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Abstract: Deciding on appropriate materials and designs for use in light sails, like the one
proposed in the Breakthrough Starshot Initiative, is a topic that requires much care and forethought.
Here, we offer a feasible option in the form of metasurfaces made of periodically arranged
homogeneous and core-shell spheres. Using the re-normalized T-matrix from Mie theory, we
explore the reflectance, absorptance, and acceleration time of such metasurfaces. We focus on
spheres made from aluminum, silicon, silicon dioxide, and combinations thereof. Since the light
sails are foreseen to be accelerated using Earth-based laser arrays to 20% of the speed of light,
one needs to account for relativistic effects. As a result, a high broadband reflectance is essential
for effective propulsion. We identify metasurfaces that offer such properties combined with a low
absorptance to reduce heating and deformation. We highlight a promising extension to the case
of a metasurface made from homogeneous silicon spheres, as already discussed in the literature,
by adding a layer of silicon dioxide. The high broadband reflectance of the silicon and silicon
dioxide combination is explained by the favorable interference of the multipolar contributions
of the outgoing field up to quadrupolar order. We also consider the impact of an embedding
material characterized by different refractive indices. Refractive indices up to 1.13 maintain over
90% reflectance without re-optimizing the light sail.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

The Breakthrough Starshot Initiative was announced in 2016 with the aim of propelling gram-scale
microsatellites into outer space for use in rapid solar system missions. The microsatellites are
to be equipped with a light sail and accelerated using Earth-based laser arrays to 20% of the
speed of light [1,2]. Before this project can become a reality, many engineering challenges must
be overcome, involving the thermal management of the light sail [3—6], ensuring its stability in
the acceleration process [7—10], and accounting for different forces acting on the sail [11-13].
Another critical aspect concerns the materials from which the light sail should be made. Many
materials have been suggested recently [14,15], along with potential ways to structure and
combine them. Examples include single and multilayered slabs [16—19]. It was also suggested to
exploit metasurfaces [20,21], specifically those made from periodically arranged silicon spheres
[22].

In our work, we build upon the latter but specifically consider rigid metasurface light sails made
from core-(multi-)shell spheres arranged in a lattice structure. We compare their performance
to light sails containing homogeneous spheres, i.e., spheres made from a single material. Our
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theoretical and numerical work relies on the T-matrix formalism in the context of Mie theory
to describe the scattering from the spheres [23,24]. We fully account for lattice effects [25] to
compute the reflectance, transmittance, and absorptance from these metasurfaces by considering
the re-normalized T-matrix, where the T-matrix of an isolated sphere is re-normalized by the
interaction with all the other particles in the lattice [26]. Initially, we assume that the spheres are
suspended in a vacuum, but we discuss including an embedding material in a later chapter. The
specific materials we consider are silicon (Si), silicon dioxide (SiO;), and aluminum (Al).

When selecting the possible materials, there are many criteria one must consider. Firstly,
the materials should exhibit a high reflectance across the entire acceleration duration to ensure
maximum momentum transfer from the lasers. To do this, one must consider the effects of
Doppler shifts due to the relativistic motion of the sail. In other words, as the sail moves away
from the light source, it will observe an incident field with a longer wavelength A’ compared
to the wavelength Ay as viewed by a stationary observer on Earth. Quantitatively, during the
acceleration process, the sail will observe wavelengths in the range of A’ € [1.04¢, 1.2254],
meaning the reflectance should be as large as possible for each of these wavelengths.

Secondly, the absorptance of the materials should be kept to a minimum to limit unwanted
temperature increases in the sail. Avoiding the generation of excess heat is important since the
sail could otherwise experience material deformations such as melting. Possible ways to mitigate
this include coating the spheres with a highly reflective outer layer (e.g., aluminum) to deflect as
much heat as possible away from the sail. Another method would be to use materials with a low
absorptance in the desired wavelength range (e.g., Si and SiO;). Moreover, radiative cooling
is an essential factor to consider, a process that measures how well an object can lose heat by
thermal radiation [27-29]. An example of how to account for radiative cooling was investigated
in Refs. [5,30], where it is proposed to add SiO; to a layer of Si. We extend this by highlighting
a combination of Si and SiO; in core-shell spheres.

Finally, the sail must have a mass as low as possible to accelerate quickly. To incorporate this
aspect, as well as the reflectance and absorptance of the sail, one must consider a comprehensive
figure of merit. Quantities discussed in the past include the acceleration distance (the distance
required to reach the target speed of 20% of the speed of light) [14,31-33] and the acceleration
time (the time required to reach the target speed) [16]. In our contribution, we consider the latter,
intending to keep the acceleration time as low as possible. We also include data relevant to a
numerically minimized acceleration time that makes no prior assumption about the reflectance and
absorptance, as well as data corresponding to a perfect broadband reflector. Considering a perfect
broadband reflector establishes a theoretical upper bound for the performance. Furthermore, we
explain why it might be preferred to determine the acceleration time after first obtaining a high
broadband reflectance and low broadband absorptance.

The structure of the paper is as follows: in the opening section, we outline the setup and
quantitatively define the acceleration time. We also mathematically express the re-normalized
T-matrix of a lattice in terms of the T-matrix of an isolated sphere, the quantity crucial to study
numerically and analytically the optical response of the light sail. Afterward, the reflectance,
absorptance, and acceleration times of lattices containing spheres made from one material will
be examined for each of the abovementioned materials. Following this, we analyze lattices
containing core-(multi-)shell spheres, highlighting the combination of Si and SiO; due to the
corresponding high broadband reflectance. Moreover, we provide physical insights into the high
broadband reflectance by analyzing the contribution of each multipolar order to the outgoing field
up to quadrupolar order. Thanks to our formalism, we can also explore how lattice and multipolar
interactions [34] promote the preferable response. Next, we discuss the possible inclusion and
effects of an embedding for the spheres. Finally, we conclude our findings.
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2. Description of the scattering scenario

We begin by outlining the setup in our investigation. We consider a light sail comprising
periodically arranged spheres infinitely spanning the x-y plane while moving with speed v along
the +z-axis (cf. Figure 1). Initially, the spheres are homogeneous and made from a single
material. Afterward, we also consider spheres made from a core and one or two shells of different
materials. At this stage, we omit the inclusion of a substrate and concentrate solely on optimizing
the metasurface and its constituents. We discuss in a later chapter the inclusion of a supporting
embedding. Our model assumes a linearly polarized plane wave incident field illuminating the
metasurface at normal incidence. The metasurface is characterized by a square lattice with lattice
constant A and unit cell area A%Z. Moreover, the polarization of the incident field is aligned with
one of the lattice axes. Due to the C4 symmetry of the light sail, the polarization of the incident
field can be interpreted as either being in the x- or y-direction. The source of the incident field is
an Earth-based, monochromatic laser with intensity / that propels the sail. We emphasize that
stability considerations go beyond the scope of our work. This is because the purpose of our
findings is to only demonstrate how relativistic speeds affect the lattice interactions in the light
sails and the resulting acceleration times.

Incident field Reflected field

Fig. 1. A light sail infinitely spanning the x-y plane moving along the +z-axis at speed v
illuminated by a linearly polarized incident plane wave reflected in the —z direction. The
sail comprises spheres (which we depict here as having a core and two shells) arranged
in a square lattice characterized by a lattice constant A, which is always smaller than the
wavelength A of the incident field as observed on Earth.

As quoted in the literature [7,35], a range of possible wavelengths A of the incident field
as observed on Earth is 1.0 pum — 1.5 um. For our purposes, we consider a wavelength of
Ao = 1.0 um, such that our results cover a broadband spectrum of A’ € [1.04g, 1.2251p] in the
scatterer’s frame due to the Doppler shift defined as

A'(B) = (1 +B)y(B). 6]

Here, 8 = v/c, c is the speed of light in vacuum, and y(8) = 1/4/1 — 2 is the Lorentz factor.
We emphasize that we only consider sub-wavelength lattice constants and sphere radii to eliminate
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higher diffraction orders. In other words, we only consider the zeroth diffraction order such that
reflection solely occurs along the —z-axis.

In our scenario, we consider a light sail that is accelerated to a final target speed of v¢ = B¢c,
where SBr = 0.2. Such a restriction aligns with assumptions in the context of the Breakthrough
Starshot Initiative [1,2].

The quantities we wish to analyze are the reflectance R(f), absorptance A(B), and the
acceleration time 7 as defined by Eqn. (1) in [16]. This acceleration time is the time required
to accelerate the sail to the desired target speed v¢. Specifically, we will explore with these
properties the effectiveness of various combinations of materials for use in a light sail.

Since we consider an infinitely large metasurface, we express 7 in terms of densities instead of

masses as follows:

G /ﬁf o+ %0V Y1+ )

IA? Jo  AB)+2R(B) (1-P)

where R(B) and A(B) are the reflectance and absorptance as a function of the speed ratio 3,
respectively. Note that each value for 8 corresponds to a unique wavelength in the aforementioned
range A’ € [1.02p, 1.2252¢], each of which is determined from Eq. (1). Since a light sail is
ultimately supposed to propel a satellite carrying some payload, we include a payload mass 1,
which leads to a mass x, = m,A?/a per unit cell for a given sail of area a. Moreover, p; and
V; are the density and volume of the j’th constituent material of each sphere, respectively. One
should keep in mind that the lattice constant remains invariant despite the relativistic motion, as
A is only defined in the x-y plane where no length contraction occurs due to the motion solely
occurring along the z-axis. Moreover, coupled with the sail always observing a wavelength
A’ = Ay, we can be confident that the system always remains subwavelength.

We emphasize that we consider an acceleration time 7 defined in Eq. (2) that does not explicitly
depend on temperature. Furthermore, we assume room-temperature values for all relevant
material parameters. However, these two assumptions suffice for our purposes since we aim to
demonstrate an optimization method one can use for a given set of parameters. One could, of
course, implement the same method for temperature-dependent quantities, but this would require
identifying new optimized parameters.

In our investigation, we firstly minimize the acceleration time 7 as much as possible numerically
concerning all parameters in Eq. (2) without making any assumptions about the reflectance R(3)
or absorptance A(f3). Then, we present results where the reflectance is as large as possible and
the absorptance is correspondingly as small as possible across all wavelengths. Why one might
wish to ensure simultaneously a high broadband reflectance and low broadband absorptance can
be justified as follows: firstly, a high reflectance means a high momentum transfer to the light
sail, thus propelling it more quickly. Secondly, the acceleration time 7 defined in Eq. (2) does
not take into account temperature changes of the sail, which would appear if the absorptance is
high. As we will see for spheres containing a SiO, core, central Si shell, and outer Al shell, the
acceleration time is very low, but the average broadband absorptance is high (cf. Table 3). A
high broadband absorptance is unfavorable and could lead to thermal deformation in the sail.

Since the acceleration time depends on the reflectance R() and absorptance A(3) of the sail,
we need to obtain the outgoing field from the considered light sail. The process for determining
the outgoing field from a lattice of spheres relies on two matrices, specifically the re-normalized
T-matrix T, and the S—matrix S. The re-normalized T-matrix describes the scattering of one
scatterer at the origin of a two-dimensional lattice, incorporating the lattice interaction. It is
defined as

s, @)

-1

Tien=|1-T Z C(3)(_R)eik|\(w)R T. 3
R+0
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See also Eq. (17) from Ref. [26]. In Eq. (3), T is the T-matrix of the individual scatterer, R is
a two-dimensional lattice vector, C®)(—R) is a translation matrix, and k)| is the component of the
wave vector of the incident plane wave with frequency w parallel to the lattice. The re-normalized
T—matrix, also called the effective T-matrix in Ref. [36], gives information about the optical
response of a scatterer in a two-dimensional lattice. With the re-normalized T-matrix at hand,
one can compute the scattered electric field of the lattice (cf. Eqs. (21,22) from Ref. [26]) and
finally the S—matrix S, relating the incoming field to the outgoing field (cf. Eq. (6) from Ref.
[26]). Note that in Ref. [26], the S—matrix is referred to as the Q-matrix.

3. Individual materials

Before investigating the acceleration time of a light sail comprising core-shell spheres, we first
explore the properties of each constituent material separately. The specific materials we consider
are silicon (Si), silicon dioxide (SiO;), and aluminum (Al). These materials have already been
considered in works related to the Breakthrough Starshot Initiative [16,37]. Aluminum is a
good reflector as a metal, which is important to ensure maximum momentum transfer to the sail.
Moreover, the remaining materials are nearly non-absorbing. A vanishing absorption is vital, as
the temperature increase of the sail must be kept to a minimum to avoid material deformations
like melting.

Crucially, the densities of each material (taken from Ref [38] and given in Table 1) are low,
which reduces the necessary acceleration time.

Table 1. The densities of Si, SiO, and
Al [38]

Material | SiO; Si Al

Density (kg m™2) | 2196 2330 2700

Beginning with determining the reflectance R(8) and absorptance A(f) with the help of Eq. (1),
we exploit the software package treams [39] and perform a parameter sweep across Ng = 50
equally spaced B values, Ny = 120 equidistant values of the lattice constant A, and N, = 110
equidistant values for the radius r of each sphere. We ensure that r<A/2 and A always remain
subwavelength to avoid additional diffraction orders. We implement a parameter sweep instead
of a more complicated optimization procedure since treams already performs quickly. To ensure
their convergence, the reflectance R(8) and absorptance A(f) are determined using entries from
Tien up to hexadecapolar (fourth) order. Note that the term “convergence” refers to when the
change in reflectance and absorptance spectra becomes negligible with increasing multipolar
order. When we later consider metasurfaces consisting of Si/SiO, spheres, convergence already
occurs at quadrupolar order.

As previously mentioned, we consider two sets of data. Firstly, we determine the numerically
minimized acceleration time ,;,, where no previous assumptions about the reflectance R(3)
or absorptance A(S) are made. Then, we calculate the acceleration time Ty, corresponding to
a high broadband reflectance, where the ‘bb’ subscript denotes ‘broadband’. To obtain a high
broadband reflectance, we rely on maximizing the average reflectance R, where

S

- 1
R:Fﬁ 1R(Bj). )

-
I

The reason for considering the average reflection is that it allows us to locate points where the
reflectance could be uniformly high across all wavelengths as long as the absorptance remains
low. A high reflectance is imperative to ensure maximum momentum transfer to the sail, and a
low absorptance reduces unwanted heating of the light sail.
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The considered refractive indices were based on experimental data from Refs. [40—42] obtained
from refractiveindex.info, which we interpolated to fit our desired wavelength range. The data for
R and the average absorptance A for each material are given in Figs. 2(a) and (b), respectively,
along with the corresponding acceleration times 7 in Fig. 2(c) calculated using Eq. (2). Note that,
as in [14], we use numerical values of I = 10GW m2, mp =0.1gand a = 10m?2. To make sure
we remain in the subwavelength regime, we express the sphere radius r in terms of the lattice
constant A, where 0.01 < A/1p <0.96 and 0.01 < r/A < 0.49.

@ Si Al Si0,

R R R
0.49 : 0.8 019
08 0.6 0.1
0.6 0.08
~ 0.4
0.2 0.04
0.2 0.02
0.01
(b) 4 = _ _
103 x A A 103 x A
0.49 14
12 0.15 25
10 20
< 8 0.1 15
= 6 10
4 0.05
9 5
0.01
()
1074 x 7(s) 107 x 7(s) 1074 x 7(s)
0.49 10 10 ‘ ‘ ~10
~
0.01 Ll ‘ 0 ‘ 0
10 960 10 960 10 960
A (nm) A (nm) A (nm)

Fig. 2. In (a), the average reflectance R of lattices containing spheres made of silicon (Si),
aluminum (Al), and silicon dioxide (SiO;) as a function of the sphere radius r and lattice
constant A. In (b), the analogous plots are given for the average absorptance A, while the
corresponding acceleration times 7 for each lattice are represented in (c).

A few features in Fig. 2 are worth noting. Firstly, one finds that the array of Si spheres produces
a very high maximum average reflectance of ﬁmax = 0.989. Moreover, a minimum acceleration
time of Ty = 212.7s occurs at r = 164.6 nm and A = 952.0 nm. Conversely, SiO; exhibits
a very poor maximum average reflectance of Ry, = 0.136. At the same time, Al has a high
maximum average reflectance of Rnax = 0.810 but also an unfavorable corresponding maximum
average absorptance of A, = 0.058 due to its high extinction coefficient. As a result, the SiO,
and Al light sails have longer acceleration times than those made from Si spheres. In Table 2, we
provide data for the numerically minimized acceleration time 7, and the acceleration time Ty
for the case of maximum average reflectance, as well as the relevant radii and lattice constants.
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Table 2. Values for the numerically minimized acceleration times 7, without making any prior
assumptions about the reflectance and absorptance, and those () that correspond to a maximum
broadband reflectance, along with the relevant average reflectance R, average absorptance A, radii

r, and lattice constants A for each material

Materials r (nm) A (nm) 7 (8) R A
si 164.6 952.0 Tmin = 212.7 0.419 42x1074

187.0 481.0 Tpb = 326.7 0.989 47x1074

Al 40.1 81.8 Tmin = 275.8 0.480 0.031

153.6 313.4 Tph = 575.9 0.810 0.058

$i0, 106.6 217.6 Tmin = 6.6 x 103 0.051 0.001
368.9 960.0 Tpp = 5.0 x 10* 0.136 0.020

As seen in Table 2, Si performs best out of all three materials, exhibiting the lowest minimized
acceleration time Ty, = 212.7 s and broadband acceleration time 1, = 326.7 s. Nevertheless,
we once again emphasize that the acceleration time in Eq. (2) is temperature independent and is
based on room-temperature quantities. Consequently, although pure Si spheres yield favorable
acceleration times, the corresponding light sail could fall foul to thermal damage. This is because
the absorptance of Si increases quickly with temperature [5]. To remedy this, it is suggested to
add SiO; to the structure since the absorptance of SiO; exhibits minimal temperature variation
in our desired wavelength range [5,43]. The following sections will consider core-(multi-)shell
structures, highlighting a combination containing Si and SiO that produces a high broadband
reflectance. Additionally, we will show how the multipolar interactions of the resulting lattice
system combine to cause such a high reflectance.

4. Analyzing the acceleration time of core-(multi-)shell light sails

Armed with the data for the aforementioned individual materials, we can now observe how they
behave when combined to form core-(multi-)shell particles. We consider again a metasurface
in the form of a square lattice with lattice constant A comprising identical core-(multi-)shell
spheres.

Here, we highlight a core-shell combination of Si and SiO; that yields a high broadband
reflectance, where the inner and outer materials have radii | and r,, respectively (cf. Figure 3(a)).
Additionally, out of the materials we consider, SiO; and Si have the lowest densities, which is
conducive to a lower acceleration time. Such a structure provides an excellent example of when
a combination of dielectric materials with significantly different permittivities can combine to
produce higher reflectances than a metallic structure, a scenario that has also been documented in
works done on Bragg reflectors [44—49]. Moreover, we will discuss core-double-shell structures
containing combinations of Si, SiO», and Al, each containing an inner core and a central and an
outer shell with radii r{, 7, and r3, respectively (cf. Figure 3(b)).

To locate the corresponding optimal geometrical parameters, we sweep across values for the
lattice constant and radii, ensuring that r; <r, <A /2 for the core-shell structure, and r; <r, <r; <A /2
for the core-double-shell structures, where A<Ay at all times. For numerical efficiency, we
express the outer radius as fractions of the lattice constant and the inner radius(radii) as fractions
of the outer radius(radii) as follows:

0.01

IA
|

< 0.49, (5)
Core — shell :
0.01

IA
|

< 0.99. (6)
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Fig. 3. A schematic of (a) a core-shell constituent sphere in the lattice with inner and outer
radii ; and r, respectively. The same is given in (b) for a core-double-shell sphere with
inner, central, and outer radii 7|, r, and r3, respectively.

0.01 < %3 < 0.49, %

1%
Core — double — shell : { 0.01 < é < 0.99, (8)
0.01 < 1 <0.99. )

rn

As done in the previous section, we consider the average reflectance R to locate material
parameters that give rise to a high broadband reflectance and low broadband absorptance. In
doing this, one finds that the maximum average reflectance for the Si/SiO, combination has a
value of Rmax = 0.988 with geometrical parameter values given by r; = 186.2 nm, r» = 204.3 nm
and A = 494.3 nm (cf. Table 3). The corresponding broadband acceleration time is given by
Top = 395.3 s. For comparison, a perfect reflector (R = 1) with the same mass per unit area
yields an acceleration time of 7g=; = 391.2 s, just 4.1 s faster than 7y,. The quantity 7=
establishes a theoretical upper bound for the performance of our system. To account for practical
manufacturing variations, a sensitivity analysis of the broadband reflectance of the Si/SiO; light
sail depending on a variation of the relevant geometrical parameters is given in the Supplement 1.

For r, = 204.3 nm, we present in Figs. 4(a), (b), and (c) F, Z, and 7 as a function of r/r;
and A/rp, where r| obeys inequality (6). The red cross in Figs. 4(a), (b) and (c) depicts the
locations of R, A, and 7 corresponding to Riax. Plots of the reflectivity R(1’) and absorptance
A(Q’) corresponding to Ry, are given in Fig. 4(d). Note that, despite the Si/SiO, combination
producing a high broadband reflectance, the acceleration time 1}, is 68.6 s longer than that of a
light sail made of pure silicon spheres, which also demonstrates a high broadband reflectance
(cf. Tables 2 and 3). The increased acceleration time of the Si/SiO, combination is due to the
larger total radius and mass of each sphere compared to pure silicon. However, an important
factor to consider is the temperature resistance of the light sail. As mentioned in Refs. [5,30],
the inclusion of SiO; can lead to increased radiative cooling, reducing the risk of heat damage
compared to the light sail consisting of pure silicon.

In Table 3, we also provide data for other considered material combinations. We emphasize
again why one may wish to consider 7y, from a high broadband reflectance and low broadband
absorptance as opposed to a numerically minimized acceleration time 7y, where no previous
assumptions are made about the reflectance or absorptance. As seen for the SiO,/Si/Al
combination in Table 3, the average absorptance takes a large value (A = 0.449). Still, the
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Table 3. The numerically minimized acceleration times 7,,j, and those corresponding to maximum

broadband reflectance (), along with the average reflectance R, average absorptance A, radii rq,

ro, and r3 (for spheres with two shells), and lattice constants A for lattices of spheres made from Si
and SiO,, and four combinations containing some or all the materials Al, Si, and SiO,

Materials r1 (nm) ry (nm) r3 (nm) A (nm) T (8) R A

e 163.6 172.1 - 941.4 Tmin = 211.9 0.455 9.6x 1074
Si/Si0,

186.2 204.3 - 494.3 Tpp = 395.3 0.988 92 %1074

. e 122.8 176.4 253.4 941.4 Tmin = 400.5 0.575 0.005
Si0,/Si/Si0,

147.4 206.0 287.9 587.5 Ty = 791.4 0.938 0.005

. . 89.3 132.1 195.3 922.7 Tmin = 213.8 0.494 0.120
Al/Si0,/Si

4.1 27.6 187.4 475.7 Thp = 335.8 0.991 44x1074

. . 11.7 12.8 14.0 28.6 Tmin = 210.1 0.077 0.329
Si/Al/SiO;

200.2 202.2 204.3 494.3 Ty = 435.0 0.848 0.131

. . 12.4 13.1 13.8 28.6 Tmin = 102.2 0.224 0.449
Si0,/Si/Al

0.02 1.5 150.9 308.0 Tpp = 566.6 0.810 0.057

(2) _ ®
R

103 x A
0.99
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0.8
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Fig. 4. In (a), (b), and (c), the average reflectance R, average absorptance A, and acceleration
time 7, respectively are plotted as a functions of r/r and A/r, for r; = 204.3 nm and
lattice constant A for a light sail containing Si/SiO, spheres. The red cross in all three plots
signifies the location of the maximum average reflectance Rmax = 0.988,4A =9.2x 1074
and 7y = 395.3 s given in Table 3. In (d) are the reflectance R and absorptance A, which
correspond to Rmax. The range of interest A’ € [1.04g, 1.2254¢] is highlighted between the
two gray regions.
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numerically minimized acceleration time is very low (tmin = 102.2 s). However, Eq. (2) does
not depend on temperature, and such a high absorptance could realistically lead to thermal
deformation. As a result, ensuring a high broadband reflectance and low broadband absorptance
could be preferred.

5. Analyzing the high broadband reflectance of a core-shell Si/SiO, light sail

To see why we obtain such a high broadband reflection for the Si/SiO, combination in our
desired wavelength range, it makes sense to consider the effect of lattice interactions. To do
this, we utilize Eq. (23a) from Ref. [36], which expresses the transmission ¢ as a function of the
multipolar interactions. Specifically, we have

t=1—(dre + 3b1eff + Soet + Shaer) » (10)

where aj cf, b?;ff, asef, and b;;f are the normalized effective electric dipole, magnetic dipole,
electric quadrupole, and magnetic quadrupole Mie coeflicients, respectively. The tilde above
each quantity represents a normalization concerning the normalized lattice constant A = A/A’,

(a) (b)
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08N\~ “Re(5azzi) = Re(5byer)
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. - ———— =
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Fig. 5. In (a) and (b), the real and imaginary parts of the normalized electric and magnetic
dipolar and quadrupolar Mie coeflicients (with the prefactors present in Eq. (13)) are
respectively given as a function of the Doppler shifted wavelength A’. The accompanying
sums of the data in (a) and (b) are given in (c), along with red vertical and horizontal lines,
which at their intersection points correspond to the combinations of multipoles that yield
maximum reflectance. In (d) are the corresponding reflectance and transmittance spectra,
with vertical red lines showing the maximum reflectance values.
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Fig. 6. The analogous plots to those in Figs. 5(a), (b), and (c) but for the Mie coefficients of
a single sphere. The ‘s’ subscript in (c) denotes ‘sphere’.

where
— aj eff

aleff = —~2,
4r A

Equation (19) in Ref [36] defines the effective Mie coefficients aj ¢, etc. Note that a similar
analysis was done up to dipolar order by considering polarizabilities [22]. We extend this here by
including the effects of quadrupoles. We emphasize that an analysis up to quadrupolar order is
fully sufficient since our data converges in our desired wavelength range with this approximation.
Additionally, we consider the transmission coefficient ¢ instead of the reflection coefficient
defined in [36, Eq. (23b)] since the transmission coefficient reveals more information about the
relationship between the real and imaginary parts of each of the multipoles, highlighting more
clearly the effects of lattice interactions.

Relabeling Eq. (10) as

etc. (1D

t=1-3, (12)

where _ . -
Y= 361’:;3 + 3b175ff + Sa’z‘,af + sz’eff , (]3)

we see that the most optimal configuration occurs when Re(X) = 1 and Im(Z) = 0, since this
corresponds to zero transmission and, as the absorption always remains very close to zero
(cf. Fig. 4(c)), approximately total reflection. Plots of the real and imaginary parts of each
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normalized effective Mie coefficient (with the prefactors present in Eq. (13)) that correspond to
the maximum average reflectance Rmay, as well as Re(X) and Im(2) are given in Figs. 5(a), (b),
and (c), respectively. The intersecting horizontal and vertical red lines in Fig. 5(c) show the values
for the sums of the real and imaginary parts of the effective Mie coeflicients which correspond to
maximum reflectance, that is, where Re(X) ~ 1 and Im(Z) ~ 0. One sees in Fig. 5(c) that Re(X)
and Im(Z) remain close to 1 and 0 over all wavelengths, respectively, which explains the high
broadband reflectance R(1") shown in Fig. 5(d), where the transmittance 7'(1’) is also included.
The vertical red lines in Fig. 5(d) correspond to the points of maximum reflectance.

Comparing Figs. 5(a), (b), and (c) with the corresponding plots for the normalized Mie
coefficients of a single sphere ay, by, a;, and b;, and ES (where the ‘s’ subscript stands for
‘sphere’) in Figs. 6(a), (b), and (c), one notices the effect of the lattice interactions on the
distributions of the individual multipolar responses. Note that we use the same normalization for
a single sphere as that for the lattice in Eq. (11) for consistency.

6. Effects of an embedding surrounding the Si/SiO, lattice

Now that we have optimized a system containing core-shell spheres in vacuum, we can study
the effects of adding an embedding to support the Si/SiO; lattice. As an example, we consider
an embedding with thickness demp = 37, (cf. Fig. 7(a)) and refractive index nemp and plot the
dependence of the reflectance on A’ and nepp in Fig. 7(b). If nepp remains low enough, one would
still achieve a minimum reflectance greater than 90 %. With this condition in mind, the current
parameter combination for Si/SiO; holds up to #nemp ~ 1.13 (cf. Fig. 7(b)). A refractive index
Nemb>1.13 would require finding new parameters. To optimize the acceleration time, however,
one would have to be careful that the embedding is not too dense such that it adds excessive mass
to the system. An example of a possible embedding material is polydimethylsiloxane (PDMS) as
considered in Refs. [22,50], which has a refractive index of nemp = 1.45 and a very low density
of pppms = 965 kg m™>.

To determine the corresponding acceleration time 7., of a light sail with an embedding, the
original expression for 7 in Eq. (2) needs to be modified to account for the mass

Memb = Pemb (df:mbA2 - Vs) (14)

of the embedding. In the above equation, pemp is the density of the embedding, and Vg = Zj.‘“"“ Vi
is the total volume of one of the spheres in the unit-cell embedding. The subtraction of pemp Vs
from the mass of a solid embedding pembdmbA2 accounts for the section occupied by the sphere.
Consequently, the modified acceleration time Tepp, is given by

ds. (15)

2 [Py + X7 Vi + Memb y3(1 + )
Temb =
0

IA? A(B) + 2R(B) (I-p)

For an Si/SiO; light sail with a PDMS embedding, the analogous plots to those in Fig. 4 are
given in Fig. 8, in this case with r, = 221.8 nm. In Fig. 8(d), a lattice resonance appears at
A’ = 1158 nm, where the reflectance drops to R = 0.21. Even though this large drop in reflectance
occurs in a very narrow spectral region, such a feature could negatively impact the light sail’s
acceleration. With the lattice resonance, the broadband acceleration time is 7y, = 1.0 x 10° s. To
avoid lattice resonances, however, one can tune the parameters corresponding to the maximum
average reflectance. In doing this, the resonance is shifted outside of the desired wavelength range.
This shift can is achieved by decreasing the outer radius r,. Data corresponding to r, = 180.8 nm
and an average reflectance of R = 0.887 without resonances in the desired wavelength range is
shown in Fig. 9. The corresponding acceleration time is 7 = 867.1 s, 471.8 s slower than 7y, for
the Si/SiO; sail without an embedding (cf. Table 3). Note that the red crosses in Figs. 9(a)-(c)
now correspond to R = 0.887 instead of the maximum average reflectance.
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Fig. 7. In (a) is the schematic of a core-shell Si/SiO, spherical array moving with speed v
along the +z—axis embedded in a supporting medium with thickness deyp = 31, where rp
is the radius of each shell. The color plot in (b) shows the reflectance R for the optimized
Si/SiO, array as a function of the embedding refractive index ney, and Doppler shifted
wavelength A/, along with the refractive index nep, = 1.13 above which the minimum
reflectance drops below 90% (red horizontal line).
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Fig. 8. The analogous plots to those in Fig. 4 for an Si/SiO; light sail with a polydimethyl-
siloxane (PDMS) embedding. In panel (d), the reflectance sharply drops to R = 0.21 at
A’ = 1158 nm due to a lattice resonance. The corresponding radius of each outer shell is
rp =221.8 nm.
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Fig. 9. The analogous plots to those in Figs. 4 and 8 but for an average reflectance
of R = 0.887. The lower radii yield a spectra without lattice resonances in the desired
wavelength range marked in white. The corresponding radius of each outer shell is r; = 180.8
nm.

7. Conclusions

In this work, we explored the reflectance R, absorptance A, and acceleration time 7 of various
rigid lattices of homogeneous and core-(multi-)shell spheres using the re-normalized T-matrix
obtained via Mie theory. The materials we considered were aluminum (Al), silicon (Si), and
silicon dioxide (SiO»).

Our primary goal was to design lattices that could be used as light sails in future outer space
explorations, where the light sails are to be accelerated by an Earth-based laser array to 20%
of the speed of light to carry micro-satellites to neighboring solar systems. Due to Doppler
shifts, the sail observes different wavelengths depending on its speed, thus requiring a high
broadband reflectance for maximum momentum transfer from the lasers. We identified materials
that provided a high broadband reflectance and low absorptance, where the latter is crucial to
reducing unwanted heating and deformation. From this, we calculated the acceleration times of
each light sail, incorporating the mass and spacing of the spheres.

We highlighted a lattice type that fulfills the conditions mentioned above, namely a lattice
comprising core-shell spheres with a Si core and SiO, shell, yielding Ry, = 0.988 and a
corresponding acceleration time of 7 = 395.3 s. This acceleration time is just 4.1 s slower
than that of a perfect reflector given by 7g=; = 391.2 s. Furthermore, we noted the potential
risk of minimizing the acceleration time numerically without any prior assumptions about the
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reflectance and absorptance since Eq. (2) defining 7 depends on the absorptance but not the
resulting temperature changes, which could cause thermal deformation in the light sail. In other
words, 7 can be small, but the corresponding absorptance could be high.

Next, the high broadband reflectance of the Si/SiO, combination was explained using equations
from [36] to assess the effect of lattice interactions on the multipolar components of the outgoing
field up to quadrupolar order. Additionally, we examined the effect of adding embeddings of
different refractive indices to the Si/SiO, lattice, finding that refractive indices up to 1.13 still
yield over 90% reflectance without the need to search for new material parameters. As an
example, reflectance, absorptance and acceleration time data relating to a polydimethylsiloxane
(PDMS) embedding were presented, along with an explanation of how to avoid lattice resonances
in the reflectance spectra.

Our results contribute significantly to light sail physics by proposing structures with core-shell
spheres, a previously unexplored area in this context. Future work would include incorporating
temperature dependence of the acceleration time. This would require accounting for the heat
imparted by the laser to the sail, as well as the cold surroundings in outer space. Furthermore,
the current work could be extended to include the stability of light sails made from core-shell
spheres. To accomplish this, methods such as those in Refs. [51,52] could be implemented.
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