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ARTICLE INFO ABSTRACT

Keywords: Refractive and diffractive solar sails have been cited to yield benefits in both performance and utility over
Solar sail reflective sails, but their range of viable flight regimes and future applications have not been fully explored.
Rf}fraCt‘f’e In this paper, a flight model is developed to test and compare these transmissive sail designs under realistic
Diffractive conditions. Raw performance is translated into tangible flight characteristics within a range of flight regimes,
Transmissive . .. . . .
LEO such as rate change of orbital energy and minimum operational altitude, and used to make comparison
Space debris with reflective sails and contemporary thrusters. Additionally, the sensitivity of these flight characteristics

ISAM to certain orbital parameters is explored when operating under either a locally optimal or simplified Sun-
pointing steering law. The developed flight model focuses on solar radiation pressure, atmospheric drag and
the effects of eclipse and orbital precession; locally optimal steering laws are numerically generated for every
flight regime using a ray tracing-derived performance sensitivity profile. Relative to an idealised reflective
sail, the sensitivity of transmissive sail performance is found to be lower for altitude, but higher for orbital
inclination. High performance transmissive sail designs are found to outperform idealised reflective ones in
every flight regime nonetheless. Meanwhile, only certain lower performance designs demonstrate this trait;
others retain advantage only within high inclination, low altitude orbits. 36 m? transmissive sails performing
an orbit-raising manoeuvre from low Earth orbit are shown to generate transit times comparable to mid-range
electric thrusters. In light of these findings, potential applications for transmissive sails are discussed, as well
as several practical considerations and potential limitations.

1. Introduction can also provide continuous albeit low torque for attitude control [2,3];
they are not reliant on propellant as thrusters are, do not become ‘sat-

Conventional ‘reflective’ solar sails are a relatively new yet well urated’ as reaction wheels do, and can operate beyond low Earth orbit
understood technology that are suited to a narrow band of niche appli- (LEO) where magnetorquers would cease to operate [4]. However, solar
cations, such as space exploration. Despite providing lower rates of ac- sails are rarely considered to be a valid choice for modern satellites,
celeration than their contemporaries, they may reach higher velocities for which LEO and geosynchronous orbit (GEO) are the dominant flight

(achieve higher ‘AV’) because they do not require propellant. Optical
degradation effects aside, a solar sail may accelerate indefinitely, and
can be said to have infinite AV. Additionally, the performance of a

regimes. This lack of demand - and the resulting absence of commercial
off-the-shelf (COTS) solar sails — may be explained by the following:

solar sail scales directly with its size. It has been theorised that large 1. Rate of Acceleration: while solar sail acceleration scales with size,
solar sails may be manufactured from orbit using in-space additive the size of sail that can be launched is limited. As such, modern
manufacturing (ISAM) methods [1], allowing for rates of acceleration solar sails only generate low, non-impulsive rates of acceleration.
comparable to chemical engines. Conversely, conventional propulsion Meanwhile, space missions have a time limit because satellite
systems see depreciating gains in acceleration and AV when they are systems have a shelf-life. Within LEO, missions are expected to

scaled up, as described by the Tsiolkovsky rocket equation. Solar sails last for 2-15 years (4-5 years average) [5]. Therefore, if the 4V
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requirements of the mission can be met by a rapidly accelerating
impulsive system, there is little reason to use a solar sail.

2. Sensitivity to Altitude and Inclination: the large surface area of a
solar sail will induce significant atmospheric drag when exposed
to incoming airflow in a LEO. The sail membrane may also
be deformed by the airflow, degrading its ability to generate
velocity-wise SRP, exacerbating this issue. At lower altitudes,
atmospheric drag will dominate SRP and induce orbital decay.
For reflective sails in LEO, it is often necessary to significantly
expose the sail to airflow in order to generate velocity-wise
SRP (see Section 2.3); as such, they cannot operate at altitudes
lower than approximately 600 km under mean solar activity, and
experience degraded performance below about 1000 km [6,7].
This is a significant disadvantage, as the majority of satellites
carry out their missions entirely within LEO [8]. Furthermore,
solar sail performance is lower in low inclination orbits (see Sec-
tion 2.4). Because LEO missions often constitute a rideshare or
‘piggyback’ launch whereby multiple satellites (each with their
own desired injection orbit) are launched together, the injection
orbit parameters of individual satellites may be compromised. As
a solar sail will be incompatible with some orbits, their inclusion
may restrict the launch opportunities of the satellite developer
[9].

3. Sensitivity to Solar Cycle: in LEO, solar sail performance and
minimum operational altitude are highly sensitive to solar ac-
tivity. This is because heightened solar activity correlates with
increased EUV (extreme ultraviolet) radiation, which heats the
thermosphere and causes atmospheric density to rise. Atmo-
spheric density, and therefore atmospheric drag, may change by
an order of magnitude above the expected median as a result,
albeit in a predictable manner [10].

4. Model Uncertainties: sail performance is difficult to model accu-
rately as non-linearities may be introduced by billowing, wrin-
kling, material deformation, satellite self-shadowing and optical
degradation [2,11-14]. Additionally, uncertainties are presented
by both the optical properties of a sail [15] and the expected
solar irradiance [15,16].

5. Impingement on Other Systems: the presence of a solar sail can
affect several unrelated systems. Self-shadowing affects solar
panels, antennas and optical payloads directly. Self-shadowing
(and sail emission) will also cool a satellite, indirectly affecting
temperature-sensitive systems such as batteries and biological
payloads [17]. Furthermore, the performance of a solar sail
depends on its orientation (or ‘attitude’) relative to the Sun [2],
which must be maintained continuously so as to not lengthen
the already lengthy manoeuvre times [18,19]. This can conflict
with the operation of other systems that require pointing.

6. Deployment: any system that involves moving parts is viewed
with suspicion by satellite developers as they introduce single
points of failure [20] and deployment systems are amongst
the most complex. Additionally, solar sails have been shown
to promote vibration under insufficient tension [21]. Sufficient
tension during deployment is particularly difficult to achieve for
large sails and, left unchecked, may result in membrane drift that
may jam a deployment mechanism [22].

Transmissive solar sails, which include refractive and diffractive sails,
may mitigate many of these issues through the mechanisms discussed
in this paper. This may endear them to a wider range of satellite
applications that could benefit from ‘infinite’ AV. Potential benefits
cited in existing literature include greater velocity-wise solar radiation
pressure [23-30], significant improvements in LEO performance [23],
lower minimum operational altitudes [23] and reduced mission com-
plexity through simplified steering [28,29]. In particular, the afore-
mentioned issues of (1) acceleration and (2) sensitivity to altitude (but
not inclination) may be notably improved as explored in Section 5;
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to a lesser extent, (4) model uncertainties, (5) impingement on other
systems and (6) deployment may be benefited by transmissive design,
as explored in Section 6.

Overall, this paper seeks to collate and expand upon the existing
literature pertaining to transmissive solar sails. Design proposals have
been made for such sails [23-30], but their performances have not been
compared with one another previously. In particular, their individual
performances were generally not applied to a realistic flight model
(FM) to calculate tangible flight characteristics, such as rate change
of orbital energy or minimum operational altitude under the effects of
atmospheric drag, eclipse and precession. In one exception, minimum
altitude was ascertained [23], but only for a single instance for which
eclipse and precession could be reasonably neglected. In another, opti-
mal transit times were explored for two interplanetary transfers [28],
but the aforementioned effects were not considered as each transit
began from a heliocentric orbit.

Applying the performance of these sails to a realistic FM enables
an evaluation of the sensitivity of sail behaviour to various orbital pa-
rameters and flight regimes. This is important because non-heliocentric
orbits are rarely optimal for solar sailing and - as explored in Sec-
tion 4.2 - such orbits will generally precess into one that is sub-optimal
anyway. Furthermore, understanding the extent to which these sails
are suited to non-heliocentric orbits is crucial when exploring the role
of these sails within contemporary ‘Earth-centric’ satellite applications.
To ensure that these sails are properly steered, locally optimal steering
laws are generated numerically for every flight regime; this is also used
to make a comparison with sails steered under a Sun-pointing (‘zero-a’)
steering law, which is a simplified and often-cited steering law within
transmissive sail literature [23,25,29,30].

In this paper, the first principles of solar sailing are explored in a
manner applicable to both conventional and transmissive solar sails.
This serves as a basis for the evaluation of different sail designs — in
particular, their suitability for various flight regimes and applications,
and how they compare with the ‘baseline’ reflective sail. A perfect spec-
ular reflector is chosen as this baseline so as to not obfuscate the com-
parison with transmissive sail designs, which are themselves idealised
to varying degrees; this also ensures that newer sails are not advantaged
by having less literature pertaining to their inefficiencies. To further
contextualise performance, transmissive sails are later compared with
contemporary thrusters performing an orbit-raising manoeuvre under
identical conditions.

2. Solar sailing principles

This section provides a mathematical framework by which different
kinds of solar sail may be modelled, assessed and compared.

2.1. Solar radiation pressure

Photons have momentum p, which is expressed in terms of the
Planck constant 4 and photon wavelength 4,. In vector form p, this is
expressed by the reduced Planck constant 7 = % and the wave vector
k| = i—’k’ wherein k acts perpendicular to the wavefront, the direction
of propagation in vacuum (Egs. (1)-(2)) [31].

-
}‘k
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Solar radiation pressure (SRP) arises because photon momentum
may be transferred to a particle should the two interact. Typically,
many millions of photons will contribute to SRP at a given instance.
The SRP vector Pg is the accumulation of these momentum transfers
per unit time d¢, per unit area d A, and may be expressed in terms of the
mean impulse per interaction Ap and the mean number of interactions
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per second N [32]. The resultant optical force Fg may be expressed as
the mean Pg applied over a given area A (Eq. (3)-(4)):

N
Ap() - -
Ps=;$=NAp ©)
FS=//APS~dA=PSA 4

A more convenient approach is to express incident photons as irradiance
(colloquially, ‘illumination’): the incident radiated power upon an illu-
minated surface (W/mz). In the case of a solar sail at 1 au (astronomical
unit), this is described by the solar constant Ggc = 6.674 Nm?/kg?.
Here the term Ggc/c is analogous to the rate of momentum trans-
ferred from incident photons at any given instant (kg m/s>), where
¢ = 299,792,458 m/s is the speed of light. For distances other than
1 au, radiation energy dilution due to the inverse-square law must be
accounted for by dividing by the square of the magnitude of Sun vector
S (au) (Eq. (5)). Furthermore, in the case of a flat particle — such as a
sail — the illuminated area will be effectively reduced according to the
cosine of the solar incidence angle « [33-35] (Eq. (6)):

5 Gsc
Pgox —A 5
s @ ()
G
Fg o Z5€ A cos(a) (6)
cS?

To complete the expression, the type of photon interaction must be
known. Broadly speaking, these interaction types are absorption, reflec-
tion and transmission. In the case of absorption, photons are destroyed
and all of their momentum is transferred linearly to the particle such
that FSabsorb acts opposite to the light source unit vector S (Eq. (7))
[2]. During reflection or transmission, photons are not destroyed, and
a reaction force is generated that opposes their change in momentum
during the interaction [34].

In the reflection case, a distinction must be drawn between specular
and diffuse: in the specular case, this change in momentum acts along
the particle normal unit vector f in accordance with the law of reflection,
and so the force Fg  — acts opposite to f; the component of photon
momentum parallel to the sail is unchanged while the component
perpendicular to it is reversed, changing by twice its original value
(Eq. (8)) [36]. In the presence of surface roughness, diffuse reflection
occurs and the force Fg  —acts in both -$ and —i in a 3:2 ratio
(Eq. (9)) [37].

Finally, for transmission — which encompasses both refraction and
diffraction — the SRP force Fg ~is expressed in terms of the in-
coming and outgoing photons (Eq. (10)) [34]. The distinction be-
tween each force and the corresponding direction of outgoing photons
(i(re[lecl’ kdiffuse! ktransmil) is illustrated by Fig' 1.

G N
Fsabsorb = —C—;:A cos(a)S 7
2G .
Sreflect - _TSZCACOSZ(a)n (8)
38 +2id
Fg =€ cos(@) ————— 9
Sdiffuse 52 138 + 24|
Gge = . Kyvansmit =S
S =~z Kuransmi = S|4 cos(a) et (10)
”ktransmit - S”

__Usc, k S
-— cos(a)( transmit )
cS

The latter expression is unique in that it requires a consideration of
the outgoing ray unit vector Ki, .- This will depend on the geometry
and properties of the particle, and can be derived by sequential appli-
cations of Snell’s law (for refraction) [34] or the grating equation (for
diffraction) [27] according to the number of boundaries passed by the
incident photons.

In the event that each of these mechanisms occurs simultaneously,
the total force is given by Eq. (11) wherein @,, &,, ®; and &, are
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Fig. 1. SRP force components arising from absorption, (Specular) reflection, diffuse
(Reflection) and transmission (refraction and/or diffraction).

the proportions of power distributed to absorption, specular reflection,
diffuse reflection and transmission, respectively (@, + @ +®4+®, = 1).

Fs = @ Fg + @ Fg +@Fs,..  +DF

% Sransmit

absorb ref lect (1 1 )

2.2. Reference frames

How SRP affects a sail in orbit will depend on its attitude, position
and velocity, and so the relevant reference frames must be established.
Let 75(O; %g, ¥, 2p) be the 3D body-fixed reference frame originating
from a solar sail centroid O, whereby the sail normal i emerges from
the illuminated side, is related to Xz by g = —f, and where the yz plane
represents an idealised sail surface. For reflective sails, the direction of
¥p is arbitrary. For transmissive sails, yg is chosen to be the direction
of the component of SRP that is tangential to the sail (see Section 2.5).
In both cases, g is defined by mutual orthogonality with %z and yg
forming a right-handed frame. Additionally, let § represent the Sun unit
vector, the direction of the Sun with respect to the satellite position,
and p the primer unit vector, the optimal direction of impulse for a
given manoeuvre; in general, p describes the optimal direction of im-
pulse for a manoeuvre to minimise transit times [38,39], or to maximise
the rate change of a certain orbital parameter [7,33], depending on
the steering law used (see Section 2.3). During an ideal manoeuvre,
%p and §5 will always remain within a plane bound by § and . It
is therefore convenient to confine the analysis to this 2D Solar-primer
plane Sp, and define the 2D body-fixed reference frame 75(O; %y, ¥5)
and the 2D primer or ‘manoeuvring’ reference frame TP(O;ﬁp,yp) —
for which § = %,,. For the non-ideal case wherein the attitude control
fails to confine i = —Xy and y within the solar-primer, forces in 7
can be projected onto the solar-primer for use within 7, and the out-
of-plane components can be neglected. These two reference frames can
be transformed between via a rotation by angle § about § = %3 X p
(Eq. (12)) as depicted by Fig. 2.

%, (pxS)
%51 1P x S)|

AR
A YB

Three more angles can be drawn on Sp in addition to « = £ Si as
depicted in Fig. 3: the angle sail deviation p = 2 %,%,, which relates
the satellite attitude in 7, to the desired direction of impulse § in 7;
effective sail deviation fi* = £ FgX,,, which determines the direction of
SRP relative to ; and the solar misalignment y = « Xy S, which describes

& =90 — arccos( 12)
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Fig. 3. 2D body-fixed reference frame in the solar-primer plane, applied to a (Specular)
reflective solar sail wherein Fg = Fg (Orbit-raising manoeuvre).
- v

how suitable the position of the Sun is for the desired manoeuvre at a
given instant. These angles do not exist independently of one another,
and it may be observed from Fig. 3 that these comply with Eq. (13). In
the y = 90° scenario, Eq. (13) simplifies to Eq. (14). This is a notable
special case that is archetypal of solar sailing flight, and is therefore
frequently referenced by this paper:

13
(14

Vy eR - a+ f+y=180°

y =90° - f=90—a— cos(f) = sin(a)
However, these expressions do not feature p* at all. As described in
Eq. (15), the relationship between this angle and the other three will
vary depending on the mechanism of SRP generation, making it unique.

These relationships are derived from Eq. (7)-(10) (see Section 2.1) and
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Eq. (13):
180 —y = f(y) if absorptive
p*=1p =180-y—a = f(a,y) if reflective
p+fl@) =180—y—a+ f(@) = f(a,y) if transmissive

(15)

Some noteworthy features of p* are highlighted by the above.
Firstly, in each case, f* may be expressed as a function of a, y or
both. In the absorption case, #* is independent of sail attitude. In the
reflective case, #* has a linear relationship with sail attitude (8* = ). In
the transmissive case, an undefined function f(«) influences g* that is
specific to the sail, due to the material and micro-geometry dependence
of transmissive SRP that is described in Section 2.1.

With the relationship between 7, Ty and S established, it is useful
to split the SRP force vector Fg into orthogonal components. In the
body-fixed frame 7, these components are the sail normal stb and
sail tangential Fg W in the manoeuvring frame 7,,, these components
are transverse stp and longitudinal FSyp .

Typically, raw sail performance data expresses Fg components in
terms of 7,. However, it is more useful to express Fg in terms of 7,
because this pertains directly to performance within a manoeuvre; in
this frame, transverse FSXP and longitudinal FSyP may be called the

‘useful’ and ‘wasteful’ components. The wasteful component can be
neglected, and the useful component may be derived from a raw force
vector or 7, performance data using the expressions in Eq. (16):

Fy

=Fg cos(ﬁ*)ﬁp= Fg cos[arccos(F—yb) +(90 = )%,
s

F, a6)

Eq. (7)-(10) can be transcribed to the Tp reference frame to express
Fg  for each mechanism (Eq. (17)-(20)).
Xp

F = 55 4 cos(a) cos(8) a7
Sxpabsorb - CSZ costa)cos XP
2G
stpre“ea = ?SZC Acos?(a) cos(ﬂ*)ﬁp (18)
F = EAcos(a)H cos(a + f*) + 2 cos(f*)]% (19)
Sxpdiffuse 5¢82 > p
G o A ~
FSxp[mnsmn = FSS ”ktransmit - S”A COS(“) COS(ﬂ* )Xp (20)

Wherein specular and diffuse reflection share the f* definition for
reflection of Eq. (15). The question then becomes the nature of %,
which depends upon the manoeuvre being carried out and the steering
law being used. Because orbit-raising manoeuvres are both simple and
ubiquitous, the analysis will focus on these hereafter.

2.3. Steering law and optimal attitude

A steering law dictates how a satellite will carry out a manoeuvre;
an optimal steering law aims to carry out the manoeuvre in the shortest
time. One such law is the globally optimal steering law, which is rigorous
and suitable for complex manoeuvres [28,40]. However, it also poses
two-point boundary problems that require computationally expensive
solving techniques, such as the shooting method [41]. The Q-law
algorithm is an advanced variant of locally optimal steering law that
has similar capabilities, is suitable for non-impulsive applications, and
that can be solved analytically [42,43]. However, by focusing on the
orbit-raising of a solar sail within an approximately circular orbit, a
simpler locally optimal steering law will suffice. This law only aims to
maximise the rate of change of a specific orbital parameter, but has
nonetheless been shown to yield near-optimal transit times for many
manoeuvres [7]. Applied to an orbit-raising manoeuvre, this law will
aim to maximise the rate change of the orbital semi-major axis & (half the
diameter of an orbital ellipse). This has been shown to be equivalent
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to maximising the rate change of orbital specific energy ¢ (Eq. (21)-
(22)) [7,33]1, which may be used to form the locally optimal steering
law axiom (Eq. (23)). Through application of Eq. (15), « is presented
as the sole control variable, making these expressions convenient for a
numerical search (note that y and altitude 4 are not control variables):

é =vo=2(Fg - D) 1))
m v
. v(h)
max é(a, 7, h) = — (Fy, (agp7) = D@y v, 1)) (22)
'3 m v
argmax é(a, v, h) = argmaxa(a,y, h) = Aopt (23)
a a

Where v is velocity, v is acceleration, D is the atmospheric drag force
and a,, is the solar incidence that maximises ¢; 4 and y can be said
to compose an instance of a flight regime by confining the analysis to
circular, 1 au orbits. By adjusting «a, the locally optimal steering law
will seek to maximise the component of net force that is acting in V. It
can therefore be said that the primer unit vector is &, = ¥.

Eq. (21)-(23) presents a as the sole control variable through appli-
cation of Eq. (15). These expressions are convenient, but they occlude
the nature of the problem. A more natural depiction is provided by
Eq. (24), which highlights that the problem is actually a balancing of
the three controllable solar sailing angles «,  and f*:

0 (Fs, e = D, )

max é(a, f, f*, h) = 24)

This form is useful for understanding the nature of «,, by highlighting
the individual contributions of each control angle to ¢. For example, «
dictates sail illumination and is an argument of Fg, while f* defines
the alignment of Fg with ¥ and is an argument of the ratio 1 = Fg /F.
When atmospheric drag is present, g represents the angle relative to the
incoming airflow and |f| —90° determines the magnitude of drag force
D (drag is minimised when g = +90°). At a given instance wherein h
is considered constant, these contributions can be made clearer yet by
Eq. (25):

¢ & Fg (a, %) = D(B) = Fs()A(B") — D(B) (25)

2.4. Flight regimes

{h,y} can only describe a single instance in time. During orbit-
raising by solar sail, an orbit that begins as circular will generally
remain circular because they are non-impulsive. It is therefore con-
venient to confine the subsequent analyses to circular orbits for our
purposes such that 4 can be said to be constant over the duration of a
single orbit. On the other hand, y generally cycles between some min-
imum value and some maximum value as a function of true anomaly
v (orbital angular position), albeit always with a mean of 7y = 90° (see
Section 4.2). The variable y is said to belong to the continuous set S,
(Eq. (26)). Additionally, we introduce the Sun-orbit angle I' as the
angle between the specific relative angular momentum unit vector h (the
orbital plane normal vector) and S. This is the sole argument of S,

y(, )
S,(I)

€s, ) (26)

= [MIN y,MAX y] = {y(v, ') € RlMIN y <y < MAX 7} 27)

{h.S,} can be said to compose a flight regime, and naturally, some
flight regimes are more optimal than others. Consider two reflective
sails in orbits of arbitrary 4 wherein one is an ecliptic plane LEO of
I = 90° (Eq. (28)), and the other is a ‘sunrise-sunset’ polar LEO of
I =0° (Eq. (29)):

5,(90°)
5,(0°)

= {y(v,90°) € R|
={r(v,0°) e R|

0° <y < 180°)} (28)

90° < y < 90°} (29)

A low-resolution assessment of these flight regimes can be made by
making S, discrete and attributing it a sample size of four (each sample
representing a quarter of an orbit). For clarity, we can assume that
v = 0° when y 180° for both, and assign corresponding sets for
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Fig. 4. 1 x 1 m? Reflective sail SRP force-a profiles for 0° <y < 180° (y = 0, 90, 180°
are thickened).

position v € S, and optimal solar incidence a,, € Sepp - NOte that
atmospheric drag is neglected for this example (Eq. (30)):

S5,(90%) = {0,90, 180,270}

5,(90°) = {180,90,0,90}
Sy (90°) = {0,NaN, 90, 35.26)

$,(0°) = {0,90, 180,270}

5,(0°) = {90,90,90,90} (30)

Sayy (0°) = {35.26,35.26,35.26,35.26)
31

In each instance, a,, is the solar incidence that achieves maximum
Fg, . For a reflective sail in a perfect vacuum, this means maximising
the product of cos(a)? (the modifier of Fg) and cos(f*) (the modifier of
ratio 1 = Fs, /Fy) (see Eq. (17), (25)). To demonstrate the relationship
between y, a and the available SRP, SRP-a profiles for 90° < y < 180°
are presented in Fig. 4. Finally, the efficiency set S,  ~can be de-
fined, wherein 5 represents the Fg as a percentage of the maximum
possible FSU (at 1 au) through specular reflection (Eq. (32)-(33)):

F

Sk (32)

ng =100 x G
v e
(759

8y5,(90%) = {100,0,0,38.51} .S, (0°) = {38.51,38.51,38.51,38.51}

(33)

In the first case (I' = 90°), the flight regime is defined by an
oscillation between optimal and sub-optimal conditions due to the
shifting y; at v = 0° the Sun is retrograde to sail motion (y = 180°)
and both trigonometric terms are maximised perfectly by a,, = 0°,
which is the maximum SRP configuration (depicted by Fig. 5). The
flight conditions at this attitude yield 100% of the theoretical maximum
Fg,. At v = 180° (the other side of the orbit), the Sun is prograde to
motion (y = 0°) and Aoy = 90°% this is the zero SRP configuration,
and it is optimal because any SRP generated would cause the sail to
decelerate. Conversely, at the two intermediary points (v = 90,270°)
the Sun is perpendicular to motion (y = 90,90°). The optimal solution
is arbitrary at the first intermediary point because the sail is eclipsed
by the Earth (see Section 4.3). At the second intermediary point, the
product of the trigonometric terms is maximised by «,,, = 35.26°, which
is a tacked configuration.

opt

In the second case (I" = 0°), the flight regime is defined by a
constant y = 90°, yielding the same tacked «,, = 35.26° configuration
as before, but for the entire orbit. This places the average efficiency of
the orbit (for reflective solar sailing) at 38.51%. Conversely, averaged

across all four samples, the efficiency of the first case flight regime is
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Fig. 5. Ecliptic LEO (at y = 0°) for a reflective solar sail with atmospheric drag
neglected.

34.63%. Clearly, the constant y second case is more optimal. Inciden-
tally, this unchanging y = 90° flight regime is qualitatively identical to
that of a circular heliocentric orbit.

If atmospheric drag is not neglected, the efficiency discrepancy will
grow as h is reduced, favouring the second case. This is in part because,
in the first case, the attitude that a sail must adopt to maximise SRP
when the Sun is retrograde is also the maximum drag configuration;
there are also segments of the orbit (e.g. the prograde Sun region) for
which acceleration is impossible. This is exacerbated by eclipse, which
in the first case, becomes more prominent as 4 is reduced. Conversely,
the second case maintains a lower drag, tacked configuration through-
out, can accelerate constantly, and experiences zero eclipse (at least
initially — see Section 4.3).

2.5. Introduction to transmissive solar sails

Transmissive solar sails differ from reflective ones in terms of their
mechanisms for generating SRP and their behaviour within the various
flight regimes. These mechanisms are mentioned in brief in Section 2.1.

Transmissive solar sails transmit and redirect incident sunlight
through a transparent, often highly refractive membrane to generate
SRP. This SRP can be generated even at « 0° by harnessing
surface microstructures that act as waveguides or gratings [23-27,29,
30,44-48]. Whether the primary SRP mechanism of the membrane is
refraction or diffraction depends on the dominant spectrum of light that
the membrane is designed to transmit (usually the visible spectrum),
and the scale of the microstructures that this light is transmitted
through. If the smallest element of these microstructures is an order
of magnitude greater than the longest wavelength of said spectrum,
refraction will be the primary mechanism; if the microstructures are
similarly sized to the wavelengths of said spectrum, diffraction must
be considered [49]. Crucially, the SRP force vector Fg is not aligned
with X (which aligns with the sail normal 1) for a transmissive sail.
This is in contrast to specular reflective sails, for which Fg = Fg_
Instead, it will have a significant FS component that acts tangentlal to
the sail [23,25,26,29]. As depicted by Fig. 6, the tangential component

Fsy will tend to align with the useful transverse component FS while
in a nearly Sun-pointing, a ~ 0° attitude under near-optimal, y ~ 90°
conditions.

This means that a transmissive sail may not need to be tacked
at all, allowing it to maximise illumination (maximise Fg) without
sacrificing f* and the ratio 4 = Fg /Fg. Furthermore, within an optimal
orbit, this Sun-pointing attitude will coincide with the minimum drag
configuration (f = 90°). In short, the priorities discussed in Section 2.3
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Fig. 7. Transmissive sail with Fg Locked to §.

do not necessarily conflict for transmissive sails as they do for reflective
ones; to a degree that is afforded by the flight regime, they can often
be satisfied simultaneously. The reduced drag under optimal conditions
also enables transmissive sails to operate at lower altitudes [23], which
is explored in greater detail in Section 5.2.

Although the magnitude of FS changes with a, its direction is
generally constant. As depicted by Fig. 7, a transmissive sail may
alternate between an orbit-raising, orbit-lowering or out-of-plane ma-
noeuvre simply by changing its roll angle ¢ while remaining in a
Sun-pointing, a« = 0° attitude. Some transmissive sail designs have also
been proposed to be capable of providing both passive or active Sun-
pointing stability [23,24,30,47,50]. Under optimal conditions, these
phenomena may allow for greatly simplified steering when compared
with reflective sails. For certain interplanetary transits, the cumulative
effects of improved Fg and simplified steering have been suggested to
yield reductions in transit times of 30-44% [28].

However, the behaviour of different transmissive sails will also
vary significantly according to their microstructure and mechanism for
generating SRP. It is therefore difficult to make assertions about trans-
missive sails as a breed, without neglecting the many exceptions. To
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this end, transmissive sail designs from various proposals are evaluated,
beginning with an overview in Section 3.2. Because these proposals are
generally interested in maximum sail performance, certain unknowns
have not been addressed by them. The first is the question of oper-
ational flexibility, and whether the advantages of transmissive sails
remain valid for sub-optimal orbits. If they do not, this would restrict
their potential applications. This question is answered in Section 5.
Other unknowns that pertain to the practical side of operating trans-
missive sails (e.g. materials, mass efficiency) are explored more briefly
in Section 6.

3. Analysis of transmissive solar sail proposals

This section details and compares existing transmissive sail propos-
als. To facilitate their evaluation, this begins with the defining of the
parameters by which they may be initially compared, which a focus on
their performance under ideal conditions. Analysis of these sails under
non-ideal conditions is carried out in Section 5.

3.1. Scalar performance parameters

Egs. (34)—(35) characterises ng and ns, which are the percentage
incident solar irradiance that is converted to SRP and transverse SRP,
respectively. Eq. (36) describes A, which is the transverse force ratio.
Both 75, and 1 have been expressed before in some form, but are
reiterated here for clarity. Note that all parameters that are sensitive
to flight regime assume y = 90° at 1 au (Ggc = 1370 W/m?), and that
Max Fg = 2Ggc/c:

Fg,
s, = MAXFg 34)
F
15 = s @)
Fg
A =cos(f*) = - 2 (36)
S

Since reflective sails are used as the baseline for comparison, it is
convenient to express the efficiencies of transmissive sails not in terms
of percentage irradiance converted, but in proportion to the theoretical
maximum efficiencies of reflective ones. Relative efficiencies, denoted
by an asterisk, are expressed by Eq. (37)-(38). Note that 7§, is expressed
to highlight that its relative and absolute forms are indistinguishable,
because the max Fg that a reflective sail can achieve is theoretically
100% of 2Ggc/c:

F F
* S S
= = = 37
s MAXFS (ZGSC ) s ( )
c
F, S
* — v 38
s, MAXFg, (38)

3.2. Transmissive sail proposals

Developments in the field of study of refractive and diffractive
solar sails have lead to myriad designs. The performance data of these
designs has been collated and converted to use the scalar performance
parameters described in Section 3.1; these are tabulated in Table 1.

These designs can be roughly partitioned by performance and con-
formity with the transmissive sail archetype described in Section 2.5.
High performance sails demonstrate greater transverse acceleration
than the reflective baseline with ’73, > 100%, while archetypal ones

are said to demonstrate a force ratio of A > 0.5. Notably, all high
performance sails are archetypal, but some of the lower performance
sails are not.

High performance, ‘Type A’ variants include the refractive rotated
lightfoil [24], refractive gradient-index waveguide [29], diffractive
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Table 1
Scalar performance parameters of solar sails at y = 90°, conversion of approximate data
transcribed or extracted from figures of tabulated sources.

Category ~ Mechanism a s, i g A
©) (%) (%) (%)
Reflective Specular reflection 35.26 38.49 100 81.65 0.471
0 0 0 100 O
Littrow reflection [25] 0 0 0 100 0
Littrow transmission [25] 35.26 39.00 101.33 47.43 0.822
) i Sun-facing transmission [26] 20 24.73 64.24 27.17 0.910
Diffractive 0 21.50 55.86 23.12 0.930
Bi-grating beam rider [45] 0 28.00 72.75 100 0.280
Liquid crystal [30] 0 25.00 64.95 93.41 0.268
Prism grating [27] 0 43.50 113.02 50.42 0.863
Lightfoil (50° Rotation) [24,47] 0 50.00 129.90 64.03 0.781
Refractive Prism array [23] 0 20.16 52.39 24.70 0.816
Gradient-index waveguide [29] 0 45.14 117.29 58.12 0.777

Littrow transmission [25] and diffractive prism grating [27] sails. Sails
within this category tend to outperform reflective sails in every flight
regime (see Section 5). Type A sails also tend to be metasails — sails
with membranes composed of metamaterials. The rotated lightfoil sail
is an exception, being a non-metasail with very high performance
that could reasonably be fabricated via double-sided nanoimprinting
lithography processes (non-rotated lightfoils may be fabricated with
conventional nanoimprinting, but such a sail would generate zero net
SRP at a = 0°).

Conversely, the Sun-facing transmission [26] variant is a metasail
that belongs to ‘Type B’: it is lower performance but still archetypal
(and in this case, notable for featuring the highest i of any design).
Type B sails, of which the refractive prism array [23] is the only other
example, tend to outperform reflective sails only within a narrow band
of flight regimes (see Section 5).

The lower performance, non-archetypal, ‘Type C’ variants include
the diffractive Littrow reflection [25], bi-grating [45] and liquid crys-
tal [30] sails. The former is not truly transmissive, and has superficial
behavioural similarities to a reflective sail. However, it diffracts sun-
light in such a way as to gain no benefit from tacking; its force vector
is always locked to —S (which for y = 90° is the longitudinal axis ¥p)-
This behaviour is a hindrance here, but may have application within
artificial Lagrange points or certain laser-driven sail configurations.
The latter two are notable for generating a significant component of
force in the sail normal %, (indicated by their high #¢ but low A). This
sometimes plays to their advantage in later analyses (see Section 5)
as, paired with a suitable steering law, they may exhibit behaviours
similar to either the reflective or transmissive sail archetype, depending
on which mode is most beneficial at the time. In general, they tend to
outperform their low performance, archetypal peers, and outperform or
match the performance of reflective sails (see Section 5).

Finally, it should be noted that each author applies different as-
sumptions, simplifications and modelling techniques. Many proposals
also offer a spectrum of possible designs, and in these cases, the data
transcribed represents just one of a number of possibilities. Further-
more, while scalar performance parameters allow for easy ‘at a glance’
comparisons of sail designs, they do not account for the potential
benefits of simplified steering and, in some cases, active control of A
that may be achieved by certain designs [23,25,30]. They also pertain
only to a single (I' = 0°) flight regime. To explore the behaviour
of these sails under more realistic and varied conditions, a LEO FM
is developed. This is applied to assess the suitability of these sails to
various flight regimes and applications.

4. Flight model

First we define the metrics used to evaluate these sails within the
model:
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1. ‘Local performance’ or rate change of specific orbital energy
é(h,y): Eq. (21) (/kg s)

. Optimal solar incidence angle aopi(h, )t Eq. (23) ©)

. Performance ‘breakpoint’ altitude Ay, (A, y): the altitude (km)
at which the ¢ of a transmissive sail and the reflective baseline
sail are equal (if any).

. Minimum operational altitudes, instantaneous A,,(y), transient
Apins (I, stable h .« (i): the minimum altitudes (km) at which
a sail achieves ¢ > 0 J/kg s over different timescales.

. Orbit-raising time t,,]_,hz(h, i): the time taken (months) to ac-
celerate from a circular orbit of altitude s, to one of altitude
hy.

4.1. Modelling LEO flight

The atmosphere is modelled as a free-molecule airflow, and all
perturbative forces other than velocity-wise SRP F and atmospheric
drag D are assumed to be negligible (aerodynamic lift is neglected).
This yields Eq. (39) and a simplified form given by Eq. (40).

1
: =Y AFy -D
€ m ( Sy )
2G
- %A(FSZC cos?(a) cos(f*) — %pUZCD) 39
v % 1 2
=24 Fy — =p*C 40
A5, MaxFg, = 5 pv°Cp) (40)

The remaining unknowns — the air density p and the coefficient of
drag Cp - are calculated using a model provided by source [51]
(Eq. (41)—(42)), wherein h (km) is the altitude:

p =3.91 x 10~ exp(—0.01841h)
+1.304 x 10711 exp(—0.009264h) (41)
c, =20, UTW cos?(f) + —2= Z—“[(z — 6,)cos*(h) (42)

T Ys
+ 0, sin%(p) exp(—(%)2 cos?(A))]

1.0 .
+22 = 6,)[cos’(B) + 5 (=) + o, sin’ (D))
s
Additionally, the calculation of Cj, requires an approximation of the
ambient and sail surface molecule speeds v, and v,, (Eq. (43)-(44)), as
well as the normal and tangential momentum accommodation coeffi-

cients ¢, and o, (Eq. (45)) [51]:

v, = 1089 exp(—0.000604k) + 22.72 exp(0.004959h) (43)
w005 44
1%

o, o, ~08 (45)

4.2. Generating S, and modelling a dynamic I

As explored in Section 2.4, a satellite in a circular Earth-centred
orbit that is described by I' will encounter a range of y denoted by set
S,. The sole exception to this is the I" € {0, 180°} sunrise-sunset polar
orbit, for which a constant y = 90° is (initially) experienced.

In order to provide the FM with S, orbits are generated in 3D space
and propagated to ascertain each y(v,I") numerically. Initial orbits
are generated with the ascending node offset by 90° from ‘aphelion’
(closest point to the Sun); when varying the initial orbits, changes in
I' are achieved by changing orbital inclination i exclusively (never
rotating the orbital nodes), such that I 90 — i. The range of y
experienced by several of these initial orbits is demonstrated by Fig. 8a.
It can be seen that for each orbit, the mean is always 7 = 90°, while
the spread between min y and max y varies more substantially by
orbit (generally, a greater spread implies a less optimal orbit for solar
sailing).
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It is also necessary to acknowledge that the I' of a typical non-
heliocentric orbit is not constant; I" will change because the Sun vector
S rotates relative to an Earth satellite’s orbital plane as a symptom
of Earth’s own heliocentric orbit, and because the orbital plane itself
will rotate due to the J2 perturbation [52]. A dynamic I' implies a
dynamic range S, and because solar sailing manoeuvres will generally
be executed over many months, the S, of the orbit may change many
times over. This may cause an orbit to oscillate between being optimal
and sub-optimal for solar sailing. As an example, Fig. 8b demonstrates
this variation for an initially I" = 30° orbit. These time-variant S, sets
are generated for each orbit by rotating the orbital plane about an
Earth-centred ecliptic normal axis in intervals (i = constant). To reduce
the number of profiles that need to be generated, axial tilt is neglected;
heliocentric Earth and J2 are said to cause rotation about the same
axis (in reality, J2 acts about the Earth’s axis of rotation [52], which
has 23.4° obliquity with the ecliptic normal). These profiles are cycled
through by the FM at a rate that is dictated by the current I'(i, 1) and
the time elapsed (see Eq. (46)-(48)):

'@, h) =Ig+ )0, h) (46)
I =30 30 553610705 @)
Tean (365 X 24 % 602)
. 3. TE H 180
I'jy(ih =-2]2 s (i) — 48
720, h) 212G+ rE) v cos () — 48

Wherein J2 = 1.08262668 x 1073, It is noteworthy that Iy is in-
dependent of orbital parameters, while I'j,(i, h) may be selected by
controlling them. This brings about a special case known as a Sun-
synchronous orbit (SSO), wherein both arguments of I" are equal and
opposite and I' = 0° /s (see Eq. (49)—(50)):

rjz(isso(h)’ h) = (49)

_fs
360

X ————— 50
365 x 24 x 602 0

. 2
isso = arccos(—§
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4.3. Eclipse

Solar sails in most permutations of LEO are affected by eclipses (see
Fig. 9). These produce a periodic cessation of any positive ¢, which
in turn may erode the propagated performance of the sail in terms of
1h, —p, and minimum operational altitudes /iy« and A+ For a given
altitude h, a circular orbit will only encounter an eclipse if the Sun-orbit
angle I' is smaller than a certain eclipse angle I', (Eq. (51)) [53]:

,
(51)

I', = arcsin ( Eh)+90

rg+
If an eclipse will occur, the percentage of an orbit for which a satellite
is eclipsed is described by the eclipse factor f, (Eq. (52)) [53]:

1 \/ h2+2rgh

180 arccos rg+hcos (I'=90)

0

f = if |’ <T, (52)

if |12 T,

Naturally, there is a range of A and I' for which eclipse will never
occur (for example, altitudes at I' < 10; see Fig. 9). Furthermore, I’
has a significant effect on eclipse fraction f, due to the relationship
highlighted in Eq. (52). For example, a sunrise-sunset polar orbit will
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eventually precess into a ‘noon-midnight’ orbit, and then back again.
This effect is highlighted by Fig. 10 (sunrise-sunset is depicted by the
zero-eclipse region; noon-midnight is depicted by the points at which
the eclipse region is tallest).

Furthermore, it should be noted that perfectly flat sails are assumed
by this model and, because |a| < 90° is ensured by attributing these
sailcraft with absolute control authority, the issue of self-shadowing
is negated entirely. However, real solar sails are subject to imperfect
steering, membrane deformations and occlusion from both the satel-
lite bus and the sail support structures, resulting in self-shadowing
effects. This may be particularly severe in low LEO where membrane
deformation is elevated by air flux, and in orbits with demanding
steering profiles. Lastly, while a binary ‘on-off’ eclipse is a convenient
approximation that does not significantly effect simulation results, in
reality the effect is more gradual.

4.4. Generating locally optimal steering laws

The final hurdle for evaluating solar sails is ensuring that each is
controlled in-flight optimally. For the reflective solar sail, the locally
optimal steering law is determined numerically by solving for «,, via
Eq. (22)-(23), (39), yielding the steering law shown by Fig. 11a.

The steering laws of transmissive sails are not so easily derived. A
simple Sun-facing a,, = 0° steering law may suffice for optimal y = 90°
orbits, but transmissive solar sails are greatly disadvantaged when this
law is applied to other orbits. To maintain equity, true locally optimal
Aoy = f(h,7) steering laws are required.

To generate them, a-Fg profiles are needed for each transmissive
sail. Because these are not formulaic as for reflective sails, and because
these data sets are not readily available, these profiles are generated
through a custom optical simulation using a methodology based on
source [34]. To remain within scope, the developed simulation focused
on refraction, dispersion and reflection by a single-index material;
absorption and diffuse reflection are ignored on the assumption that
these sail materials are smooth, highly transmissive, and that these
mechanisms therefore contribute little to SRP. In particular, neglecting
diffuse reflection substantially speeds up simulation times [54]. This
simulation is applied to generate a-Fg and a-p* profiles for a micro-
prism array sail of dimensions akin to its original proposal [23]. This
data was used as the generic model for transmissive sail sensitivity to
a: the profile was normalised as a percentage of its a« = 0° value and
multiplied by the scalar performance parameters of each sail proposal
to generate analogous a-Fg¢ and a-p* profiles, which in turn were
used to generate analogous a-Fg  performance profiles. Therefore, the
performance at « 0° was preserved by these analogs, but their
idiosyncratic behaviours across the full y range were only approximated
by the generic model. In particular, the active A control proposed by
the liquid crystal sail [30] may attribute it a flatter sensitivity profile
than this model suggests. Nevertheless, most transmissive sail designs
demonstrate very similar behaviours within their proposal, such as a
slightly off-zero a,. These transmissive analog profiles were used to
generate a locally optimal steering law numerically via Eq. (22)-(23),
(40). An example steering law is shown by Fig. 11b. It can be seen
that an optimal reflective solar sail at low altitude will exhibit an a
that tends to bring about f = 180 — y — « = 90° in order to minimise
drag D, and at higher altitudes, converges upon an «,, that favours
maximum F s, as D becomes less significant. Naturally, at y = 90°,
the reflective sail converges upon a = 35.26°. The transmissive sails
produced similar steering laws for 400 < h < 500 km where the
tendency is to minimise drag. Otherwise, the steering law curves collate
into one of several divergent ‘streams’ arising due to non-linearities in
their SRP-« sensitivity profile. These streams tend to form around peaks
in the profile, which become optimal at different y for different sails.



S.M. Thompson et al.

90

60

30

O !

-30

-60 ;

= Steering Law for v = 0°
= Steering Law for 4 = 90°

Solar Incidence Angle aqp (°)

-90 = Steering Law for v = 180°
400 500 600 700 800 900 1000
Altitude A (km)
90

(=2}
(e}

w
o

o

o
S

= Steering Law for v = 0°
m Steering Law for 4 = 90°
s Steering Law for v = 180°

700 800 900 1000

Solar Incidence Angle aqp (°)

600
Altitude h (km)

Fig. 11. LEO L. for (a) a perfect reflector and (b) a (Sensitivity analog) gradient-index
waveguide solar sail, using a locally optimal steering law.

4.5. Simplified satellite bus and thruster model

Some simulations require additional parameters pertaining to the
satellite itself. Satellite bus drag is assumed to be negligible, and each
bus is assigned m,,; = 3.6 kg. It is assumed that all sails have equivalent
momentum accommodation coefficients to that of a conventional solar
sail o, = 6, = 0.8 [3], and are attributed identical mass m 1 kg
and area (A = 1 m? unless otherwise stated). For comparison, some of
these satellites are modelled with thrusters. These thrusters [55-58] are
attributed equivalent dry masses to that of the sails, and are only made
heavier by their wet mass. This ensures that the results are not skewed
in favour of the sails by assuming that they are of significantly lower
mass (in reality, they almost certainly are, but the magnitude of this
discrepancy is unknown). Where not specified by a datasheet, 0.5 kg of
propellant is assigned. The circular orbit assumption is maintained for
all satellites, and so the Oberth effect is neglected.

5. Simulation and evaluation
5.1. Instantaneous performance profiles in LEO

Fixed-y, variable-h profiles are generated for ¢-h wherein I' = 0°,y =
S, = 90° (Figs. 12a, 13a), as well as fixed-h, variable-y profiles for
é-y wherein h = 550 km (Figs. 12b, 13b). Two simulation runs are
carried out: in the first, transmissive sails operate with a zero-« steering
law (Fig. 12). In the second, these use a locally optimal steering law
(Fig. 13). During both runs, a reflective solar sail using a locally optimal
steering law is used as a baseline.
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Table 2
LEO performance parameters of idealised solar sails in a typical y = 90° orbit (Zero-a
steering law example).

Type Mechanism a '1;‘_ €500 km €1000km M Poreak
©) (%) J/kg)  d/kg)  (km) (km)
Specular reflection a(h) ne (@) —0.004 0.007 568 -
- 35.26 100 -0.028 0.007 602 -
0 -0.004 0 -
Lightfoil (50° rotation) 0 129.90 0.006 0.009 446 o
A Gradient-index waveguide 0 117.29 0.005 0.008 452 o
Prism grating 0 113.02 0.004 0.008 454 o
Sun-facing transmission 0 5586 0 0.004 499 635
B Prism array 0 5239 0 0.004 503 628
Bi-grating beam rider 0 72,75 0.001 0.005 482 678
C Liquid crystal 0 64.95 0.001 0.005 489 656
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Fig. 12. Performance profiles of transmissive sails using a zero-a steering law, a
reflective solar sail using a locally optimal steering law and two fixed specular reflectors
in circular LEOs: (a) Fixed y = 90°, (b) fixed i = 550 km.

Analysing the variable-h profiles first (Figs. 12a, 13a): using both
steering laws, every transmissive sail outperforms the baseline at alti-
tudes lower than h = 630 km — even those with inferior 5§ . Notably,

all transmissive sails could continue to accelerate below 505 km, in
contrast to the baseline specular reflector, which could not do so any
lower than 570 km. A list of minimum operational altitudes A, is
tabulated in Table 2 for the zero-a law. Notably, even lower perfor-
mance transmissive sails demonstrate a range of altitudes for which
they outperform the baseline reflector. This is described by 0 < h <
Npceak- The parameter hy.., is represented in Fig. 13 by the point at
which the ¢ curve of a sail intersects with the ¢ curve of the baseline.
Transmissive sails that have higher scalar ’7;” outperform the baseline
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at every altitude, and so their curves never intersect (denoted Ay, =
).

The two variable-A profiles are indistinguishable at lower altitudes
(where the two steering laws are practically identical) but differ at
high altitude. When a zero-a law is applied (Fig. 12a), the relative
success of all solar sails at # = 1000 km (where drag is negligible)
corresponds with the rankings of their scalar "s ; those with higher
'75 than the baseline perform better and vice versa. The equivalent
proflle that was generated with a locally optimal steering law (Fig. 13a)
yields a higher ¢ at 2 = 1000 km for transmissive sails than the zero-a
equivalent. This occurs because the locally optimal steering law places
these sails into a slightly off-zero-a attitude which, according to the
generic sensitivity model, registers a slightly higher '75 than those at
zero-a. However, it is only substantial for Type C sails Te. g. bi-grating
beam rider). This is because these have a large normal component
to SRP and so receive a disproportionate increase in performance at
high altitude when adopting a locally optimal steering law, where they
benefit greatly from tacking.

A greater discrepancy may be observed between the two variable-
y profiles (Figs. 12b, 13b): the zero-a¢ transmissive sails experience
a significant erosion of performance as their y deviates from 90°.
Conversely, locally optimal transmissive sails demonstrate considerable
robustness, and are able to operate at y far beyond the optimal. Type A
sails demonstrated the widest range of tenable y for both laws. Of the
lower performance sails, non-archetypal Type C variants demonstrated
a wider range of tenable y than their archetypal Type B peers when
using a zero-a law. This is likely by merit of their higher 7 5,0 rather than
any nuanced behaviours pertaining to non-archetypes. Indeed, when
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using a locally optimal steering law, the lower performance, archetypal
sails were more versatile than their lower performance, non-archetypal
peers despite having lower #§ , demonstrating that archetypal, high-4

behaviour is more effective at low altitudes. Conversely, non-archetypal
sails benefit greatly from tacking, and are seen to gain a larger perfor-
mance increase from a locally optimal steering law than their peers
when they are at high altitudes (e.g. bi-grating beam rider, Fig. 13a).

When compared with the baseline reflective sail, transmissive sails
in general are shown to be less sensitive to altitude 4, but more sensitive
to y. However, because their maximum performance is so much higher
in the A = 550 km example, they tend to retain their advantage here
for nearly the entire y range, even when their performance declines at
a faster rate.

5.2. Instantaneous, transient and stable minimum operational altitudes

To build a more comprehensive picture of the operational flexibility
of these sails, minimum operational altitude profiles are generated.
Minimum altitude is defined as the altitude at which ¢ = 0 J/kg s.
Three minimum operational altitudes are defined to represent different
timescales over which this may be achieved: instantaneous h,;, repre-
sents the altitude needed to meet this condition over a single instance,
depending on local conditions (single y); transient h,;,» pertains to
an entire orbital period, depending on the cumulative effect of the
range of conditions experienced (single S, as seen in Fig. 8a); stable
hnine Dertains to an initial orbit propagated to account for dynamic-I"
effects (time-variant S, as seen in Fig. 8b). Hereafter, a locally optimal
steering law is employed by all actively steered sails. The instantaneous
hnin-y profiles (Fig. 14a) reveal interesting behaviours through their
asymmetry. Firstly, all solar sails struggle to operate effectively when
their motion is carrying them towards a prograde Sun (particularly for
0° < y < 30°). By a small margin, reflective and Type C transmissive
sails are the most disadvantaged by these conditions. Conversely, at
its extremity, the retrograde Sun regime favours reflective and Type C
transmissive sails due to their greater ability to generate velocity-wise
SRP under these conditions (enabled by their larger force component
in the sail normal %,). The majority of the y range (30° < y < 150°)
is dominated by transmissive sails of all varieties; of these, Type A
variants demonstrate the lowest &,,;, nearly throughout.

The transient h;,«-I" profiles (Fig. 14b) reveal how low a solar sail
can orbit without said orbit decaying. It is most pertinent to large
ISAM sails which, being able to escape Earth’s atmosphere rapidly,
do not need to consider dynamic-I" effects. At the optimal extremes
(I' =0, 180°), hp;,+ is shown to be lowest for transmissive sails (in order
of their ”;v ranking) and highest for reflective sails. At the sub-optimal

extreme (I" = 90°), transmissive sails retain advantage but by a smaller
margin. The exception to this is the Type B transmissive sails; these are
shown to struggle within sub-optimal (e.g. near-equatorial) orbits, and
even demonstrate a higher A - than reflective sails. It may also be
observed that in general, the A« of these profiles never rise as high
as the highest peaks of the h,;, profile, but exhibit similar valleys. This
is to be expected, as the average 7 is always 90°; constantly optimal
orbits (for which S, = 90°) are possible, as depicted by the identical
valleys of both profiles. However, it is impossible to have an orbit that
is constantly sub-optimal (e.g. no orbits can comprise only the prograde
Sun regime). It is also of note that the I' for which the eclipse fraction
f. becomes non-zero (I" = 20°) is identifiable by a sudden increase in
Aine- It is notable that this increase is more significant for transmissive
sails than for the reflective baseline, which highlights an interesting
behaviour: eclipse prevents acceleration from occurring during one of
the two segments of an orbit for which a ~ 0° is tenable (the orbital
segment near ‘perihelion’; furthest from the Sun). These are ideal flight
conditions for transmissive sails. Conversely, the retrograde Sun portion
of these orbits marginally favour reflective sails and are never occluded.
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The stable h,;,=+-i profiles (Fig. 14c) reveal how low a solar sail
can orbit when said orbit is subject to dynamic-I" effects. This is most
pertinent to modern solar sails which may take many months to es-
cape Earth’s atmosphere. Because propagating hundreds of orbits over
several months is computationally expensive, only three transmissive
sails were propagated; the liquid crystal, prism array and gradient-
index waveguide sails are chosen to represent the Type C, B and A
sails, respectively. Considering that I" = 90 — i for initial orbits, the
Ao profile largely agrees with A+, and the relative ranking of
these sails is mostly conserved. The asymmetry of this profile and
the concentration of valleys around iggo is predominantly due to the
J2 perturbation, the sensitivity of different orbital inclinations to it,
and the subsequent effects of a dynamic-I" (see Sections 4.2-4.3).
Furthermore, for these profiles the effect of eclipse is only truly absent
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Fig. 15. Orbit-raising for thrusters and A = 36 m> solar sails from a h = 530 km,
circular sunrise-sunset polar orbit (I" = 0°).

at iggp, and is a significant contributor to the sharp fall in A+ that
may be observed.

5.3. Propagated performance for typical manoeuvres

The final simulation explores the performance of these sails as they
carry out an orbit-raising manoeuvre, and demonstrates the effects
of time-variant S, arising from heliocentric Earth and J2 perturba-
tion effects. Sail performance is compared with that of contemporary
propulsion systems (model described in Section 4.5). Sails are assigned
areas of A = 36 m? consistent with a 6 m square sail. Two profiles
are generated for manoeuvres spanning up to 24 months, which are
discussed below. The first profile (Fig. 15) depicts various satellites
starting from the same injection orbit and serves to highlight the
performance of medium-sized transmissive sails relative to (approxi-
mated) contemporary propulsion systems. All satellites begin from a
h = 530 km, circular sunrise-sunset polar orbit (i = 90°,I" = 0°).
The t), _,;, for each sail and thruster is visible for any 2, > 530 km,
Ry < 6000 km.

As expected, the reflective sails failed to perform orbit-raising from
such a low altitude, which is consistent with the results of Fig. 14.
The 530_6000 xm Of the Type A and C transmissive sails only differed
by around 20%, while Type A and B differed by nearly 100%. Relative
to thrusters, the 53, of these sails were greater at any h, for which
the thrusters had not run out of fuel; as expected, larger sails would
be needed to compete in terms of raw acceleration. However, the rates
of acceleration for Type A and B sails were comparable to that of the
mid-range electric thrusters (Pale Blue Water Ion [58] and IFM Nano
Thruster [56]), though significantly outclassed by Hall effect [55] and
cold gas thrusters [57] (these happen to be the highest and lowest 4V
thrusters, respectively). By merit of not requiring propellant, Type A
and C transmissive sails exceeded the h, and AV of the cold gas and Hall
effect thrusters as within 2.5-3.5 months and 14-20 months, respectively.
If one assumes that these sails may be fabricated in an economically
viable manner akin to that of a cold gas thruster, these results are
encouraging, and suggest that such a sail may be favourable for many
applications in both the short and long term (see Section 5.5).

The second profile focuses on a single Type A sailcraft injected into a
h = 530 km circular orbit (Fig. 16a), but from various inclinations i and
Sun-velocity misalignment I at injection. This profile serves to explore
the operational flexibility of transmissive sails. Naturally, thruster satel-
lite performance is not influenced by i or I'. As expected, injection into
an i = 90° sunrise-sunset polar orbit is not truly the most efficient for
solar sailing; the i = 97.98° dusk-dawn SSO yields substantially higher
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Fig. 16. Orbit-raising for thrusters and an A = 36 m? transmissive solar sail from a
h =530 km at various inclinations i.

dh/dt because dynamic-I" effects are mitigated. Initially, the manoeuvre
from the sunrise-sunset polar orbit is faster than the manoeuvre from a
dusk-dawn SSO. However, J2 and heliocentric Earth effects cause the
orbit to precess from sunrise-sunset to noon-midnight, which implies
a less optimal S, and a higher eclipse fraction f,. Eventually, this orbit
returns to sunrise-sunset — and so on — leading to the ‘wobbly’ da/dz
of the manoeuvre (which is shared by many of the high inclination
prograde orbits shown). It can be seen that at i = 0°, the sailcraft
is unable to perform the manoeuvre from this altitude. These results
demonstrate that, although the operational flexibility of these sails are
considerably improved, they are inherently less flexible than modern
thrusters.

5.4. Results

Relative to reflective solar sails, transmissive sails demonstrate
lower sensitivity of their performance metrics to h, but greater sensitiv-
ity to i throughout; all solar sails prefer SSO and polar orbits, but this
proclivity is pronounced in transmissive sails (particularly archetypal
Type A-B variants). Type A and C variants generally retained advantage
even within less favourable flight regimes despite this, by merit of
either (A) their much higher peak performance or (C) flexibility of
steering. For Type B sails, advantage over reflective sails was typically
only found in low A, low i flight regimes. Furthermore, the (stable)
minimum altitude advantage of transmissive solar sails over reflective
ones was shown to be less substantial in non-polar and non-SSO orbits.

Relative to conventional propulsion systems, the 36 m? transmissive
sails that were used in the case study were shown to be capable of
comparable rates of acceleration to mid-range electric thrusters, but
were greatly outclassed in this respect by cold gas and Hall effect
thrusters. Unlike thrusters, the 1, _,, of solar sails was also shown to
be highly sensitive to i. Naturally, all thrusters were outclassed by all
transmissive sails in terms of maximum A, and AV.

5.5. Potential applications

It has been shown that transmissive sails operating in LEO may
compete with contemporary propulsion systems if they are suitably
sized, which implies that they may carry out a multitude of different
LEO satellite missions. However, economics also plays a significant role
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in the choosing of satellite systems, and these sails may yet be relegated
to niche applications if the assumption that they hold an economic
advantage over other systems is proven to be invalid. While this is a safe
assumption for some transmissive sail designs, it is more speculative for
others (e.g. certain metasails).

Generally, transmissive sails may be the optimal solution for mis-
sions that entail high AV in LEO and the inner Solar System and,
more speculatively, missions that seek to minimise cost. Missions with
the greatest compatibility with transmissive sails include long-duration
missions, high altitude missions, and low altitude missions in SSO.
Missions with the least compatibility include those that require rapid
manoeuvring, those that require operation at very low altitude, or those
that begin from low inclination orbits.

In the short term, Type B or C transmissive sails composed of
conventional materials could provide a low-cost solution to propulsion
for small satellite developers operating in LEO and beyond. Amateur
developers — who traditionally use cold gas thrusters or none — could
gain access to an inexpensive, high-AV system, perhaps enabling ama-
teur space probes or similar. Their simplified steering may also endear
them for operation in highly atypical orbits, such as those involving
‘artificial Lagrange points’. However, lacking the flexibility of the high
performance variants, their operation in low LEO may be relegated to
SSO and near-polar inclinations.

In the medium term, Type A or C transmissive sails predominantly
composed of metamaterials could be used for a variety of contemporary
applications in LEO, in a similar role to the electric thruster. This
would enable greater longevity at presumably reduced cost, with the
trade-off being an incompatibility with certain LEO flight regimes.
Their pseudo-infinite AV may also be exploited for the performing of
debris mitigation missions, as a transmissive sailcraft could complete
multiple rendezvous-and-ferry trips between debris clouds and re-entry
altitudes (albeit likely paired with a small thruster for fine-control
at rendezvous). Indeed, the growing issue of space debris may see
many satellite operators adopt drag sails to comply with new debris
mitigation regulations (see Section 6.4), making solar sails a more
attractive prospect in turn for any satellite mission.

In the long term, it is possible that sails of arbitrary size may be
fabricated in space, thereby increasing acceleration to an arbitrary de-
gree. Perhaps in an ISAM future, this could even be done economically.
A large sail (or multiple small sails) could be used to ferry manned
interplanetary spacecraft, or even tow mineral-rich asteroids into near-
Earth orbit for exploitation. Advantage may even be found in the outer
Solar System or interstellar space through the use of a ‘sun-diving
manoeuvre’, beam-propulsion configurations, or sails of tremendous
size.

6. Practical considerations
6.1. Materials

Traditionally, solar sail membranes are composed of a metallised
polymer; the metallic layer carries out the optical functions, the poly-
mer core carries out the structural functions, and both contribute to
maintaining thermal equilibrium. Transmissive solar sails differ in that
they must be transparent, and so eschew the metallic layer. Generally,
a single material must fulfil each of the optical, structural, and thermal
requirements for these sails.

In diffractive and refractive solar sail literature, sail performance
has typically been the focus (for which this paper is no exception).
As such, the structural and thermal requirements are often neglected,
and the true suitability of the sails for spaceflight is not addressed.
For example, polystyrene (PS) is often cited due to its exceptional
optical properties [23,28]; furthermore, PS is helpfully resistant to
space radiation [59,60]. However, it is also extremely brittle, fractures
under slight elongation [61], and may be a risky venture for spaceflight
if flown as a microns-thick membrane. In this case, workarounds exist
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that may warrant further research. For example, a PS membrane may be
strategically fractured pre-flight and adhesed to a suitably transparent
structural layer, thereby negating the risk of structural failure in a
manner similar to that of reflective sails. PS derivatives and nanocom-
posites (including shape memory polymers) have also been proposed
with much improved flexibility [62,63]. Furthermore, CP1 Polyimide
and certain variants of polyethylene terephalate (PET/BoPET) would
be less prone to failure, and may be compatible with these designs as
they exhibit similar optical properties.

Conversely, many high performance transmissive sails cite metama-
terials as the source of their highly desirable optical properties [25,27,
29,48,64]. However, it is not yet known whether these materials can be
fabricated in a scalable or economically viable manner with the desired
specifications, nor whether these materials are suitable for spaceflight.

6.2. Optical degradation

Optical degradation effects are an asterisk on the proverbial
‘infinite-AV’ of solar sails. However, predicting rates of degradation in
space is, for now, an inexact science, as it occurs for a multitude of
reasons including outgassing, thermal cycling [65,66], and interactions
with electromagnetic (EM) radiation, corpuscle radiation [60,67,68]
and atomic oxygen [60]. Every material exhibits different degrees of
sensitivity to these phenomena, and each sensitivity may also vary with
temperature. Furthermore, the expected degree of exposure to these
phenomena is inconstant; most vary by orbit, solar activity or both.
It is also difficult to predict whether a transmissive sail would suffer
less from optical degradation in space by utilising single-layer, optical
(meta)material films instead of multi-layered, metallised ones.

However, there is sufficient literature for speculation. For example,
reflective sail optical degradation due to high-energy EM and corpuscle
radiation often involves the ionisation of the metallic layer as a promi-
nent mechanism [69,70]; organic polymers are not usually ionised by
radiation [71], and would not be degraded through this mechanism.
Polymers also tend to be less susceptible to damage from high-energy
corpuscle or EM radiation because these forms of radiation target bonds
at random (rather than selectively, as for ‘low-energy’ EM radiation in
the UV-IR spectrum) [71]; its effects are distributed and, in some cases,
may be harmlessly dissipated. Variants of polyimide and PET have
been shown to tolerate high doses of this high-energy radiation before
experiencing significant damage [72]. These phenomena may suggest
that transmissive sails would experience a reduced rate of degradation
from these sources.

On the other hand, no polymer is immune to these phenomena.
With sufficiently high exposure, optical degradation will occur due to
the formation and accumulation of free radicals, from the forming of
conjugate double-bonds, or from polymeric unsaturation [60]. Also,
while the metallic layer of a reflective sail may be prone to ionisation,
it serves to protect the polymer membrane in other ways: these metallic
films are generally quite reflective to UV, and highly reflective to visible
and IR EM radiation. Conversely, while an optical polymer will be
practically transparent to visible EM, it will be absorptive to UV and IR.
In this respect, the ramifications of having no metallic layer will likely
vary from polymer to polymer: some may become rapidly degraded due
to the scission of certain chemical bonds arising from their selective
absorption of UV; others may have mechanisms to dissipate this energy
as heat or fluorescence [71], thereby delaying optical degradation.

Of particular interest is the mechanism of thermal cycling: the
absorption and emission of visible and IR radiation contributes signif-
icantly to the heating and cooling of a solar sail [70]. While optical
polymers are generally more absorptive to IR than metals, they are
also of higher emissivity, and are generally slightly less absorptive than
metals in the visible spectrum (i.e. optical polymers are usually slightly
more transmissive than metals are reflective). The net effect of this is,
as for the aforementioned phenomena, beyond the scope of this paper,
but is a problem that warrants further research.
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6.3. Self-shadowing, deployment and membrane tension

Besides the optical properties of sail materials and their eventual
degradation, there are other factors that contribute to in-flight losses
of efficiency and model uncertainties. These pertain to the geometry of
the membrane itself relative to the incident sunlight, and includes self-
shadowing, wrinkling and billowing [2,12,14]. Self-shadowing occurs
when a region of a solar sail partially obstructs sunlight to another
region; wrinkling occurs primarily due to a localised lack of tension;
and billowing occurs due to pressures acting out-of-plane to the support
structures of the sail (i.e. acting along the sail normal vector %j).

Transmissive sails may mitigate some of these issues. Self-
shadowing would be partially mitigated by the transparent nature of
the sail membrane (though the scattering caused would be no-less
difficult to model), and will naturally be negated if a Sun-pointing
attitude is adopted. Billowing may be reduced because a significant
component of the SRP generated by a transmissive sail will act in-plane
with the sail support structures. Conversely, wrinkling may be helped
or hindered by in-plane SRP acting with or against the sail supports
in different regions; for a simple transmissive sail, the issue may be
slightly exacerbated. However, tangential SRP may also be harnessed
to maintain sail tension through the strategic placement and orientation
of certain refractive or diffractive microstructures.

Deployment may also be aided by transmissive sail design. The
deployment of large membranes requires in-plane stresses to unfold,
and because refractive and diffractive microstructures can generate
SRP in-plane, transmissive design may find advantage here. On the
other hand, an often cited method for deploying large sails involves
spin deployment (through rotation about %;) and the harnessing of
centrifugal pseudo-forces [2]. Transmissive sails are not inherently
incompatible with this, but the intent of such an approach is often to
maintain tension by maintaining a high rate of spin after deployment
(as for the ‘heliogyro’ configuration) and thereby reduce sailcraft mass
by removing redundant tensile elements. This, transmissive sails are
incompatible with, as their SRP vector will be confined to the %,§,
plane; the SRP vector of a spinning transmissive sail would rotate as
the sail does, cancelling out any tangential component of SRP and
nullifying its primary mechanism for acceleration.

6.4. Miscellaneous advantages

Transmissive sails come with some niche advantages over other
sails: being transparent, they would be less prone to obstructing other
systems, such as solar panels and antennas; EM waves will be scattered
rather than blocked, corresponding with a reduction in power or gain
rather than an outright loss of function. Conversely, strategically placed
refractive or diffractive microstructures may act as a solar collec-
tor [23], increasing the power to solar cells, or even providing diffuse
heating.

As well as being generally lighter than contemporary propulsion
systems (corresponding with a reduced cost of launch), these LEO-
capable sails may lend operators greater freedom in the choosing of
their orbit due to their ability to expedite orbital decay when a satellite
is disabled. At end-of-life, active attitude control cannot be assumed,
and a disabled satellite will either tumble randomly or precess about ¥.
Nonetheless, ‘drag sails’ have been shown to be effective at promoting
orbital decay in the absence of active steering [73,74]. Functionally,
a solar sail in LEO that is not actively steered will behave as a drag
sail because Fg will tend to oscillate between positive and negative
in both the tumbling case and the precession case, nullifying its effect.
Conversely, the magnitude of D will librate, but its sign will not change.

Traditionally, satellites in LEO have been required to deorbit within
25 years. Recently, a 5 year rule has been adopted by the FCC [75],
and by proxy, all operators who use US launch services. A sailcraft in
LEO can orbit at a greater altitude than other satellites without fear
of breaching these constraints; certain satellites may otherwise need to
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operate a drag sail to conform with these requirements. Furthermore,
a sail has the additional benefit of providing a large and uniform
target for any debris-capturing device. In the case of harpoon-based
systems [76], a solar sail is not only easier to hit, but also comes with
less risk of creating additional debris during recapture (i.e. tearing at
failure rather than splintering). For laser-actuated systems [77], solar
sails may be pushed into a lower or higher orbit with less precision
required on the part of the laser, and without ablation needing to occur.
Overall, the wide-scale adoption of transmissive sails in LEO may be
instrumental in curbing the issue of space debris passively (as well as
actively, see Section 5.5).

7. Conclusions

The mechanisms for transmissive solar sailing and their various
designs have been discussed. Performance has been modelled for these
sails with approximated a-sensitivity (informed by a custom ray-tracing
optical force simulation) and y-adaptive locally optimal steering laws
for a variety of flight regimes, with a particular focus on LEO flight
and the effects of atmospheric drag, eclipse and orbital precession. The
results have been compared with those of similarly-modelled reflective
solar sails, as well as cold gas and electric thrusters. As a breed,
transmissive sails were shown to have lower sensitivity to altitude &
but greater sensitivity to inclination i; they could operate at lower
altitudes than reflective sails, but saw their performance disproportion-
ately eroded at lower inclination orbits. Nonetheless, these sails often
demonstrated higher performance even within low inclination orbits
by merit of their peak performance being higher. The transmissive sails
were then partitioned into three groups based on their performance and
behaviour: (A) high performance archetypal, (B) lower performance
archetypal, and (C) lower performance non-archetypal sails. Type A
demonstrated the highest rate change of orbital energy ¢, the shortest
transit times t, _,;, , and outperformed reflective sails in every flight
regime. Type B was the lowest performing, and only found advantage
over reflective sails at low altitudes and at inclinations near iggq. Type
C were amongst the most robust, and demonstrated some of the least
sensitivity to inclination i or Sun-velocity angle y due to their large
normal component to SRP, which allowed them to situationally mimic
the behaviour of reflective solar sails; these also tended to outperform
reflective sails in every flight regime.

When compared with thrusters, it was shown that medium-sized
36 m? transmissive sails performing an orbit-raising manoeuvre from
a 530 km SSO generated comparable rates of acceleration to mid-range
electric thrusters, but were outclassed in this respect by Hall effect and
cold gas thrusters. The sensitivity of the f53,_,,, of a Type A transmissive
sail to i was shown to be substantial — for example, differing by up
to 440% between i = 30° and i = iggg, with failure to escape the
atmosphere at i = 0°. Naturally, thruster transit times were independent
of inclination.

Based on the theoretical performance alone, transmissive sails are
suggested to be valid solutions for modern satellites completing a
variety of missions in LEO and beyond; these demonstrate greater
operational flexibility than their reflective peers, and are suitable for a
wider range of flight regimes. However, there still exist flight regimes
for which only thrusters are suitable — particularly low inclination,
very low altitude orbits. In the short term, Type B and C solar sails
may provide an inexpensive, high AV system for escaping Earth’s
atmosphere; in the medium term, Type A or C (meta)sails may be
used for contemporary satellite applications, and may enable edge-of-
the-envelope missions such as reusable space debris mitigation. The
adoption of these sails over thrusters for contemporary LEO appli-
cations may be encouraged due to their ability to passively deorbit
defunct satellites, the growing issue of space debris, and the narrowing
window of time allowed for satellites to deorbit [75]. In the long
term, ISAM may enable solar sails of arbitrary size to be fabricated in
space [1]; these sails may be able to out-accelerate chemical thrusters
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(which see depreciating gains when increasing their size, as described
by the Tsiolkovsky rocket equation). Very large sails or swarms of smaller
sails could be used for applications ranging from manned interplanetary
flight to asteroid towing. The practical advantages and limiting factors
for the introduction of transmissive solar sails were also discussed,
with several requiring further research — particularly the suitability
of metamaterials and the optical degradation of non-metallised optical
films in space.
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