sail [175-177]. Secondary
electron emission is generated when a solid surface is bombarded with charged particles
(ions and electrons) and photons (Fig. 6.3(right)). Other physical processes that may cause
electron emission include thermionic emission and photoelectric emission. The model is
schematically illustrated in Fig. 6.4.

We shall address the following 4 questions:

127



1. What is the sheath potential for a solar sail in vicinity of the sun?
2. How do secondary electrons affect the sheath potential?
3. How does the temperature of the sail affect the sheath potential?

4. What is the effect of the sheath on sputtering rate?

€okpT
Ap = 5—~scale of meters
nq

SEE, thermionic

Negatively charged

Sun sheath

Attract ions

Sputtered material _

Caused by ions

metal

} .
@
>

©
Qo
(=
£
§ .
(o]
g
Fast ions and electrons 3

. Solar sail
L <10 solar radii

Figure 6.4 Schematic illustration of the plasma sheath model.

6.2 Modelling sheath profile

We begin our analysis with the Gauss Law:

(6.2)
where E is the electric field, Q is the total charge, and €, is the vacuum permittivity. We

express the electric field as E = —V® and model sail surface as a planar wall at x = 0. The

sheath potential satisfies the Poisson’s equation:
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Vi :dz_q): _g: _M
dx? €0 €0 ’

(6.3)
where the sheath potential @ infinitely far from the wall ®(c) = 0, q is elementary
charge, n, and n; are the solar wind electron and ion densities, respectively. Since the
electron distribution is assumed to be Maxwellian, we use the Boltzmann equilibrium to

obtain electron density. In this case the density of the plasma electrons is expressed as:

qd
ne = nOekBTe

(6.4)
where n, is the equilibrium plasma density far away from the sail. To determine the
potential profile, we first find the ion flux. Within the sheath, the flux of particles is
conserved, thus we write:

NoUg = NjU;,

(6.5)
where wu is the velocities of ions far away from the sail and u; is the velocity of ions in the
sheath. As ions enter the sheath, they fall freely toward sail. The ion velocity at any given

location within the sheath can be determined using the energy conservation:

(6.6)

) . 2(%miu(2,—qcb) . .
where m; denotes ion mass. We then rewrite u; = — and substitute this back

i

into Egs. 6.5, and obtain the following expression for ion density:
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(6.7)
On substituting the expression of n; and nginto eq. 6.3 and considering the

Boltzmann relationship, the condition required to satisfy the existence of sheath is uy, >

/% (i.e., the Bohm sheath condition). The minimum speed of ions at the edge of the

sheath needs to be larger or equal to the Bohm speed ug = K6Te

It is clear now that a sheath forms when a body is immersed in plasma. However,
the behavior of the sheath when the object is conductive or insulating, as well as when the
body is floating or has a bias can vary widely. Here we focus on the case that is closest to
the solar wind and solar sail interaction, the case of floating walls. If a body, whether it is
a metal or an insulator, is floating in the plasma, i.e., not electrically connected to ground
or an external bias, due to lack of any conduction pathway, the electrons charge the surface
instantly and the ions slowly flow towards the surface. The ions and electrons flux at the
surface are equal. The charging produces a large negative potential which repels additional
electrons. To find an expression for the negative sheath potential, we start with writing the

expression for the flux of ions j; and that of electron j,

_q%®
Ji=aqnu;,  je = —q(nge ¥Te)u,

(6.8)

1 (8kpgTe - . 1
where u, = " /ﬁ is the mean thermal speed of the electrons near the sail. The "
e

accounts for velocities only in the direction normal to the sail surface [178]. We can now
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evaluate the ion current density at the sheath boundary, where n; = ny and u; = ug =
% (satisfies the Bohm sheath condition). The current balance at the sheath boundary
Ji = Je is then:

kgT, _a® (1 (8kgT,
m; 4 | mm,

(6.9)
We then find the solution of the sheath potential ¢ be
kgT, ’ i
d=— Ble In m;
q 2mm,
(6.10)

The effects of secondary electron emission on sheath potential have been studied
in the past and are considered to be playing an important factor in determining the sheath
potential [179]. Presence of secondary electrons tends to lower the sheath potential making
it more positive with respect to bulk plasma. As illustrated in Fig. 6.3(b), when strong
secondary electron emission happens, electrons are injected back into bulk plasma causing
reduction of sheath potential. Pandey and Roy [180] derived the sheath potential in the
presence of secondary electron emission and sputtering yield following the works of Hobbs

and Wesson [176]. They showed that the impact of secondary electrons can be given by:

kB Te m;

b =

In| (1-T1)

2mtm,

(6.11)
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here I" defines secondary electron multiplication factor (i.e., how many new electrons can
be generated upon one incoming primary electron). From Eq. 6.12 it is clear that the
increase of I' decreases of the strength of sheath potential, ®. This result is obtained
without specifying the process responsible for electron emission from surface. If the

electron emission originates solely from secondary electrons, I' can be expressed as:

=TI, = fooo'(Ee)f(Ee)dEe
0

(6.12)
where o(E,) is the secondary electron yield (SEY) — a material specific coefficient, and
f(E¢) is the normalized velocity distribution function (VDF) of the electrons bombarding
the surface. If other electron emission process are involved, I' is redefined as[176]:

TetJ

r= ,
1+

(6.13)
where j = J/ny(kgT,/m;)*/? and ] accounts for the electron emission flux stemming from

other sources. For example, in the case of thermionic emission:

_w
] =D, A T2e *&Tm,

(6.14)
where D,, is a material specific constant, A, = 1.20173 x 10° A/m? /K?, W is the work

function of the metal, and T, is the surface temperature.

6.3 Numerical simulations

First we compute the sputtering damage without taking the effects of plasma sheath

into account. In our calculations of sputtering damage we use Transport of lons In Matter
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(TRIM) code [181]. The code inputs are mass, charge and energy of ions (in our case H+),
and the solar sail material (AlI/CNT) they interact with. Without plasma sheath, the input
ion energy is determined by the solar wind temperature (assuming solar wind plasma is at
a local equilibrium). Figure 6.5 shows the solar wind average temperature as the function

of distance to the surface of the sun [172].

x 108
T

1"

Solar wind temperature (K)

’ ) ° Dista?’lce fro1n(: surfa1cze of s:; (R) ° v
Figure 6.5 Solar wind average temperature with distance from sun.

Fig. 6.6 illustrates the simulation setup and an example result of ion-target
interaction. Here we simulate 100 nm aluminum — 100 nm CNT as a prototype solar sail.
Hydrogen ion are injected into the thin film with the energy calculated from the solar wind
proton temperature, along with the energy gained from falling through the sheath potential.
In the example in Fig. 6.6(right), the injected hydrogen ion energy is 419 eV from the solar

wind proton energy at 5 Ry: without considering the sheath effect. The thin red lines

indicated the trajectory of the ions once injected into the material.
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Figure 6.6 (left) diagram showing the TRIM setup (right) cross section plot of collision
between ion and target material not considering sheath.
The output of the TRIM simulation is the number sputtered atoms per incident ion.

We can then define the sputtering damage rate as:

# sputtered atoms

. cm # incident ions
sputtering damage |—| =

X flux [ﬁ]

)

atomic density of material [%]

(6.15)
where solar wind flux is calculated assuming average solar wind particle velocity ~416
km/s [172]. Figure 6.7 shows the resulting sputtering damage rate as a function of distance
from sun’s surface. As expected, as the sail approaches the sun, due to the increase of solar

wind temperature and plasma density, the sputtering damage increases.
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Figure 6.7 Sputtering damage rate with and without account of sheath and secondary
electron emission.

Next, we calculate sputtering damage rate taking sheath potential into account.
Respective sheath potential as a function of distance to the sun is shown in Fig. 6.8. When
the plasma sheath potential is calculated without considering secondary electron emissions
or other electron emitting at the surface of the sail, the sheath potential follows the trend of
the solar wind temperature(see also Fig. 6.5). Specifically, the sheath potential decreases
as the distance from the sun’s surface grows. By comparing the numbers in Fig. 6.8 to the
solar wind proton energies (Fig. 6.5), we see that if an ion is to fall through the sheath
potential, the Kinetic energy gain caused by accelerating through the sheath potential is

comparable to the solar wind proton energies, and thus is unneglectable.
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Figure 6.8 Plasma sheath potentials of no electron emission and considering electron
emission from the surface of solar sail.

The plasma sheath potential with an account of secondary electron emission is also
plotted in Fig. 6.8. To calculate sheath potential with secondary electron emission, we first
find I" (see Eq. 6.13). The energy distribution function in the solar wind is assumed to be
Maxwellian, and the secondary electron yield can be obtained from the literature [182]. In
Fig. 6.9 (top) electron emission ratio I" as a function of distance from the sun is plotted for
two cases: (1) assuming secondary electron emission and (2) assuming thermionic emission
in addition to secondary electron emission. For distances >8 Ry: from the surface of the sun
the difference in I" for two different cases is negligible. The function I' reaches maximum
at ~6.5 Ryx. This maximum occurs due to an interplay between the normalized velocity
distribution function (VDF) of the electrons and secondary electron yield (SEY) specific
to aluminum, see Fig. 6.9 (bottom). The peak of VDF shifts as the plasma temperature
changes, while SEY is rather stable as the temperature changes. SEY describes the amount

of secondary electrons generated per incident electron with different energies, while VDF
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describes the distribution of electrons with certain energies. If we multiply VDF to SEY,
the efficiency of secondary electron generation can be found. At low and high plasma
temperatures (distance to sun = 2 Ry and 20 Ryx), the VDF peaks at energies that does not
correlate well to the peak of the SEY of aluminum, indicating most of the incident electrons
do not generate secondary electrons efficiently. At distance to sun = 6.5 Ry, the peak of
VDF corresponds to the peak of the SEY curve, thus gives a high overall secondary electron
generation, indicating a high value for I'.

Secondary electron emission lowers the sheath potential as shown in Fig. 6.8. As
the solar sail gets closer to the sun, the effect of secondary electron emission becomes more

significant due to increase in plasma density.

137



0.75 T T T T T T T T

SEE

0.7} SEE+Thermionic | |

0.6 |

0.55

0.5

Ratio of the electron emission

0.45

0.4

0.35 1 1 1 1 1 1 1 1

2 4 6 8 10 12 14 16 18
Distance from surface of Sun (R)

16
25 x10

20

R=2
R=6.5
R=20

10.7

10.6

105

SEY

10.4

103

10.2

10.1

102 103
Electron energy (eV)

Figure 6.9 (top) I'" considering secondary electron emission and thermionic electron

emission plotted with distance to sun. (bottom) The peak of the VDF correlates the best

with SEY of aluminum at 6.5 Ry from the sun. The lines in blue shades are the VDFs of

electron at 2 Ry, 6.5 Ry, and 20 Ry from the sun. The shaded curve is the SEY for

aluminum.
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Thermionic emission is another source of electron emission that can affect the
sheath potential. When solar sail flies close to the sun, high sail material temperature is
inevitable as a result of the absorption of solar radiation. Calculated sail temperature as a
function of distance from the sun is shown in Fig. 6.10 (assuming unity backside
emissivity). Aluminum has a melting point of ~960 K and will not survive close solar
flybys. However for the sake analysis and developing a framework here we ignore the
melting temperature. We examine the influence of thermionic electron emission. Due to
the lack of data on aluminum material dependent correction coefficient D,, in Eq. 6.15, we
set D,, = 0.5 (for comparison tungsten has D,, = 0.75 and tantalum has D,, = 0.35).
With the use of Eq. 6.13, 6.14. and 6.15 we calculate I" as a function of distance from the
sun, Fig. 6.9 (top). Evidently in close proximity to the sun I' factor accounting for
thermionic emission in addition to secondary electron emission, deviates significantly from
I accounting only for secondary electrons for close solar approaches, at distances < 6 Ryx.
At these distances the sail material temperature >1900 K signifying that thermionic
emission plays an important role. Due to thermionic electron emission factor I
dramatically increases at distances below 4 Ry:. The effect of thermionic emission on
sheath potential, @, is shown in Fig. 6.8. The thermionic electron mission dominating at

<4 Ryx reduces the sheath potential. As a result, proton acceleration is reduced.
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Figure 6.10 Solar sail equilibrium temperature in the vicinity of sun. The sun facing side
is assumed to be aluminum and the backside emission is assumed to be unity.

Once the sheath potential is established (see Fig. 6.7) we can estimate the kinetic
energy that solar wind ions gain while falling through the sheath as q®. This energy adds
to the average kinetic energy of ions in solar wind. We then modify TRIM calculations to
examine effects of increased ion energy on materials sputtering. We compare sputtering
damage rate with and without the account of plasma sheath (see Fig. 6.7). For large
distances from the sun due to a lower thermal ion energy the key contributor to sputtering
is sheath potential ion acceleration. Notably, sputtering damage rate is not necessarily
proportional to ion energy. High energy ions penetrate deep into the material and interact
with the atoms far away from the surface. In this cases atoms cannot escape the surface,
and implantation instead of sputtering occurs. This effect is clearly seen in Fig. 6.7. While
plasma sheath increases the ion injection energy, for close solar approaches a lower

sputtering damage rate is observed when compared to a case without sheath.
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In Fig. 6.10, we provide an example TRIM simulation result considering plasma
sheath with SEE and thermionic emission from the sail surface at 3.5 Rys from the sun. The
ions penetrates deeper into the solar sail comparing to Fig. 6.5(right) as the ion injection
energy increase. Deep ion penetration yields relatively small sputtering rate of ~0.02 nm/hr.
For small durations of sail material exposure (<1 week) sputtering is not expected to cause
any substantial damage. However, such deep ion penetration may result in other sail

material damaging effects not considered here.
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Figure 6.11 lon collision cross section considering acceleration from plasma sheath at 3.5

Ry from the sun.

6.4 Chapter conclusion

In this Chapter we have examined the effects of sputtering of solar sail materials by
the solar wind as a function of distance from the sun. In our analysis we have also taken
into account of sail charging and built up plasma sheath near the sail surface. As shown the
sheath changes solar wind ion acceleration and modifies the sputtering rate. Effects of
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secondary electron emission and thermionic electron emissions are studied. Our
calculations predict sputtering rate of ~0.02 nm/hr at 2 Ry from the sun. For extreme solar
sailing with active propulsion near the sun of <1 week, such a rate of sputtering will have
minor effects on sail material performance. However, other effects such as surface
roughness, ion implantation, blistering may need to be studied in detail. Compared to
previous simulating the charging of Solar Parker Probe, our estimates of the sheath
potential are about 2 orders of magnitude larger [183]. Future study would need to develop
more detailed models to account for effects beyond the ones we have discussed in this

Chapter.
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CHAPTER 7

Conclusion

Efficient propulsion systems for space travel hold the promise of revolutionizing
space exploration by making it more scalable and cost-effective. One particularly
promising candidate for this role is radiation pressure propulsion. Technological
advancements in lightweight materials have transformed the initial concept into a feasible
idea. This dissertation delves into the exploration of two types of radiation pressure
propulsion: laser-driven propulsion and extreme solar sailing.

In the case of laser sailing, the dissertation investigates the operational principles for
Earth orbital maneuvering. Lightweight spacecraft, driven by lasers, exhibit the capability
to execute maneuvers that are traditionally challenging for conventional chemical and
electrical propulsion systems. Transfers between low Earth and geostationary orbits, as
well as 90° plane change maneuvers, can be achieved within a few hours using a 1MW
laser beam or in a day with a lower laser power. The design of spacecraft lightsails is guided
by radiative thermal balance, achievable through the careful selection of materials, such as
silicon nitride and boron nitride, along with nanophotonic engineering. These designs
achieve absorptivity to emissivity ratios in the range of 10 to 103, providing near unity
reflectivity and ultralight areal density.

Extreme solar sailing is another approach for fast transit space exploration that is
discussed in this dissertation. To push the limit of solar sailing, we explored solar sailing
within 3~5 Ryr to <0.2 AU of the sun and examined sail materials that can potentially

withstand such an extreme environment. Materials that can withstand the high solar
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irradiance in the vicinity of the sun are surveyed. We have suggested two design
approaches: first one is the two-layer design using TiN as the reflective layer and CNT as
the supportive material, and the second one using silicon nitride with nanophotonic design.
For the first approach we developed a new fabrication process to create TIN/CNT thin film
freestanding materials. A freestanding solar sail sample is fabricated and characterized.
The sail sample survives 450°C thermal cycling, while preserving optically smooth
reflection. Plasma damage on this type of sail is simulated with sputtering estimated to be
0.02 nm/hr 2 Ry from the sun. For the silicon nitride solar sails, we examined strategies for
nanophotonic inverse design. Metasurface and multilayer designs are explored, and the
structures with 75% solar reflectivity and 2 g/m? areal density are obtained.

This dissertation shows that principles of nanophotonic engineering can be used to
create a next generation of advanced space systems for future breakthrough space
exploration. Meticulously designed optical nanostructures powered by photon pressure

may one day get to far reaches of space.
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