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The photonic propulsion of lightsails can be used to accelerate spacecraft to relativistic velocities, providing
a feasible route for the exploration of interstellar space in the human lifetime. Breakthrough Starshot is an
initiative aiming to launch lightsail-driven spacecrafts accelerated to a relativistic velocity of 0.2c via
radiation pressure of a high-power laser beam in order to probe the habitable zone of Alpha Centauri,
located 4.2 light years away from the Earth, and transmit back the scientific data collected in the flyby
mission to an Earth-based receiver. The success of such a mission requires the lightsail to provide
maximal acceleration while featuring beam-riding stability under the illumination of an intense laser
beam during the launch phase. Moreover, the large-area lightsail can be harnessed to improve the
margin in the photon-starved downlink channel throughout the communication phase by maximizing
the gain of the transmitter despite extending the acceleration period and reducing the stability margin
due to the elimination of a portion of the propulsion segments. Owing to the potential of metasurfaces
to serve as low-weight versatile multifunctional photonic components, metasurface-based lightsails or
metasails are deemed to be ideal candidates to simultaneously address the requirements of photonic
propulsion and optical communication in laser-driven deep-space probes. Here, we demonstrate the
design of a multifunctional metasail for providing high acceleration and enabling the self-stabilized
beam-riding of a spacecraft with a detached payload from the sail while maximizing the transmission
gain in the downlink optical communication. The metasail consists of two interleaved sub-arrays of
dielectric unit cells operating based on the Pancharatham-Berry geometric phase, optimized to meet
the propulsion and communication requirements, respectively. The beam-riding stability of the sail is

analyzed through simulation of the motion trajectory during the acceleration phase, while taking into
Received 14th October 2021 t the effect of th lativistic D l hift d the d link icati f .
Accepted 3rd February 2022 account the effect of the relativistic Doppler shift, an e downlink communication performance is
enabled by providing the required conjugate phase by the metasail elements, resulting in beam

DOI: 10.1039/d1na00747¢ collimation. The obtained results verify the multifunctionality of the platform and point toward the
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mirrors to significant fractions of the speed of light for inter-
stellar space travel.>® With photonic technology being in its

1 Introduction

Since the discovery of Alpha Centauri in 1917, located approx-
imately 4.2 light-years from the Earth as the nearest star to the
solar system, humans’ dream for interstellar voyage has pushed
the limits of technology in the field of space exploration,
convincing engineers and scientists of the infeasibility of pro-
pulsion technologies based on chemical propellants to enable
interstellar travel, as it will take hundreds of millennia to reach
the target, which is not comparable with the human life span.*
Several propulsion schemes have been proposed for realizing
interstellar travels over the last century. With the advent of Ruby
lasers in 1960, Marx and Forward postulated the use of X-ray
and microwave laser beams to propel large-area reflective
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infancy, the technical realization of such a technology seemed
to be impractical. Nevertheless, the dramatic technological
advances in the 21st Century have brought this goal closer
within reach. In particular, the successful interplanetary space
missions by JAXA and NASA using lightsails in recent years*”
have re-sparked the interest in the use of photonic propulsion
for deep space exploration.® The concept of the lightsail was first
conceived of by Tsiolkovskiy and Tsander, who proposed the
use of the radiation pressure of sunlight as a propellant for
spacecrafts by utilizing large reflective mirrors which would
eliminate the need for reaction mass.” The operating principle
of a lightsail is based on the momentum exchange between the
light and the object upon scattering, which is manifested by an
optical force exerted on the object. Optical forces are currently
being used in variety of applications, including the manipula-
tion and trapping of the nanoparticles.'*"*
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Soon after the discovery of Proxima Centauri B, the exoplanet
within the habitable zone of Alpha Centauri, in 2016, the
Breakthrough Starshot initiative was launched, aiming to send
a swarm of lightsail-driven probes to this region for collecting
scientific data in a flyby mission and transmitting information
back to an Earth-based receiver. For this purpose, the Break-
through Starshot envisions ultra-light spacecrafts consisting of
a payload, called Starchip, carrying communication and sensing
equipment, and a large-area lightsail which is accelerated to
20% of the speed of light under the illumination of a high-
power laser beam (100 GW) generated by an Earth-based laser
array, for a duration of approximately 1000 seconds. The
interstellar voyage would take approximately 20 years, followed
by communication with Earth, which would take an additional
4 years."'*** Although this project does not violate any known
physical laws, it presents significant challenges for the current
state-of-the-art of engineering and requires major break-
throughs in several fields in order to succeed. The photonic
design of the lightsail is one of these key challenges. An effective
photonic propulsion requires the sail to exhibit an optimal
tradeoff between mass and reflectivity to maximize the accel-
eration.’®"” Furthermore, the sail should provide restoring
forces and counterbalancing torques to stabilize the beam-
riding and remain within the beam area for the entire acceler-
ation phase.'?* In particular, these requirements should be
addressed over a Doppler-broadened propulsion band due to
the significant red-shift of the beam’s wavelength in the frame
of the moving sail with relativistic velocities. Another require-
ment of the probe is the ability to communicate with an Earth-
based station in order to send the collected scientific data via
a photon-starved free-space channel. Given that the lightsail is
the largest area of the probe, harnessing it for maximizing the
gain margin by increasing the aperture size in the downlink
communication is highly desirable and indispensable for
lowering the requirement on the signal power and size of the
Earth-based receiver. The material choice for the lightsail is
another crucial aspect.'** The sail should survive the intense
illumination of the laser beam during the acceleration phase
through minimal absorption and effective radiative cooling, but
also should maintain integrity under thrust in the extreme
environmental conditions of space, including zero atmospheric
pressure, dramatic temperature fluctuations, and cosmic
radiation.

In earlier works, engineering the geometry of conformal
lightsails made of opaque materials has been proposed to
achieve self-stabilized beam-riding.'®*****® The integration of
Fresnel-zone antennas as part of a solar sail has also been
envisioned for accommodating sufficient transmitter gain to
satisfy the communication link requirements in solar sail
missions.>”** More recently, lightsails made of nanophotonic
structures and metasurfaces have been shown to not only
maximize the acceleration by providing an optimal tradeoff
between mass and reflectivity,'**>*® but also to enable the self-
stabilization of beam-riding with flat macroscopic geome-
tries.?**>31%> These metasails can offer complex wavefront
control by relying on phase discontinuities created by their
constituent nanoantennas rather than relying on a gradient
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propagation phase delay in conventional conformal struc-
tures.*® Metasurfaces are also ideal platforms for achieving
versatile multifunctional photonic components. As such, they
can be used to realize multifunctional metasails which simul-
taneously address the requirements of photonic propulsion and
downlink optical communication in a deep space probe.

In this work, we present the design of a multifunctional
metasail consisting of two sub-arrays of distinct nanoantennas
made of crystalline silicon (c-Si) interleaved in a 2 x 2 m?
shared aperture backed by an ultrathin silica substrate to
accommodate the requirements of stable beam-riding and
optical communication at the same time. Due to the dual
functionality of the sail and the concurrent presence of both of
the components in the simulations, the optical properties of the
propulsion and communication building blocks should be
engineered in a manner that the destructive interference of
their responses on one another is minimized, which can be
achieved by a proper optimization process. As shown in Fig. 1
the payload carrying the communication circuitry is considered
to be detached from the sail, located on the illumination side
and connected to the sail via rigid booms. During the acceler-
ation phase, the ultra-light metasail maximizes the thrust under
illumination of a high-power laser beam and stabilizes the
beam-riding until reaching the target relativistic velocity of 0.2c.
For this purpose, it provides high reflectivity, as well as
restoring forces and counter-balancing torques across the entire
Doppler-broadened propulsion band of corresponding to the
propulsion laser wavelength of 1, = 1.3 um. In the communi-
cation phase, the metasail serves as a large-area reflector for the
communication payload, which collimates the highly divergent
data-carrying beam generated by the small photonic chip at the
communication wavelength of 2. = 1065 nm and gives rise to
a diffraction-limited beam at the farfield to maximize the
transmission gain in the downlink communication.

The rest of the manuscript is organized as follows. In Section
2, we delineate the design procedure of the interleaved meta-
surface and its constituent unit cells. In Section 3, we outline
the optomechanical modeling and stability analysis framework
by a motion trajectory estimation. The possibility of the down-
link communication and the required components and the
results of the proposed communication systems, including the
calculated antenna parameters, are discussed in the Section 4.
Finally, the final conclusions are drawn in Section 5.

2 Interleaved geometric phase
metasurface design

Throughout this work, we choose the propulsion laser wave-
length as Ao = 1.3 pm, according to the atmospheric trans-
parency window, which yields a Doppler-broadened propulsion
band of [1.3 um, 1.586 um] for a terminal velocity of 0.2¢. The
communication wavelength is also chosen to be at A. =
1065 nm, which yields a Doppler-shifted wavelength of 1, = 1.3
um for the beam received at the Earth-based station. This choice
allows the same Earth-based phased array system to be used for
both propulsion and communication in principle.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Propulsion

(a) Graphical depiction of a spacecraft consisting of a multifunctional metasail with an interleaved design and a payload (Starchip)

detached from the sail, deployed in the space. The Starchip can feature photonics phased arrays for beamforming. (b) The propulsion of the
metasail under the illumination of an intense laser beam generated by an Earth-based laser array during the acceleration phase. (c) Optical
communication of the metasail with the Earth-based receiver station during the communication phase.

In order to accommodate the stable beam-riding and optical
communication requirements of the probe shown in Fig. 1, the
metasail should be capable of complex wavefront control via
phase discontinuities, both across the Doppler-broadened
propulsion band and at the communication wavelength. The
former capability should be used to create lateral restoring
forces and counter-balancing torques to correct deviations of
the sail’s position with respect to the beam axis during beam-
riding, while the latter capability should be harnessed for
collimating the data-carrying beam emitted from the Starchip to
maximize transmission gain in the downlink communication.
Given the independence of these functionalities, two distinct
phase discontinuity profiles should be imprinted across the
metasail. A common approach to achieve this goal is to use
shared aperture interleaved metasurfaces, in which two or
multiple sub-arrays are interspersed, each of which is associ-
ated with a different phase function.*** Although previous
demonstrations of metasails have relied on diffraction or
resonant phase tuning to enable wavefront engineering,>*->*">
the use of the geometric Pancharatnam-Berry (PB) phase shift
seems to be a more natural choice, especially when it comes to
a multifunctional design. The use of PB phase not only gives rise
to a dispersionless phase discontinuity suitable for the broad-
band response required across the Doppler-broadened pro-
pulsion band for stable beam-riding, but also yields minimal
crosstalk between the phase response of the interleaved sub-
arrays in a multifunctional shared aperture platform owing to
its non-resonant nature.***> The independence of the geometric
phase from the incident angle also allows for sustaining the
phase gradient under rotational deviations of the metasail with
respect to the beam axis, which is crucial for generating
counter-balancing torques to stabilize the beam-riding. In such
a design, the constituent nanoantennas of the metasurface will
convert the handedness of a circularly-polarized (CP) light upon

© 2022 The Author(s). Published by the Royal Society of Chemistry

reflection or transmission, whose local phase can be controlled
simply by rotating the nanoantennas around their optical axis,
independent from the incident wavelength and angle.*
Specifically, by rotating a nanoantenna by 6 around its optical
axis, the reflected CP light of the same handedness and the
transmitted light of the opposite handedness will acquire
a phase shift of 26, which allows the access to the full 27t span in
the phase gradient profile. In the limit of adiabatic transitions
and dismissing the adverse coupling effect between the unit
cells, the amplitude of cross circular polarized light is main-
tained constant as the unit cells are rotated around their axis,
which yields minimal spurious scattering.

In addition to the propulsion and communication func-
tionalities, thermal management of the sail requires it to exhibit
minimal absorption in the Doppler-broadened propulsion band
while providing sufficient emissivity across the thermal mid-
infrared spectrum. These requirements are shown to be satis-
fied, with all-dielectric platforms being a hybrid of c-Si and
silica.**** The high refractive index of c-Si can also be harnessed
to enhance the light-matter interaction via the excitation of
resonant modes to increase the reflectivity of the metasail in the
propulsion band.

Here, we design two sets of building blocks for addressing
the requirement of photonic propulsion and optical commu-
nication, respectively. The height and periodicity of both
building cells are chosen to be identical to facilitate the fabri-
cation and assembly process. The building block responsible
for accommodating stable beam-riding is considered to be a c-Si
nanobar while the one addressing the requirement of commu-
nication is chosen to consist of two non-identical ¢-Si nanobars
which are placed orthogonal to one another with a distance of G
for extending degrees of freedom in the constrained design
space. The periodic response of the unit cells is modeled via an
in-house developed solver based on rigorous coupled wave

Nanoscale Adv, 2022, 4,1727-1740 | 1729
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analysis (RCWA), which is one of the most powerful methods for
simulating multiplayer planar periodic structures.***° Consid-
ering the existence of two sets of unit cells in the proposed
structure, operating in different bands, we have performed
separate multiobjective genetic algorithm (GA) optimizations
for each of the propulsion and communication unit cells by
considering the demands for an efficient photonic propulsion
and optical communication performance. The geometrical
dimensions of the propulsion building block are optimized
taking the following objectives into consideration: (1) maxi-
mizing the acceleration by providing an optimal trade-off
between mass density and circular cross-polarization conver-
sion in reflection across the Doppler-broadened propulsion
band and (2) exhibiting minimal crosstalk with the communi-
cation building block by minimizing the circular cross-
polarization conversion in reflection at the communication
wavelength of A, = 1065 nm. Similarly, the structural parame-
ters of the communication building block are optimized in
order to (1) maximize the transmission gain by providing
maximal circular cross-polarization conversion in reflection at
the communication wavelength and (2) minimize the crosstalk
with the propulsion building block by minimizing the circular
cross-polarization conversion in reflection across the Doppler-
broadened propulsion band. The optimized structural param-
eters marked in Fig. 2(a) are given as: L; = 500 nm,W; = 252 nm,
L, = 350 nm, W, = 125 nm, L; = 206 nm, W; = 195 nm, hg; =
500 nm, Agjjica = 40 nm, G = 325 nm, /1 = 680 nm, which identify
the designs with optimal performance within the design space.
It should be noted that the propulsion and communication unit
cells possess equal periodicity /1 = 680, hence we have shown
one of the borders of the annular propulsion and communica-
tion portions at the edge of the metasail in the zoomed in
section of Fig. 2(a).

Here, we set the polarization of incident light as a left-
handed CP light, with the only difference being that the
geometric phase would be conjugate for the opposite handed-
ness. Similar results can be obtained for the right-handed
polarization. Fig. 2(b) and (c) show the reflectance of the
designed unit cells responsible for communication and pro-
pulsion functionalities corresponding to the reflected CP light
with and without cross polarization conversion in the meta-
surface (rry, and rir), respectively. Fig. 2(c) and (d) show the
same for transmitted CP light. It should be emphasized that the
reflection and transmission of the CP light undergoing cross-
polarization conversion in the metasurface which experiences
geometric phase shift are associated with ry;, and ¢y g. This is
while rir and ¢, do not acquire any geometric phase shift and
their scattering is described by conventional laws of reflection
and transmission, as opposed to generalized Snell’s laws gov-
erning the response of 1, and ¢y in a gradient metasurface. As
can be clearly observed from the results, the communication
unit cell exhibits a near-unity peak for the cross-polarization
conversion (r;) at the communication wavelength of 1. =
1065 nm. At the same time, it is mostly transparent and features
minimal reflectivity over the Doppler-broadened propulsion
band of [1.3-1.586 pum], minimizing its crosstalk with the pro-
pulsion unit cell. On the other hand, the propulsion unit cell
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shows a relatively high reflectivity for cross-polarization con-
verted light (r..) over the entire Doppler-broadened propulsion
band of [1.3-1.586 pum)].

In order to render the metasail as a multifunctional plat-
form, we divide the 2 x 2 m” aperture of the sail into 14
concentric circular regions which are assigned to the commu-
nication and propulsion building blocks alternately. Alternative
configurations for interleaving can also be considered given the
weak cross-talk between the sub-arrays. The orientation of the
building blocks at each radial distance from the center of the
sail is set according to the required phase functions for
accommodating stable beam-riding and optical communica-
tion. Both of these phase functions are considered to be para-
bolic to yield focusing of the reflected CP light undergoing
polarization conversion (rp;) at their respective operating
wavelengths. For the stable beam-riding, the focal distance of
the propulsion sub-array across the Doppler-broadened pro-
pulsion band should be shorter than a threshold set by the
distance spacecraft’s center-of-mass from the sail, as shown
previously for the parabolic sails with detached payloads.'®****
This allows for the creation of restoring lateral forces and
sufficiently strong counter-balancing torques to compensate for
deviations in the sail’s position with respect to the beam axis.
On the other hand, the focal distance of the communication
sub-array at the communication wavelength should be equal to
the distance of the payload from the sail to allow for the colli-
mation of the beam emitted from the Starchip, under reci-
procity. Given that the location of the spacecraft’s center-of-
mass depends on the distance of the payload from the sail,
the phase functions for photonic propulsion and optical
communication, although independent, are correlated. In the
following sections, we study the performance of the interleaved
metasail for both functionalities while taking into account this
correlation.

3 Photonic propulsion

As highlighted earlier in the manuscript, a successful photonic
design of the sail for photonic propulsion requires the sail to
have a self-stabilizing optomechanical response which allows it
to keep itself within the beam area for the entire duration of the
acceleration phase until reaching the target relativistic velocity
of 0.2¢. In this section, we analyze the beam-riding stability of
the multifunctional metasail with interleaved design and study
its motion trajectory in the acceleration phase under the illu-
mination of an intense laser beam with the net power of 100
GW, while taking into account the effect of the relativistic
Doppler shift.

We start by constructing the nanostructured geometry of the
interleaved metasail according to the phase functions corre-
sponding to the propulsion and communication sub-arrays,
denoted by ¢p(x,y) and ¢.(x,y), respectively. For this purpose,
the orientation of unit cells forming each sub-array across the
metasail is adjusted according to the required geometric phase
imprinted across the reflected light undergoing cross circular
polarization conversion at their respective operating wave-
lengths when the metasail is illuminated by left-handed CP

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Geometry of the multifunctional metasail and its constituent unit cells (not drawn to scale). The metasail consists of two sub-arrays of

c-Si nanobars interleaved in a shared aperture placed on top of a silica substrate. It should be noted that both of the unit cells are distributed on
the sail in a way that the periodicities are in the x and y direction. The 2 x 2 m? aperture is divided into 14 concentric circular areas, which are
alternately assigned to the communication and propulsion unit cells. The optimized structural parameters of the unit cells are given as L, =
500 nm, Wy =252 nm, L, = 350 nm, W, = 125 nm, Lz = 206 nm, W3z = 195 nm, hs; = 500 nm, hgjiica = 40 nm, G = 325 nm, 4 = 680 nm. (b)—(e)
show the reflectance and transmittance of the propulsion and communication unit cells corresponding to the left-handed and right-handed
scattered light under illumination with a left-handed circularly polarized beam.

light. The phase functions

2T
Pp(x,y) = _/\_O(sz Ty +F —Fp)

2 .
. (x,y) = —Tﬂ( x2+y?+F. —F.), with F, and F. corre-
C

are  described by

and

sponding to the focal distance of the propulsion and commu-
nication sub-arrays at A, = 1.3 pm and A. = 1065 nm,
respectively. The mass of the 2 x 2 m? sail is estimated as m; g =
1.405 g according to the mass density of silicon and silica. The
payload mass is considered to be equal to the sail’s mass such
that the total mass of the spacecraft is given by 7, = 2.81 g and
the center-of-mass distance from the sail is equal to half the
distance of payload from the sail or the focal distance of the
communication sub-array, i.e. dcy = Fc/2.

Given that the sail structure is extended over many light
wavelengths and features subwavelength features, a full-wave
simulation of the metasail structure is prohibitive due to the
enormous computational complexity. As such, in order to
evaluate the scattering response of the large-area interleaved

© 2022 The Author(s). Published by the Royal Society of Chemistry

metasail, we use an approximate method based on generalized
Snell’s laws with the assumption of local periodicity, which
describes the local scattering response of any given unit cell in
a quasi-periodic gradient metasurface by its response in a peri-
odic arrangement obtained using full-wave RCWA simulations
here.** This approach has been shown to yield fairly accurate
results for large-area metasurfaces with smooth transitions
between the adjacent unit cells and is capable of bringing out
the essential physics with minimal computational
complexity.*** Following predictions of the optical response
using generalized Snell’s laws using RCWA simulation results
for the unit cells based on local periodicity approximation, we
calculate the spatial distribution of the optical forces for a given
position and orientation of the sail by evaluating the flux of
Maxwell’s stress tensor through small groups of unit cells across
the metasail,>»* which results in closed-form expressions in
terms of the local reflection/transmission coefficients, spatial
phase gradient, amplitude profile of the incident field, and

Nanoscale Adv, 2022, 4,1727-1740 | 1731
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angle of incidence. The components of the total force and tor-
que imparted to the sail, as shown in Fig. 3, can be then ob-
tained through the integration of local forces across the
metasail as F= [dF and 7T = [d7 = [Fou x dF, with Fou
being the vector pointing from the center-of-mass to a location
on the surface of metasail. It should be emphasized that we
have taken into account co-polarized and cross-polarized scat-
tering in both reflection and transmission to attain optical
forces. Further details regarding this modeling approach and
the closed-form expressions for the optical forces are provided
in Section S1 of the ESI.{ Moreover, the wavefront engineering
capability of the designed unit cells based on the geometric
phase is rigorously verified via full-wave RCWA simulations for
small supercells and the results are included in Section S2 of the
ESI,7 which show excellent agreement with the predictions of
the generalized Snell’s laws based on local periodicity.

Assuming rigid dynamics for the spacecraft, its mechanical
response is governed by Newton-Euler equations. Given the
azimuthal symmetry of the phase functions and the optical
response, as well as the circular polarization of incident laser
beam, the metasail will experience zero torque around the beam
axis (r, = 0). In such a non-spinning case, the Newton-Euler
equations can be written as a nonlinear system of ordinary
differential equations in the following form:*»**

X Fx
- 2 |y Fy
m, I>< 0 d 7,
t0103 3 . 7 FPa z | =|F (”7 Oy VZ) (1)
cmi2x2 0. Tx
0, Ty

yr z'
Tyl ‘

Fig.3 The depiction of the Euler angles, as well as the components of applied forces and torques, on the moving metasail in the local coordinate
system.
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where 7 = [x, , z]" is the position vector for the center-of-mass in
the stationary global coordinate system, 6 = [6,, by, 0,]" is the
vector of Euler angles shown in Fig. 3, v, = dz/d¢ is the velocity of
the spacecraft along the beam propagation direction, and Icy is
the principal moment of inertia about the center-of-mass, which is
given by Icy = Muodon® When the mass of payload and the
lightsail are equal. The change of the force and torque
components as a function of velocity (v,) is governed by the rela-
tivistic Doppler-shift of the wavelength
(A(;) = 2o/(1 +v;/c)/(1 —»;/c)) (taking into account time-
dilation within the special relativity framework®) and the disper-
sive response of the metasail. The force and torque components
also have nontrivial dependencies on the position and orientation
of the sail within the global coordinate system for a given incident
beam profile, which are taken into account by the change in the
incident angle and illumination beam offset in the local coordi-
nate system of the metasail (as shown in Fig. 3). In order to obtain
the motion trajectory of the metasail during the acceleration
phase, we use a concurrent coupling of the optical model with
Newton-Euler equations. For this purpose, the nonlinear system
of the Newton-Euler equations is numerically solved through
forward integration in time via the Runge-Kutta method while
recalculating the force and torque components depending on the
position, orientation, and velocity at each time-step.

Although the motion trajectory of the sail can be used to
infer the stability of the beam-riding by observing the bounded
oscillatory motion of the sail within the transverse plane of the
laser beam, it can be excessively time-consuming. A linear
stability analysis based on the eigenvalues of the sail’s trans-
verse dynamics can be conducted for a more efficient evaluation
of the beam-riding stability, as well as gaining insight into the
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role of different parameters, such as the Doppler shift and
chromatic dispersion on the stability condition. To this end, the
dynamics of the sail can be projected into the transverse plane
orthogonal to the beam propagation direction as follows:*®

x k()  —k(2) 0 0 x
a |6, —k3(2) —ka(2) 0 0 o,
@y [Tl 0 0 k) ko ||y]T0®
0, 0 0 ki(d) —ks(2) || 6,

which is essentially the governing equation of a four-
dimensional oscillator, with the entities of the spring
constant matrix defined as:*®

TR .
k 1 dr, 1 9ty (6)

T Iow 89, Iow 09,

These partial derivatives can be evaluated numerically in the
linear regime by differentiation of the force and torque compo-
nents for small displacement and rotational offsets with respect
to the upright position of the sail located at the center of the
beam. The eigenvalues of the matrix in eqn (2) governing the

transverse  dynamics of the sail are given by
Ja = = 050k — ki /(b — ka)? + akiks + akoky) and
A3 = )\4 = 05(/(1 — k4 — \/(kl — k4)2 + 4k1k4 + 4k2k3 ) The

necessary and sufficient conditions for the marginal stability
requires these eigenvalues to have positive real parts.'®* From the
given expressions, it can be inferred that a necessary condition
for marginal stability is k&, + kyk; < 0. For a parabolic metasail
giving rise to restoring lateral forces and counterbalancing tor-
ques under displacement and rotational deviations with respect
to the upright position, yielding &; > 0 and k, < 0, this condition is
also a sufficient condition for marginal stability. The quantity
C = kyk, + kyk3 describes the coupling between the displacement
and rotational degrees of freedom.>***> A larger magnitude of
the coupling between the displacement and rotation yields
a lower tolerance of the beam-riding stability with respect to the
displacement and rotational offsets, which results in a larger
residual motion at the terminal velocity. This is while in case of
a positive coupling, slightest perturbations in the position and
orientation of the metasail with respect to the beam center can
cause the metasail to be expelled from the beam area.'**

3.1 Linear stability analysis

Here, we use the linear stability analysis to study the required
conditions for the beam-riding stability of the metasail. The
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incident field is assumed to have a Gaussian mode profile as

)
E(x,y) = wlo A /%PO exp <xTozy>’ in which 7 is the free-space

impedance, w, is the beam’s spot size, and P, is the net power
of the beam, assumed to be 100 GW throughout this work.

The distance of the payload from the sail defines the
geometry of the communication sub-array according to its focal
distance at the communication wavelength, which is set to be
twice the distance of the center-of-mass from the sail. Fig. 4(a)
schematically shows the reflection response of the metasail’s
sub-arrays under the illumination of a laser beam in the pro-
pulsion mode. It should be noted that the reflectivity of the
communication sub-array across the Doppler-broadened pro-
pulsion band is significantly lower compared to that of the
propulsion sub-array.

First, we evaluate the stability condition of the metasail at
the incident laser wavelength as a function of the nominal focal
distance of the propulsion sub-array (i.e. the focal distance at
Ao = 1.3 um) and center-of-mass distance from the sail when the
beam spot size is fixed at w, = 80 cm. Fig. 4(b) shows the results
for the marginal stability basins. As it can be seen, the metasail
is marginally stable when the center-of-mass distance from the
sail is larger than a threshold defined by the focal distance of
the propulsion sub-array. While previous works have reported
the required center-of-mass distance from a parabolic sail to
achieve marginal beam-riding stability as dcym > 2F,,"®**?** here
the minimum required, dcy, is larger, which is attributed to the
contribution of the communication sub-array and the specular
reflections due to co-polarized scattering. Fig. 4(c) shows the net
thrust imparted to the metasail along the beam propagation
direction as a function of the nominal focal distance of the
propulsion sub-array and the incident beam’s spot size. It
should be noted that the net thrust is independent of the
location of the center-of-mass, while the beam spot size weakly
affects the stability condition. As it can be observed from the
results, a smaller beam size yields stronger propulsion due to
the higher confinement of the beam on the sail area and less
energy spill-over. Moreover, the net thrust is larger for longer
focal distances, which yield smaller in-plane lateral forces.
Nevertheless, the absence of half of the propulsion layers comes
with the cost of a significant reduction of the net thrust.

Having studied the stability condition of the metasail at the
incident wavelength of the propulsion laser beam, we move on
to analyze the effect of the relativistic Doppler shift on the
stability condition by studying the optomechanical response of
the metasail across the Doppler-broadened propulsion band.
For this purpose, we fix the beam’s spot size as w, = 80 cm and
the center-of-mass distance from the sail as doy = 6 m. Fig. 4(d)
shows the net thrust imparted to the metasail as a function of
the nominal focal distance of the propulsion sub-array (defined
as Ao = 1.3 pm) and the wavelength. As it can be seen from the
results, the net thrust decreases as the wavelength increases,
which can be attributed to two factors, namely the increase in
the in-plane lateral forces caused by the dispersive response of
the focusing of the propulsion sub-array and the reduction in
the average reflectivity of the metasail. The marginal stability
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(a) Schematic depiction of the functionality of the interleaved metasail with a detached payload in the propulsion phase under illumination

with an intense laser beam. The propulsion sub-array is designed to focus the reflected beam at a distance shorter than the distance of the
center-of-mass from the sail in order to stabilize the beam-riding via the generation of lateral restoring forces and counter-balancing torques.
The latter is determined by the distance of the communication payload from the sail, which is also equal to the focal distance of the
communication sub-array. (b) The marginal stability region of the multifunctional metasail as a function of the nominal focal distance of pro-
pulsion sub-array and center-of-mass distance from the sail, when the incident beam spot size is wg = 80 cm. (c) The net thrust imparted on the
metasail along the beam propagation direction as a function of the nominal focal distance of the propulsion sub-array and the incident beam
spot size. (d) The net thrust exerted on the metasail as a function of the wavelength and the nominal focal distance of the propulsion sub-array
when wo = 80 cm. (e) The stability region of the metasail as a function of the wavelength and the nominal focal distance of the propulsion sub-
array when dcm = 6 mand wo = 80 cm. (f) The results of ray tracing of the reflected beams undergoing cross circular polarization conversion (£ )

at different wavelengths across the Doppler-broadened propulsion band based on generalized Snell's laws.

basin of the metasail is also depicted in Fig. 4(e) as a function of
the nominal focal distance of the propulsion sub-array and the
wavelength. It can be observed that not only can the marginal
stability condition be sustained over the entire Doppler-
broadened propulsion band by an appropriate choice of the
nominal focal distance, but also that the stability basins
expands in size as the wavelength red shifts, which is attributed
to the growth in the magnitude of the in-plane lateral forces,
yielding an improvement of the stability condition. In order to
provide more insight into the dispersive optical response of the
metasail and its effect on the stability condition, we conduct
a ray tracing of the reflected CP light undergoing cross-
polarization conversion in a metasail, with a nominal focal
distance of F, = 1 m for the propulsion sub-array and a center-
of-mass distance of dcyy = 6 m (corresponding to the focal
distance of F. = 2dcy = 12 m for the communication sub-array),
based on the generalized Snell’s law. Fig. 4(f) shows the
normalized reflected rays from the metasail at different wave-
lengths. The rays reflected from the communication and pro-
pulsion sub-arrays are denoted by distinct colors associated
with the color of their corresponding unit cells. As can be seen,
the reflected rays from the propulsion sub-array converge at

1734 | Nanoscale Adv, 2022, 4, 1727-1740

a shorter distance compared to those reflected from the
communication sub-array. Although a perfect focusing of the
reflected rays from the propulsion sub-array can only be ach-
ieved at the incident laser wavelength, the anomalous reflection
response is sustained over a broad bandwidth due to the dis-
persionless property of the geometric phase, yielding conver-
gence of the reflected rays toward the beam axis. Despite the
aberrations caused by the chromatic dispersion of the focusing
performance, the circle of least confusion gets closer to the
metasail as the wavelength red-shifts, which yields stronger in-
plane lateral forces due to stronger anisotropy in the transverse
scattering from the propulsion sub-array. It should be empha-
sized that, despite the dispersionless property of the geometric
phase, its employment by itself cannot yield an achromatic
focusing performance that requires a phase with an inverse
linear proportionality to the wavelength, rather than a wave-
length-independent phase.

3.2 Motion trajectory

In this subsection, we analyze the motion trajectory of the
multifunctional metasail during the acceleration phase under
illumination with an intense laser beam with a net power of 100
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GW, subject to displacement and rotational offsets with respect
to the beam axis. Such a study is essential to infer the beam-
riding stability of the metasail, as its actual motion dynamics
are governed by a nonlinear system whose stability depends on
the relative ratios between displacement and rotational offsets
which cannot be fully described through a linear stability
analysis. Furthermore, obtaining the motion trajectory provides
an accurate measure of the acceleration time and distance while
alsoyielding an estimate for the residual motion at the terminal
velocity.

The center-of-mass distance from the metasail is set as
dcy = 6 m, corresponding to a focal distance of F. = 12 m for
the communication sub-array, and the nominal focal distance
of the propulsion sub-array is fixed at F, = 1 m. These quantities
ensure the marginal stability of the metasail in the linear
regime across the entire Doppler-broadened propulsion band,
according to the study conducted in the previous subsection.
The beam spot size is fixed at w, = 80 cm, which is assumed to
be maintained over the entire acceleration phase through
employing adaptive optics in the photon engine in order to
ensure maximal energy efficiency by avoiding energy spill over.
Considering the propulsion laser beam is diffraction limited,
this requirement sets the size of the required laser array
according to the acceleration distance of the metasail (i.e. the
distance that the metasail has to travel to reach the terminal
velocity).

As noted in Section 3, the motion trajectory is calculated by
solving the Newton-Euler equations via the Runge-Kutta
method while being concurrently coupled to the optical model
to take into account the dependencies of the force and torque
components on the position, orientation, and velocity, with the
latter being governed by the relativistic Doppler shift. In order
to gain insight into the features of motion with respect to the
displacement and rotational degrees of freedom, we obtain the
motion trajectory of the spacecraft during the entire accelera-
tion stage for two different cases where the metasail is subjected
to an initial displacement offset relative to the beam axis with
no inclination, and an initial rotational offset with no trans-
verse displacement. Fig. 5(a) demonstrates the displacement,
rotation, velocity (v,), and traveled distance of the spacecraft as
functions of time for an initial displacement offset of Ax =
10 cm with respect to the center of the beam in the absence of
a rotational offset. As can be observed from the results, the
metasail remains within the beam area while exhibiting
a bounded oscillatory motion in the transverse plane, until
reaching the target velocity of 0.2c over =690 seconds (=11.5
minutes) after traveling a distance of =23.453 x 10° m. The
beam-riding in such a time-scale is afforded thanks to the
satisfaction of the marginal stability condition over the entire
Doppler-broadened propulsion band, which allows the metasail
to remain within the beam area despite the significant red-shift
of the wavelength in the frame of the moving sail as its velocity
increases. The results show that the displacement offset (Ax)
leads to a non-zero oscillation amplitude in the rotational offset
(Ady) as a result of the cross-coupling between displacement
and rotation. Nevertheless, the amplitudes of oscillations in
both the displacement and rotation remain bounded due to the

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

negative coupling coefficient k;k; + kyk;. Furthermore, the
amplitude of the oscillation in the displacement offset with
respect to the beam center reduces substantially as the sail
accelerates, which is a result of the Doppler shift and the
dispersive optical response of the metasail. While the non-
dispersive response of a conventional lightsail renders its in-
plane motion dynamics as those of an undamped oscillator,
the Doppler shift in a dispersive accelerating metasail can act as
a damping mechanism for the residual motion. The result
presented here shows suppression of the displacement offset
with respect to the center from 10 c¢m to less than 2 cm at the
terminal velocity. Considering the rotational symmetry of inci-
dent field and the metasail’s response, similar results can be
obtained for the trajectory of the metasail subject to any radial
displacement offset with respect to the beam’s center. The same
analysis is performed for the metasail subject to an initial
rotational offset of A, = 2° around the y axis in the absence of
the displacement offset, and the results for the displacement,
rotation, velocity (v,), and traveled distance of the spacecraft as
functions of time are shown in Fig. 5(b). Similar to the previous
case, a stable beam-riding is observed until reaching the target
velocity, which is accompanied by an oscillatory motion in
lateral displacement and rotation around the beam axis. The
acceleration time and distance are negligibly affected by the
change in the initial position and orientation, while the residual
motion is significantly increased. This observation indicates
that the motion behavior of the metasail governed by
a nonlinear system is strongly dependent on the relative ratios
between displacement and rotation. It is noteworthy that, while
the oscillatory motion of the metasail in the included results
here is limited only to the (x, 6,) plane due to the choice of Ay =
0 and Afd, = 0, the designed metasail, being rotationally
symmetric, is capable of providing stability around the beam
axis with respect to all degrees of freedom in motion.

4 Downlink optical communication
of Starshot

The main purpose of the spacecraft propelled by the relativistic
lightsail in the Starshot project is to serve as an interstellar
probe. For this purpose, the spacecraft should be able to collect
data and transmit the data back to an Earth-based station
through optical communication in a flyby mission." The use of
modulated laser beams for deep-space communication has
been a subject of research for a long time and it has started to
find more and more applications in recent years for both
commercial applications and scientific missions.*** This is
motivated by the lower divergence of the laser beams compared
to radio-frequency waves, which can increase the reach of the
signal while also allowing for the reduction in size, weight, and
power (SWaP), which are highly constrained in a spacecraft.
Nevertheless, there are several challenges associated with the
pointing systems, as well as the development of space-qualified
and energy-efficient communication systems. These challenges
become more paramount for the Starshot project, since the
optical communication channel is photon starved as a result of
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Fig.5 Displacement, rotation, travelled distance and the velocity of the metasail with F, = 1 m and dcm = 6 m as functions of time (a) when the
metasail is subject to an initial displacement offset of Ax = 10 cm with respect to the beam center with no inclination and (b) when the metasail is
subject to an initial rotational offset of A, = 2° with respect to the beam axis in the absence of a displacement offset. In both cases, the metasail
exhibits stable beam-riding with a bounded in-plane oscillatory motion until reaching the target velocity of 0.2c in =690 seconds. (c) Indicates
the reached velocity and traveled distance for both of the cases during the acceleration stage.

the extremely long propagation distance and divergence of the
beam (approximately 4 light years away in the case of Proxima
Centauri), significantly limiting the number of photons reach-
ing the detector. The received number of photons or, equiva-
lently, the received signal power is directly related to the bit
error rate and throughput capacity in a communication
scenario. The Friis transmission equation can be used to obtain
the received signal power (Pg,) as:**

Pg, (dBm) = Pr, (dBm) + Gr, (dB) + Gg, (dB)
Ae

wherein Pry is the signal power at the transmitter, Gy and Ggry
are the gain of the transmitter and receiver, respectively, d is the
distance between the transmitter and receiver, and L is the loss,
taking into account the loss due to mispointing and relativistic
dimming caused by the Doppler shift. The budgeted loss for

1736 | Nanoscale Adv.,, 2022, 4, 1727-1740

mispointing determines the required accuracy for the pointing
system, which can use the incoming light from a celestial body
such as the Sun as a beacon beam for acquisition and tracking.
The fourth term on the right-hand side of eqn (7) describes the
range loss due to the divergence of the beam, which can be
estimated to be —473 dB for a distance of 4 light years between
the transmitter and receiver at A, = 1065 nm. This significant
loss indicates the paramount importance of maximizing the
gain of the transmitter and receiver in order to improve the
downlink margin such that a sufficiently low raw bit error rate
can be achieved with practical laser beam powers for the
transmitter carried by the spacecraft. The transmitter and
receiver gains are proportional to the area of the transmitter
and receiver, respectively. In other words, a larger aperture size
for the transmitter gives rise to a lower divergence of the beam
and increases its directivity. Given that the lightsail is the
largest area of the spacecraft, it seems indispensable to harness
it for increasing the transmitter gain in the downlink
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communication. To this end, in the current architecture of the
spacecraft, the multifunctional metasail is designed in such
a way that allows it to serve as a back reflector for the commu-
nication payload (Starchip) detached from the sail. This is
achieved by incorporating a parabolic geometric phase function
for the communication sub-array to collimate the highly diver-
gent beam being emitted from the Starchip at the communi-
cation wavelength of A. = 1065 nm. Essentially, the phase across
the metasail would be the conjugate of the wavefront of the
emitted beam from the Starchip covering the entire sail area by
adopting a proper beamforming apparatus.

Here, we evaluate the performance of the multifunctional
metasail in terms of directional gain. For this purpose, we set
the nominal focal distance of the propulsion sub-array and the
center-of-mass distance from the sail as F, = 1 m and dcy = 6
m, respectively. The latter corresponds to a focal distance of
F. =12 m for the communication sub-array at A. = 1065 nm. In
order to obtain the farfield reflection pattern from the sail and
its directivity, the local scattering response of the metasail
calculated via fullwave RCWA simulations based on the
assumption of local periodicity should be used to yield scattered
fields at observation points in the farfield region. This can be
achieved by using the field equivalence principle to obtain the
equivalent electric and magnetic surface currents across the
metasail as:

TP = it x H(P), M(7) = —it x E(F) 8)

which can subsequently be used for obtaining scattered fields in
a given observation point () in the farfield region as:*

7 - 1 T .7 7 A-v\val 7 -
ff(r)fﬁ S{ Js(f’)G(r, r)+<Js(f')~ > G(r, r)
-
r

— jweM (F) x V,G(V; )ds}

de(7) = 2§ [eimaelr 7 + (1.,7)¥) V6 (7 v
ff j(,L)é‘ s s s s s

- / e
+ jouds(F) x V G(F; r )ds}

In the above equations, Js and M are the equivalent surface
electric and magnetic currents, respectively, 7 is the unity
normal vector for the surface of the metasail facing the Starchip,
H, and E, are the local reflected magnetic and electric fields
from the metasail obtained from the response of unit cells
simulated by RCWA, respectively, w = 2mc/A. is the angular
frequency, u and ¢ are the permeability and permittivity of the
free-space, respectively, k = 27/A. is the wave number, and G is

the scalar Green’s function of free-space, given by
P
_/) e—]k r—r
G, r)= —-with rand 7’ being the position vectors for
amli— 1

the source and observation points, respectively.
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Fig. 6(a) and (b) show the distribution of the local phase and
amplitude corresponding to the reflected field at A. undergoing
cross circular polarization conversion (Ey). As can be observed,
the reflection at A. is dominated by the communication sub-
array which yields an in-phase wavefront for the reflected
beam. The propulsion sub-array also contributes to the scat-
tering, however it leads to deviation of the reflected beam from
the diffraction-limited response due to the phase mismatch
with the conjugated wavefront of the emitted beam from the
Starchip at A.. Fig. 6(c) shows the comparison of the normalized
farfield reflection pattern corresponding to an ideal 2 x 2 m?
collimator and the interleaved metasail. While the full-width at
half-maximum (FWHM) of the reflected beam by the interleaved
metasail is almost equal to that of the ideal collimator, being
equal to 0.49 prad, the finite size, the non-uniformity of
amplitude and phase mismatch caused by the contribution of
the propulsion sub-array leads to the emergence of parasitic
sidelobes. It is noteworthy that both sets of the unit cells in the
interleaved metasail configurations have parabolic phase
profiles with different focal distances of f. = 12 and f, = 1.
Therefore, when a beam with a parabolic wavefront emitting
from the Starchip (conjugate of the communication sub-array’s
phase) is incident on the sail, propulsion unit cells also coop-
erate in the reconstruction of a planar wavefront for the re-
flected beam. Furthermore, in this scenario, propulsion unit
cells can partially alleviate the destructive effects of interleaving
in which portions of the communication unit cells are elimi-
nated, such that the results are not affected significantly.

The directivity (D) of the aperture antenna can be calculated

u(o)

from D () = = in which U(f) is the farfield intensity of the

reflected beam and U is the mean reflection intensity, given by

U= f—r, in which p, is the total reflected power, which is esti-
T

mated to be Dy, = 136.46 dBi for the full-aperture and 133.46
dBi for the interleaved case.®® As shown in Fig. 6(d) the obtained
maximum directivity at ¢ = 0 is at Dyy = 132.74 dBi, which is in
a good agreement with estimated directivity. The gain of the
metasail antenna can also be calculated by replacing the U of
the interleaved metasail with that of an ideal collimator to take
into account the effect of insertion losses and parasitic scat-
tering in the link budget. The gain is estimated as Grx = 128.96
dB, which indicates that the use of a multifunctional metasail
for optical communication leads to a significant improvement
in the link margin compared to quasi-isotropic radiation from
a small communication payload.

We have presented a multifunctional metasail for extended
mission application and verified its dual functionality. There
are works in progress in this area and on different aspects,
including fabrication. A challenge is large-area fabrication and
using efficient and lightweight materials. Although with the
current technology one can enable centimeter-scale meta-
surfaces, larger dimensions could be achieved by assembling
and sticking together small scale blocks, which requires
advances in thin-film technology.*®***® The Starshot program is
a long-term project and research on the different aspects of it is
currently in progress.
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Fig. 6 The distribution of the local (a) phase and (b) amplitude across the interleaved metasail for the reflected light undergoing cross circular
polarization conversion at the communication wavelength when it is iluminated by a left-handed circularly polarized light emitted at A. =
1065 nm from the communication payload located at F. = 2dcm = 12 m from the metasail. The phase imparted by the communication sub-array
to the wavefront of the incoming light is the conjugate of the wavefront emerging from the communication payload, yielding a collimated beam.
(c) Comparison of the normalized reflection pattern corresponding to an ideal 2 x 2 m? collimator and the interleaved metasail at Ac = 1065 nm
in the farfield region as functions of the polar observation angle in the dB scale. (d) The calculated directivity of the reflected beam from the
interleaved metasail undergoing cross circular polarization conversion at A. = 1065 nm in the farfield region as a function of the polar observation
angle. The calculated directivity indicates the remarkable boost in the link budget amount, as it is highly correlated with the gain of the transmitter

antenna.

5 Conclusion

In conclusion, we have demonstrated the design of a multi-
functional metasail based on geometric phase sub-arrays
interleaved in a shared aperture platform, which can simulta-
neously accommodate the requirements of photonic propulsion
and optical communication for a deep-space relativistic probe,
as the geometric phase nanostructures provide better control
over the in-plane forces owing to their dispersionless scattering
response. The large aperture size of the lightsail offers great
potential for implementing multiple functionalities, owing to
the interleaving technique in the metasurfaces, and the final
goal is to fulfill the optomechanical requirements for successful
propulsion while obtaining an efficient communication
performance. Multiobjective genetic algorithm (GA) optimiza-
tion was adopted to satisfy the requirements for an efficient
trade-off between the mentioned objectives. In the propulsion
stage, the metasail enables stable beam-riding under the illu-
mination of an intense laser beam, thanks to the capability of
the creation of restoring forces and counter-balancing torques
across the entire Doppler-broadened propulsion band, which
allows the sail to keep itself within the beam area until the
target velocity is reached, although the missing portion of the
propulsion elements and presence of the communication unit
cells remarkably decreases the acceleration and in-plane
restoring forces. Furthermore, by taking advantage of the
large dimension of the sail, a novel downlink communication
scheme is proposed. The metasail can serve as a large-area

1738 | Nanoscale Adv., 2022, 4, 1727-1740

reflector for the communication payload detached from the
sail, collimating its emission, which leads to a significant
improvement in the downlink margin by maximizing the
transmitter gain. The results obtained from the propulsion and
communication simulations demonstrate the great capabilities
that shared aperture platforms can offer for space-borne rela-
tivistic nanocrafts with a minimized performance degradation
of each functionality by taking advantage of appropriate opti-
mization techniques.
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