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Abstract

This research investigates the performance of solar-sail satellite materials, focusing on their optical and mechanical resilience under
space conditions near the photo-gravitational L; point of the Sun-Earth/Moon’s System Center of Mass, within the framework of the
Photo-gravitational Circular Restricted Three Body Problem. At L;, solar-sails are exposed to continuous sunlight, intense UV and
gamma radiation, and solar particles, all of which can degrade optical and mechanical properties. Results show how this degradation
leads to a variation in the optical properties of solar-sail materials, resulting in a displacement from the equilibrium point. This study
is motivated by the needs of the Planetary Sunshade System program, a space-based solar geoengineering concept relying on the
long-term station-keeping of a swarm of solar-sail satellites.
© 2026 The Author(s). Published by Elsevier B.V. on behalf of COSPAR. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

Solar-sail propulsion has emerged as a viable solution
for long-duration, low-thrust space missions. The fact that
electromagnetic radiation exerts a pressure upon any sur-
face exposed to it was predicted theoretically by James
Clerk Maxwell (Maxwell, 1865; Maxwell, 1873). The exper-
imental discovery of the Solar Radiation Pressure (SRP)
was announced at the World Physics Congress by Lebedev
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(Lebedev, 1901) in Paris in 1900, and became the first
quantitative confirmation of Maxwell’s theory of electro-
magnetism. Later, it was also proven experimentally by
Nichols and Hull from Dartmouth College (Nichols and
Hull, 1903). Yakov Perelman in 1915 in his book Interplan-
etary Journeys (Perelman, 1915) proposed that SRP could
be used for the propulsion of spacecraft. However, he came
to the conclusion that it is unrealistic because the SRP is
too small. The concept of solar sailing dates back to the
early visions of Tsiolkovsky and Tsander in the 1920s
(Tsiolkovsky, 1921). Fridrikh Tsander suggested and devel-
oped the theoretical concepts of solar sailing (Tsander,
1967; Tsander, 1977). Since then, several studies and
demonstrator missions have been developed to exploit
SRP as a source of continuous, propellant-free thrust,
enabling new opportunities for deep-space exploration
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and orbital configurations, such as families of highly non-
Keplerian orbits for telecommunications, polar region
observation, space-weather monitoring, and solar geoengi-
neering, as reviewed in (McKay et al., 2011). In theory, a
Solar-Sail Satellite (SSS) offers an unlimited form of
propulsion. In practice, however, its long-term perfor-
mance is limited by optical degradation and possible loss
of structural integrity under prolonged exposure to the
harsh space environment. The interaction with ultraviolet
radiation, high-energy particles, and micrometeoroids
alters the optical properties of the surface (Kezerashvili,
2014), resulting in an increase in the sail’s equilibrium tem-
perature. These effects lead to a gradual loss of thrust and,
consequently, deviations from nominal trajectories, poten-
tially compromising long-term orbital stability. For this
reason, degradation of the sail’s optical properties must
be properly modeled and accounted for in mission design,
particularly for long-duration missions (Edwards et al.,
2004b), where the cumulative radiation dose significantly
modifies the effective thrust profile. Despite several theoret-
ical investigations (Vulpetti and Scaglione, 1999; Edwards
et al., 2004b; Prosvirikov et al., 2006; Edwards et al.,
2006; Edwards et al., 2002; Lichodziejewski et al., 2004),
a gap still exists between experimental characterization
and realistic in-orbit degradation data, motivating the
development of analytical models to estimate the impact
of degradation on sail performance. In this context, Dach-
wald and co-authors (Dachwald et al., 2005) introduced a
parametric model to describe the evolution of a sail’s opti-
cal coefficients as a function of the accumulated radiation
dose, enabling preliminary assessment of its impact on tra-
jectory and attitude control. The model has been further
refined and validated in later studies. Mengali et al.
(Mengali et al., 2007) introduced the dependence of the sail
material thermo-optical characteristics on constituent and
geometrical factors using experimental data. Mclnnes
(Mclnnes, 2014) derived an approximate closed-form solu-
tion for spiral trajectories accounting for time-dependent
sail degradation, showing that degradation imposes asymp-
totic limits on motion. This work was further extended by
Bassetto et al. (Bassetto et al., 2020) obtaining a closed-
form solution for the heliocentric motion of a Sun-facing
SSS with degradation, while Niccolai et al. (Niccolai
et al., 2022) extended these results using asymptotic expan-
sion techniques to approximate two-dimensional heliocen-
tric dynamics under continuous optical degradation. More
recently, Rozhkov et al. (Rozhkov et al., 2021) extended
the classical non-ideal sail models by introducing multi-
layer film structures, emphasizing that the optical proper-
ties play a critical role in spacecraft motion control,
particularly in long-term mission scenarios, and that non-
perfect reflection, degradation, and temperature depen-
dence must be jointly modeled to capture realistic sail per-
formance. Huang et al. (Huang et al., 2021a) demonstrated
that neglecting degradation can lead to a loss of control
authority or even orbit divergence, motivating the use of
integrated guidance and control schemes with online
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parameter estimation of the optical coefficients. Most
recently, Klein et al. (2026) investigated the degradation
of aluminized solar sail membranes due to hydrogen blis-
tering induced by solar wind proton irradiation across sev-
eral temperature conditions (five irradiated samples) and
developed a semi-empirical model to describe the process.

The present study refines the optical degradation model
by incorporating multiple degradation sources, grounded
on available experimental data, and applies the resulting
framework to investigate the dynamics of non-Keplerian
orbits within the Photo-gravitational Circular Restricted
Three Body Problem (CR3BP), hereafter referenced
PCR3BP. By allowing the reflectivity coefficient to vary
with time, the study evaluates how degradation leads to a
displacement from the equilibrium point. Understanding
these coupled effects between material degradation and
dynamical behavior is essential for the design of future
long-duration SSS missions relying only on SRP as a
means of propulsion. In particular, here the SSS mission
is considered within the framework of a Planetary Sun-
shade System +@, a space-based solar geoengineering con-
cept aimed at mitigating climate change by partially
reducing the incoming electromagnetic part of solar radia-
tion. The program envisions deploying a swarm of SSS
around the Sun—Earth/Moon Center of Mass (CoM) sys-
tem, hereafter called ® — @), Lagrange point L, to cast a
partial shadow on Earth over an extended period (Coco
et al., 2025). The findings presented here provide new
insights and quantitative tools to support the design and
stability assessment of such missions.

The remainder of this paper is organized as follows. Sec-
tion 2 outlines the dynamical framework employed in our
analysis. Section 3 describes the optical and thermal degra-
dation behavior of the sail materials under prolonged solar
exposure, employing an exponential model to characterize
these effects. Section 4 introduces the Planetary Sunshade
System @, which serves as the reference application for this
work. Section 5 presents the simulation results and dis-
cusses their implications. Finally, Section 6 concludes the
paper by summarizing the key findings and identifying
directions for future research and technology development.

2. Astrodynamics of a SSS in the PCR3BP model

The PCR3BP is adopted in this work as a simplified
model to investigate the dynamics of SSS orbits applied
to the Sun-Earth-Moon system. Specifically, the two pri-
mary bodies, i.e., Sun and Earth/Moon’s system CoM,
are modeled as point masses located at their respective
CoM, with masses "o.®»' such that mgy = mg +my >, A
constant distance L is assumed between them, which corre-

! we will use the comma in the subscript or superscript to indicate that

the expression applies separately to each of the variables before and after
the comma.

2 which are equal to m. = 1.9884 x 10%° kg, mg = 5.9722 x 10** kg and
kg.
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Fig. 1. Illustration of a Solar-Sail Satellite orientation parameters with respect to the corotating S-CCS and the inertial I-CCS: cone angle « and clock

angle 9.

sponds to one astronomical unit (AU)B. The primaries
move along circular orbits around their common Total
Center of Mass (TCM) (Ross et al., 2022) with orbital per-
iod T'*. In our work, the values of primaries’ masses and
orbital parameters are adopted as in (Williams, 2024).
Within this model, each SSS is subject to the gravitational
attraction of both primaries and to the effect of SRP.

2.1. Equations of motion

In order to obtain the equations of motion of a SSS in
the PCR3BP dynamics, it is useful to consider first an Iner-
tial Cartesian Coordinate System (I-CCS) defined as fol-
lows: its origin O is located at TCM; its first axis X
coincides with the straight line joining the two primaries,
from Sun toward Earth/Moon’s system CoM, at initial

instant ¢, °; its third axis Z is along the angular momentum
vector of the primaries’ system; finally, its second axis Y

completes the right-hand I-CCS, such that Y=ZxX.
Moreover, it is defined a barycentric Synodic (or co-
rotating) Cartesian Coordinate System (S-CCS) where the
equations of motion will be written with respect to. This
S-CCS is defined as follows: its origin coincides with O
which is assumed to be fixed in an inertial frame; its first
axis is the rotating straight line joining the primaries (iden-
tified by the unit vector % = cos(x)X + sin(x)Y with ¥ as
the rotation angle; its third axis Z coincides with Z; finally,
its second axis y completes the right-hand S-CCS, such that

J=2x%=—sin(y)X +cos(y)Y (see also Fig. 1). Indeed,

3 which is equal to 1 AU= 1.4960 x 10® km.
4 which is equal to 7 = 1 year.
> we will use the hat symbol () to indicate a unit vector.

S-CCS rotates, with respect to I-CCS, around the common
third axis with angular velocity equal to Sun-Earth/Moon’s
system CoM constant mean motion in I-CCS n equal to

2 G
n= ?" = ,/w = 1.9913 x 1077 rad/s = 2r rad/year,
(1)

with G as the Newton’s universal gravitational constant®
and the rotation angle y defined as

2 =n(t— ). (2)
where 7 is the time variable. In this study, the equations of
motion are rendered dimensionless using the characteristic
parameters of Sun-Earth/Moon’s system CoM Keplerian
circular orbit, namely the distance L and scaled orbital per-
iod L =1

Moreover, in general, the components matrix in S-CCS
are calculated as

X v
v=p-qy = V], (3)
z v

where v is a generic vector and the apex x,y,z are used to
indicate its components matrix in S-CCS. Its norm ||v|| is
then indicated as

el = /(o) + () + ()2, (4)

Let us now define the non-dimensional vectors (see also
Fig. 1)

® which is equal to G = 6.6743 x 107! m?/kg/s%.
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e 'o.@) : position vector of Sun-Earth/Moon’s system
CoM with respect to O;

e r: position vector of the SSS with respect to O;

e ri»: position vector of the SSS with respect to Sun-
Earth/Moon’s system CoM, given by

o =r~I'oey (5)

e a: acceleration vector acting on the SSS due to SRP;
e /1 unit vector normal to the sail surface.

The positions of Sun, and Earth/Moon’s system CoM
are fixed in the synodic (S-CCS) frame, located along the
X axis. Their components matrices in S-CCS are given by

—H 1 —p
ro = 0 , 'y = 0 s (6)
0 0

where the dimensionless gravitational parameter p is
defined as

p= O _30405% 1076, (7)

mo + mgy

The components matrices in S-CCS of the other position
vectors are

x+u x—1+pu
r=1Jyi{ n= y y = y ) (8)
z z z

while the non-dimensional equations of motion describing
the orbital dynamics of a SSS in the S-CCS are (see, for
instance Szebehely, 1967; Mclnnes, 1999)

X—-2y—-U, =d,
y+2x-U, =da, 9)
z—U, =a,

where U indicates the conservative potential

1 l—u p
U=-(x+)")+ T (10)
A R Y
while the U,,. ® compose the components matrix in S-CCS
of VU as

vU=|U,|, (11)

and their expression is reported in extenso in App. A.2.
2.2. Solar radiation pressure

First, we can write the components matrix in S-CCS of 7
as

7 we will use the comma in the subscript or superscript to indicate that

the expression applies separately to each of the variables before and after
the comma.

8 we will use the subscript with a state variable to indicate a partial
derivative.
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cos(a)
n = | sin(a)cos(d) |, (12)
sin(a) sin(9)

where the cone angle o € [* = [0, 7] is defined as the angle
between 7 and %, while the clock angle 6 € I° = [~=, 7) is
defined as the angle between the projection of 7 on the
plane y — z and the direction p (see also Fig. 1).

By considering a perfectly reflecting surface, the expres-
sion for the SRP acceleration vector is assumed to be (see
also (Mclnnes, 1999))

L—u, . ..
a=p '[;(n-rl)zn, (13)
[l
where
g M . o )
B = =5 0 = 2nGme 1531.1 kg/km

(14)

and 4 and M as the area and the mass of the SSS, respec-
tively, while ¢ is the areal mass density and ¢* is the critical
sail loading parameter (Mclnnes, 1999), with L solar lumi-
nosity 7, and ¢ the speed of light '°. Moreover, since the
SRP is the force produced by the light photons impinging
on the surface of the satellite, the condition
n-7 =cos(or) = 0, must be fulfilled, imposing limits on
the values of a.. Here, o is the angle between 7 and 7, called
the SSS pitch angle.

However, under real conditions, the sail exhibits non-
ideal optical behavior, due to the interaction of the solar
electromagnetic radiation with the SSS surface, which can
be reflected, absorbed or transmitted. Therefore, one can
write:

p+o+t=1, (15)

where p, o and 7 are the optical properties of the SSS mate-
rial, spectral hemispherical reflectivity, absorptivity and
transmissivity, respectively. These properties are functions
of both wavelength 1 and temperature 7, i.e.
p=p(AT),a=0a(4,7) and t=1(A 7). Considering
the reflective side of the sail, T =0, therefore oo =1 — p.
Of all incident photons, a portion will be absorbed by the
sail and then re-emitted as thermal radiation, while a frac-
tion will be reflected by specular and diffuse reflection. By
taking all these effects into account, a more general formu-
lation can be derived for a non-perfectly reflecting solar
sail, given by (see also Mclnnes, 1999):

1 1—p,, . . . .
a=3 B BB+ R +bR), (1)
r
where the coefficients by, b,, bsdepend on the sail’s optical
and thermo-physical properties and are defined as:

° which is defined as absolute measure of radiated electromagnetic
energy per unit time, and it is equal to Lo, = 3.8275 x 10%° W.
19 which is equal to ¢ = 2.9979 x 10 m/s.
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by=B/(1—s)p+(1—p) Ll (17)

ertep

by =1—ps, by=2ps,

where s is the specular reflection coefficient, ¢, and ¢,are the
front and back emissivities, and B, and B,are the front and
back non-Lambertian reflection coefficients, respectively.
The parameters by, by, b; effectively describe the relative
contributions of reflection, absorption, and re-emission to
the total radiation pressure force.

2.3. Equilibria and the associated attitude angles

In the presence of SRP acting on an arbitrarily oriented
sail, the PCR3BP is generally non-conservative. However,
a conservative formulation is recovered when 7 x 7, =0,
i.e., when the sail normal is aligned with the Sun-
spacecraft direction. In this case, the total potential I’
becomes
r=u-—2pU =B iy (18)

27 nl
If we consider this conservative case, the number of equi-
librium points remains equal to five, as in the classical
CR3BP. However, their positions are slightly shifted due
to the additional force introduced by SRP, which displaces
the balance point toward the radiating primary.

A new class of photo-gravitational L;-type equilibrium
points can be defined, hereafter named Lj, by imposing
y =0 and z = 0, with the equilibrium located between the
two main primary and CR3BP L;. Under these assump-
tions, 7|7, meaning that these L] points correspond to
those of the conservative PCR3BP. This condition also
implies & = 0, while ¢ is not defined. Under these assump-
tions, imposing the equilibrium conditions makes the y and
z differential equations in Eq. (9) identically satisfied, while
the x differential equation provides the scalar equilibrium
condition for the corresponding X coordinate. This condi-
tion holds for both the non-ideal optical sail model and

the purely reflective case, yielding
t

2
I—p 1
.B = (1,‘,)(1”2“,2“,3) (1 - dL;) dL} -1+ u—+ £ 7~ d}T,‘ s (19)

L
1-d 1
( ‘LI)

with d;. as the Lj distance from Earth/Moon’s system
CoM, defined as

dy = —x+1-p (20)

3. Optical and thermal degradation of sail materials

SSSs are ultralight reflective membranes that utilize
radiation pressure from the Sun for propulsion. A sum-
mary of launched SSS missions and their respective sta-
tuses (success or failure) is provided in review (Ancona
and Kezerashvili, 2025). In missions involving space-
based geoengineering or deep-space exploration, placing
SSSs at the O — @Y L; point provides maximum continu-
ous solar flux, optimizing radiation pressure for propulsion
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without Earth’s orbital shadowing or significant variation
in illumination geometry. However, this position subjects
the sail to degradation mechanisms that threaten structural
integrity and reflectivity over time. Understanding these
degradation pathways is essential for material selection
and mission longevity.

3.1. Environmental conditions at L,

Several solar and Earth observatory space mission, such
as WIND, the Solar and Heliospheric Observatory
(SOHO), the Advanced Composition Explorer (ACE),
and the Deep Space Climate Observatory (DSCOVR),
are currently operating near the () — @) Lagrange point
Ly, ''. This location provides a strategic position for con-
tinuous monitoring of the solar wind, which typically
reaches L; about one hour before interacting with the
Earth’s magnetosphere. At the L; point, a SSS is exposed
to the full spectrum of solar electromagnetic radiation as
well as to high-energy elementary particles such as elec-
trons, protons, neutrinos, and ions of light nuclei emitted
by the Sun. Continuous electromagnetic radiation in the
range of approximately 300-2500 nm provides the propul-
sive pressure that enables SSS dynamics, whereas charged
particles in the solar wind, such as protons, electrons,
and alpha particles, contribute significantly to material
degradation. In addition, the SSS materials also experience
degradation due to the absorption of radiation, which leads
to an increase in temperature and thermal cycling due to
attitude changes. Consequently, the sail’s reflectivity, emis-
sivity, and tensile strength may deteriorate over time, and
induce mass loss through thermal desorption or sputtering.

3.2. Highly reflective materials for SSS

Aluminum. Aluminum foil has long been considered as
one of the most suitable materials for SSS applications
due to its high reflectivity and low density.

Recent advances in material science have introduced a
new generation of ultra-lightweight and radiation-
resistant polymers and coatings suitable for SSS applica-
tions. Materials such as Mylar and CP1 (Colorless Poly-
imide version 1), a high-performance transparent
polyimide film developed by NASA (Nehls, 2005), poly-
imides combined with reflective layers (e.g., silver or alu-
minum) and protective oxide caps have demonstrated
promising performance in maintaining high reflectivity
and infrared emissivity in the vicinity of L;.

CPI. CP1 polyimide is commonly enhanced with vapor-
deposited aluminum to improve its reflectivity and thermal
control properties, particularly for space applications. This
metallization process involves depositing a thin aluminum
layer directly onto the CP1 film, creating a composite mate-

1 which is located approximately at a distance dp, =1.5x% 10° km from
Earth/Moon’s system CoM.
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rial that combines the mechanical and thermal stability of
CP1 with the reflective properties of aluminum.

In addition to aluminum, other metals such as silver and
nickel can be deposited onto polyimide films to tailor its
electrical and optical characteristics. For instance, silver
coatings can achieve reflectivity levels up to 98%, and sub-
sequent electrochemical deposition of metals like palla-
dium, platinum, or gold can further enhance stability and
conductivity (Kudaikulova et al., 2008). However, while a
deposit of silver, palladium, platinum, or gold enhances
reflectivity, electrical and optical characteristics, this dra-
matically increases the areal density of such composite
materials. In the standard NASA model, the reflectivity
of 2.5 micrometer CP1 coated with 100 nm of aluminum
is around 0.91 (Heaton and Artusio-Glimpse, 2015).

Mylar. For SSS applications, Mylar is often used in a
metalized form-typically coated with vapor-deposited alu-
minum to enhance its reflectivity and thermal performance.
This composite structure exhibits initially high reflectivity
(highly reflective polyester millimeter-thick film Mylar with
vapor-deposited aluminum will reflect approximately 92—
97% of light (Mclnnes, 1999)) and low emissivity due to
the aluminum layer. However, while the aluminum coating
initially protects the polymer base from direct exposure,
prolonged radiation can cause delamination, and mechan-
ical microcracking, particularly under y and UV parts of
the solar electromagnetic spectrum, as well as protons
and o-particles bombardment. The degradation process is
governed by both the metallic surface erosion and the
underlying Mylar substrate embrittlement, resulting in a
compounded degradation profile with potentially faster
reflectivity loss than either component in isolation if the
coating fails (Edwards et al., 2004a, Kang et al., 2017).
Therefore, while metalized Mylar offers high initial perfor-
mance, its long-term durability is less robust than radia-
tion-hardened alternatives such as CP1 (Heaton and
Artusio-Glimpse, 2015). The LightSail-1 and LightSail-2
missions employed 5 um aluminized Mylar as the sail mem-
brane material, chosen for its high reflectivity and flight
readiness (Heaton and Artusio-Glimpse, 2015; Johnson
et al., 2016; Betts et al., 2021).

Finally, in Table 1 are reported the material, optical,
and thermal properties of three SSS common configura-
tions considered, i.e., aluminum with chromium on the rear
surface, aluminized CP1 and aluminized Mylar. In particu-
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lar, the values reported in Table | are taken from (Heaton
and Artusio-Glimpse, 2015), where available. The front-
side emissivity values for the AI-CP1 and Al-Mylar config-
urations are selected consistently with the average alu-
minum emissivity in the operational temperature range
considered in this work. The back-side emissivities are
instead adopted as conservative representative values for
the exposed polymer substrates.

3.3. Radiative and thermal degradation at the ©-®) L; Point

In this section, we analyze the degradation of the sail
characteristics due to radiation exposure and temperature
dependence of its optical parameters.

For radiation-induced degradation, we considered a
macroscopic approach for the description of the interac-
tion of the corpuscular part of solar radiation, UV, and y
part of the solar spectrum (Kezerashvili and Matloff,
2007; Kezerashvili and Matloff, 2009), and the dependence
of the thickness of solar sail on temperature and on wave-
length of the electromagnetic spectrum of solar radiation
(Kezerashvili, 2009). As far as the temperature analysis is
concerned, instead, we mainly refer to that proposed by
(Kezerashvili, 2014; Ancona and Kezerashvili, 2017).

3.3.1. Radiation-induced degradation

Charged particles, UV photons, and y radiation cause
damage to solar-sail materials through atomic displace-
ments, bond scission, and ionization. The cumulative radi-
ation damage per unit area, D,,, arising from charged
particles over an exposure time ¢, is characterized by the
incident flux spectrum and a material-dependent damage
yield.

We develop a model of radiation-induced degradation
based on the exponential attenuation law. The natural
question arising is why we chose the exponential law for
the description of degradation? The reasoning is the
following:

1. The exponential law is commonly chosen to describe
the degradation of materials;

il. Many degradation radiation damage follow first-
order kinetics, where the rate of degradation is propor-
tional to the remaining intact material, which naturally
leads to an exponential decay law, especially in early and
mid-lifetime periods of SSS materials;

Table 1
Material, optical, and thermal properties of three SSS common configurations considered, i.e., Al-Cr, CP1, Mylar.

a) Al-Cr b) Al-CP1 ¢) Al-Mylar
Front-side material Al Al Al
Back-side material Cr CP1 Mylar
Initial reflection coefficient p, 0.88 0.91 0.95
Specular reflection factor s 0.94 0.94 0.94
Front-side emissivity €, 0.050 0.045 0.045
Back-side emissivity ¢, 0.55 0.50 0.45
Front-side non-Lambertian coeff. B, 0.79 0.79 0.79
Back-side non-Lambertian coeff. B, 0.55 0.67 0.67
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iii. Radiation damages due to protons, a-particles, UV,
and 7y radiation are random processes. If damage occurs
due to random events, and each event has a small, indepen-
dent probability of causing failure or weakening, the cumu-
lative effect over time resembles an exponential process;

iv. Finally, the exponential function is analytically con-
venient and easy to use in simulations, mission design, and
optimization. Exponential function reflects the underlying
physics of first-order processes, and allows analytical and
numerical treatment in mission modeling.

Generally, it is possible to capture the essential optical
behaviour of the sail by analyzing the variation of reflectiv-
ity coefficient p since the dominant variations in the SRP
force arise from changes in it, whose variations produce
the largest changes in both the normal and tangential com-
ponents of the acceleration (Dachwald et al., 2005).

The degradation of reflectivity p = p(¢) as a function of
time can be modeled as:

p=py e “Prd. (21)

In Eq. (21), we assume that D,,; = D,,4(¢) is the cumulative
radiation dose induced by protons and a-particles as a
function of time, « is a material-specific degradation coef-
ficient, and p, is the initial reflectivity.

Assuming a constant solar wind and radiation flux, the
dose-time relationship for all materials can be approxi-
mated as:

Drad = (l’)O t? (22)

where ¢,is the constant radiation dose rate in uC/cm?*/year
and ¢ is time in years for protons or « particles. Based on
the total radiation dose rate ¢, at a distance of 1 AU from
solar wind protons (in this case ¢, = ¢,) and a-particles (in
this case ¢, = ¢,), the total radiation dose rate can be
approximated in terms of electric charge per unit area.

For the solar wind proton flux in the range of 1 x 10® to
1 x 10° protons/cm?/s, and considering the average value
of 5x 10® protons/cm?/s, the total radiation dose rate in
terms of electric charge per unit area is:

¢, ~ 2520 uC/cm’ /year. (23)

However, in some lab simulations for modeling purposes
and material degradation experiments, a more conservative
¢, ~ 100 — 200 uC/cm?/year value is sometimes used.

The solar wind at the ® — @) L, point consists primar-
ily of charged particles, predominantly protons, accompa-
nied by a smaller but non-negligible population of alpha
particles (He®"). a-particles typically constitute 4-5% of
the proton population, yielding an average alpha particle
flux of approximately:

¢, ~ (1 —2.5) x 107 particles/cm?/s, (24)

assuming a typical proton flux of
¢, ~5x 10® particles/cm?/s. These values are based on

in situ measurements from L;-orbiting spacecraft such as
WIND and ACE.
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Although less numerous than protons, a-particles pos-
sess greater mass and twice the electric charge, enabling
them to transfer more momentum and energy upon impact.
This enhances their potential to induce sputtering, lattice
displacement, and surface chemical modifications, espe-
cially in reflective and emissive materials like metalized
Mylar, CP1, or bare aluminum.

The a-particle effect on optical degradation can be incor-
porated by adjusting the net degradation coefficient to
account for both particle types:

@y = Kap, (25)

with x = 41, where factor =~ 4 reflects the relative increase
in energy transfer from a-particle due to their higher mass
and charge and n = 0.045 reflects the fact that a-particles
typically constitute 4-5% of the proton population. Despite
their lower flux, a-particle can disproportionately impact
reflectivity, emissivity, and surface integrity due to their
higher damage cross-section. Accordingly, long-duration
material degradation models for SSS at L; must include
contributions from both protons and a-particles. Degrada-
tion of SSS materials due to y rays and UV radiation is a
critical component of long-term performance modelling,
especially at the © — @) L, point, where materials are con-
tinuously exposed to unfiltered solar radiation. Particu-
larly, UV radiation leads to chain scission in Mylar and
CP1 polyimides, surface embrittlement, and loss of reflec-
tivity. The y radiation causes ionization damage in poly-
mers and a metallic layer, degrades molecular chains, and
can change thermal and optical properties of the SSS
materials.

Although spectroscopic measurements show variation
of UV and y radiations Rottman (2005, 2023), we assume
constant solar UV and y radiation fluxes, and the dose-
time relationship for all materials can be approximated
by a linear dependence on time given by Eq. (22) with
the initial ¢y and ¢, fluxes, respectively. In this case, like
with particle-induced degradation, the exponential decay
model in Eq. (21) can be used for reflectivity degradation
with material-specific dose functions:

t t
Dyy = / bur df = buy t, Dy = / ¢~,v df' = ¢y L, (26)
0 0

where ¢y and ¢, are the spectral UV and y-radiation
fluxes at the surface, in W/cm?, respectively. The assump-
tion of the constant radiation fluxes in Egs. (26) leads to
the linear dependence of Dyy = Dyy(¢) and D, = D,(t) on
time. The corresponding degradation coefficients «yy and
@, in cm?/J in Eq. (21) are material-specific.

Based on the inverse square law the energy flux ® (also
said solar irradiance) depends on the norm of the Sun-SSS
position vector r; as:

cos(o) L

O=0,——7, @ = , 27
NelP T 4D )
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where ®,'? is the Solar irradiance at D., which is the
dimensional Sun distance from Earth/Moon’s system
CoM and equal to L, defined through the solar luminosity
L, and o/ is the sail pitch angle between the normal of the
SSS 7 and r;.

The cumulative average UV flux ¢y, which is com-
monly subdivided into UV-A, UV-B, and UV-C, can be
estimated from the total solar irradiance at 1 AU. The most
harmful component for material degradation is UV-C radi-
ation (100-280 nm) (NASA, 2024), which contributes
roughly 1-1.5 W/m?, or approximately 0.1% of the total
solar electromagnetic radiation. Therefore, the UVC
energy per unit area received over a year is estimated as:

buy = 4.3 x 10° J/em? /year. (28)

y rays are high-energy photons (with energies above
~100 keV and wavelengths < 0.01 nm) emitted primarily
in the solar core due to proton-proton chain reactions.
Though largely absorbed internally, a small flux can
escape, especially during solar flares. During quiet solar
conditions, the gamma-ray contribution is less than
0.000001% (Rottman, 2005) of total solar radiation, but
can briefly increase by an order of magnitude during strong
solar flares.
Thus, the annual y energy deposition per unit area is:

¢, ~ 43 x 107 J/em? /year. (29)

Assuming constant fluxes for simplicity, we can write for
practical simulation the following generalized model for
reflectivity degradation via environmental conditions near
L, point:

b= poe™, (30)
where
A= app, + ayd, + avrpyy + ay, (31)

is an effective total degradation rate combining all mecha-
nisms of degradation.

Considering Egs. (30) and (31) the degradation of reflec-
tivity for each material, can be modeled using the following
exponential decay expressions:
pi= poieiA't’ (32)
where p, and A; denote the initial reflectivity and degrada-
tion rate of material 7, with i =Al, CP1, Mylar. These equa-
tions provide a direct means to simulate reflectivity
degradation over mission time, given a known or assumed
radiation environment.

We perform the modeling based on a material-specific
approach under integrated solar wind, UV, and y radiation
conditions. Table 2 lists estimated degradation coefficients
for Aluminum, Mylar and CP1. They were estimated based
on experimental and modeling data available in the litera-

12 which is equal to ®y = 1346W/m>
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ture for materials of similar composition and radiation
exposure conditions.

The values for protons and a-particles were guided pri-
marily by the NASA Radiation Effects Design Handbook
(Hanks and Hamman, 1971), which provides order-of-
magnitude degradation data for insulating and metallic
materials under charged-particle irradiation. Estimates
for UV degradation were inferred from polymer aging
studies under photo-oxidative environments (Lu et al.,
2018; Maraveas et al., 2024), while the coefficients for y-
ray exposure were adapted from recent investigations of
polyimide film degradation under ionizing radiation
(Shen et al., 2020). Given that published data are often
reported for specific experimental conditions and dose
units, the coefficients in Table 2 should be regarded as
approximate, representing the typical order of magnitude
for reflectivity loss in Aluminum, Mylar, and CP1 films
under prolonged exposure to space radiation. Future
experimental work will be required to refine these estimates
for solar-sail applications.

It is important to note that coefficients in Table 2 are
approximately estimated from heterogeneous sources with
differing irradiation energies, fluxes, and environmental
conditions. Therefore, they should be regarded as approx-
imate, order-of-magnitude parameters intended for para-
metric modeling rather than precise prediction. The
results presented here are thus indicative of general trends
in reflectivity degradation under prolonged space radiation
exposure. Dedicated experiments under mission-relevant
conditions will be required to refine these coefficients for
accurate solar sail performance predictions. One important
experimental effort in this direction involves the study of
the progression of reflectance degradation caused by
hydrogen recombination processes and hydrogen blistering
(Sznajder et al., 2015; Sznajder et al., 2018; Sznajder et al.,
2020; Klein et al., 2026).

In calculating the reflectivity degradation of the sail
material due to proton and o-particle impact, we use the
following assumptions. First, we adopt a conservative
value of ¢, = 200 uC/cm? /year (ECSS, 2019), which is typ-
ically used in laboratory simulations to model the average
total radiation dose rate, and we also consider the case in
which this dose rate increases by a factor of 10 as in
Eq. (23). In addition, we examine the most extreme case
and further increase of the last value by another factor of
10, giving ¢, = 25000 uC/cm? /year, which may occur dur-
ing periods of high solar activity. However, such a high flux
is realistic only for short time intervals.

Results of the modeled reflectivity degradation over a
mission lifetime of several years in solar-radiation-rich
environments are presented in Fig. 2. It compares the
degradation of the reflectivity for aluminum, CPI, and
Mylar based on the exponential decay model. CP1, a radi-
ation—hardened polyimide used in multilayer sail struc-
tures, exhibits much slower degradation. CPI
demonstrates superior long-term stability, while Mylar
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Table 2

Initial reflectivity and approximate degradation coefficients due to protons and a-particles impact as well as UV and y rays exposure for selected sail
materials.

Material Po ap (cm?/uC) ay (cm?/uC) apy (cm?/T) ay (cm?/J) A (1/year)
Aluminum 0.88 1.5%x107° 1.7%x107° ~1.5x%x107° ~2.0x1077 342 %1073
CP1 0.91 1.0 x 107° 1.1 x 1077 ~15%1077 ~1.0x1077 4.82 %1072
Mylar 0.95 50x107¢ 5.6x 1077 ~1.0x107° ~10x107° 1.82 % 1072

retains high initial reflectivity but degrades faster than CP1.
Mpylar initially has high reflectivity (p, ~ 0.95) but suffers
from UV embrittlement and radiation-induced microcrack-
ing over time. Results of calculations show that aluminum
reflectivity degrades under UV, 7, and charged particle
exposure. Aluminum exhibits moderate degradation com-
pared to Mylar, but it remains a reliable choice when com-
bined with protective coatings or used in laminated
structures.

The radiation-induced degradation model developed in
this study is incorporated into the equations of motion to
capture the time evolution of the sail’s optical properties.
In particular, in order to provide a basis of comparison
with existing models, in particular the Dachwald et al.
(Dachwald et al., 2006), we propose now a general formu-
lation that extends that model by introducing multiple
degradation sources and material-specific degradation
coefficients, as detailed before in Section 3. Within this
framework, the time-dependent reflectivity degradation
depends directly on A;, which represents the effective total
degradation rate (see Eq. (31)). This parameter combines
the contributions from charged particle fluxes, UV radia-
tion, and y radiation, and is specific to each material type
(e.g., Aluminum, CP1, Mylar). In the parametric formula-
tion of Dachwald et al. (Dachwald et al., 2006), the time-
dependent reflectivity is given by

1+de?®
1+d ’

where / is a degradation constant, d is a degradation fac-
tor, and X = X(¢) represents the non-dimensional devia-
tion, over time, of the solar radiation dose received by
the sail surface with respect to a reference value (the one
at 1 AU), which includes the correction due to a Sun dis-

P =Py (33)

tance different from 1 AU and for different attitude
cos(o/). By considering a giving

t
_ 1 / cos(oczl) g

T Jiy el
in our formulation, we retain the degradation factor d,
which determines the asymptotic reflectivity through
Po = po/ (1 +d), but replace the term A with ATfor a more
comprehensive rate decay formulation. Indeed, in the orig-
inal formulation by (Dachwald et al., 2006), the degrada-
tion rate 4 is related to the half-life solar radiation dose.
This assumption provides a convenient way to define the
degradation rate, but it does not explicitly account for
the physical sources contributing to the degradation
process.

In the present work, the coefficient A (or equivalently its
associated ratio) is instead given a more explicit physical
interpretation by considering multiple degradation mecha-
nisms and radiation sources. This leads to an extended for-
mulation in which the degradation parameter represents
the combined effect of different physical processes acting
on the sail material.

This yields a unified expression:

(34)

! cos(af
cos(a/) ’

2
1o llry 11

l+de™*  l+de
T+d " 1+d

With respect to Eq. (32), Eq. (35) generalizes the degrada-
tion influence by considering also a possible steady state
with the degradation factor d and the correction due to a
change in position or attitude for the dose coefficients, used
in calculating A, with the factor X.

Since other optical coefficients also play a major role in
the sail dynamics, a similar degradation law is applied also

p=po (35)
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Fig. 2. Modelled reflectivity degradation of Aluminum, CP1, and Mylar over mission duration under integrated solar wind conditions and constant
radiation dose: (a) conservative value 200 uC/cm?*/year used in material degradation experiments; (b) the average value of 2500 uC/cm?/year; and (c),
average flux increased by a factor of 10, 25000 C/cm?/year due to higher solar activity. The last value for the flux is realistic only for short time durations.
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for the specular reflectivity and the front-side emissivity as
in (Dachwald et al., 2006), giving

1 cos(a)

3
10 ey 11

dt/

l+de
1+d ’

_ [cos(x/),
= ¢, <1 +d<1 —e Aﬁo Ny 12 ">>’

The remaining parameters, namely the back-side emissiv-
ity, and the non-Lambertian coefficients, are considered
constant. Moreover, we consider that the optical coeffi-
cients do not depend on o/ as well as no self-healing effects
occur in the SSS. Instead, the dependence on temperature
is now discussed.

S =350 €r

(36)

3.3.2. Solar-Sail Temperature at the L; Point

While the previous subsection focuses on radiation-
induced degradation, temperature is another key factor
affecting the long-term reflectivity and emissivity of SSS
materials.

Recent studies show that reflectivity and emissivity also
depend on the temperature (Kezerashvili, 2014). Although
reflectivity’s dependence on temperature can be neglected,
the same does not apply for emissivity, which is directly
proportional to the temperature, as suggested by Parker
and Abbott in (Parker and Abbott, 1965).

The temperature of the SSS surface depends on the
heliocentric distance (Polyakhova, 1986; Mclnnes, 1999;
Kezerashvili, 2014; Ancona and Kezerashvili, 2017). As
shown in (Kezerashvili, 2014; Ancona and Kezerashvili,
2017; Ancona and Kezerashvili, 2019), for electrically con-
ductive materials the dependence of temperature on helio-
centric distance has an exponential index proportional to
—2/5, while a more conservative approach leads to a
dependence of —1/2 (Polyakhova, 1986; McInnes, 1999).
The sail temperature can be estimated using the law of con-
servation of energy, accounting for the temperature-
dependent optical properties of the sail material, such as
reflectivity, absorptivity, and emissivity (Kezerashvili,
2014). In the analysis below, we adopt the more conserva-
tive approach, assuming that the reflectivity and emissivity
of the material are constant and do not depend on
temperature.

Due to the effect of temperature on the radiative and
optical properties, the corresponding absorbed energy flux
@, will be:

(I)a:(l_p —‘E)(I), (37)

where the dependence on wavelength has been removed by
computing the spectral average, so considering the total
hemispherical optical coeflicients.

Once that energy has been absorbed, it can also be emit-
ted from the surface, as a secondary process. From the
Stefan—Boltzmann’s law, the rate of energy emitted from
a surface at a certain temperature is proportional to the
fourth power of the temperature 7. As a sail is usually
composed by various films of different materials, in general
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Table 3

Approximate emissivity of materials versus temperature.

Material 300K 600K 800K 1000 K 1200 K 1400 K
Aluminum 0.04 0.05 0.07 0.10 0.15 0.20
CP1 0.10 0.12 0.13 0.14 0.15 0.16
Mylar 0.03 0.035 0.04 0.05 0.06 0.07

its front and back sides will have different emissivity, ¢ and
ep, respectively. Hence, the emitted energy flux @,, from
front and back surfaces is:

(De = (eF + 6B)O-SB<9_'47

(38)

where og;'° is the Stefan-Boltzmann constant. From the
law of conservation of energy, the SSS will be in thermal
equilibrium if the total absorbed energy equals the total
emitted energy. By applying the equality ®, = ®,, the so
known Kirchhoff’s law, and considering that from Eq.
(27) the solar energy flux has an inverse square variation
with the heliocentric distance, one can find the dependence
of the sail temperature on the heliocentric distance as

= <(1 —p =1 c:os(oc/))l/4 1

g =
(er + €5) osp

[0

(39)

The analysis of Eq. (39) shows that the temperature
depends on the sail material’s reflectivity p and emissivity
e. In Table 3, the emissivities of the sail materials are pre-
sented at different temperatures based on the cumulative
data from Refs. (Kleiman and Tennyson, 1999; NASA,
1972; Touloukian and DeWitt, 1972; Modest, 2013;
DuPont, 2013; ESA, 2015), and dependence of the emissiv-
ity on temperature are illustrated in Fig. 3. Analysis of the
data presented in Table 3 demonstrates that the emissivity
of polished aluminum starts around 0.04 and increases up
to approximately 0.2 at 1400 K. Recently engineered mate-
rial, such as CP1, exhibits thermal properties that result in
equilibrium temperatures comparable to those at the
O -®) L, point (Loke et al., 2022). The emissivity of
CP1 is moderately low, generally in the range of 0.1-0.16,
within the temperature range of 300 — 1400 K. The emis-
sivity of Mylar is even lower, ranging from 0.03 to 0.07,
depending on temperature and surface coating.

The reflectivity of the Aluminum decreases slightly with
temperature, mainly in the infrared range by 1-3% in the
temperature window 300 K to 600 K. Reflectivities of
Mylar and CP1 come from the aluminum coating. There-
fore, their reflectivities are of the same order as for the
Aluminum.

The temperature dependence due to radiation-induced
degradation over the mission duration can be taken into
account by substituting Egs. (32) into Eq. (39). Considera-
tion of radiation-induced degradation leads to an increase
in the sail material temperature.

13 which is equal to o5 = 5.67 x 10~% Wm—2K*
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Fig. 3. Emissivity versus temperature for Aluminum, Mylar, and CP1.

4. Case study - planetary sunshade system

The Planetary Sunshade @ represents a space-based geo-
engineering concept aimed at mitigating climate change by
reducing the solar radiance reaching Earth. This concept
and its phased development pathway are described in detail
in a companion roadmap study (Matonti et al., 2026). Posi-
tioned between Sun and Earth, the system would cast a
partial shadow on Earth, contributing to global tempera-
ture stabilization (see Fig. 4). Beyond technical feasibility,
the Planetary Sunshade @ aligns with global climate action
frameworks (e.g., UN SDG 13 (United Nations, 2026)). It
offers a reversible, non-terrestrial intervention that comple-
ments emission reduction strategies. However, governance,
ethical considerations, and international collaboration
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remain critical to its implementation (Chesley et al., 2023;
Romano et al., 2023).

Generally, the main strategy consists of a swarm of SSS
capable of active control, which can be either totally or
partially assembled to build one or more occulting disks
(Roger, 2006; Mclnnes, 2010). Given that the required
solar radiance reduction may involve millions of units,
effective swarm formation flying and control become criti-
cal challenges. The swarm astrodynamics, including the
study of suitable families of L] Halo orbits, has been exten-
sively investigated in (Matonti et al., 2023b; Matonti and
Romano, 2024), along with various orbital transfer strate-
gies (Fuglesang and de Herreros Miciano, 2021; Matonti
et al., 2023a). The optimal configuration to avoid unin-
tended climate consequences has also been investigated in
(Sanchez and Mclnnes, 2015; Oggionni et al., 2022).
Finally, alternative architectures exploring space resources
have been proposed (Jehle et al., 2020; Baum et al., 2022).

The Planetary Sunshade @ concept considered here con-
sists of a swarm of SSS operating in non-Keplerian orbits
near the minimum-mass L] point. Each unit uses SRP for
station-keeping, reducing or obviating the need for propel-
lant, a critical constraint for long-duration missions. The
primary objective is to achieve a controlled reduction in
solar flux (typically 0.5-2%) to counteract greenhouse
gas-induced warming, while maintaining reversibility and
operational flexibility (Govindasamy and Caldeira, 2000).

The Planetary Sunshade @ architecture must incorpo-
rate strategies to mitigate the effects of material degrada-
tion and ensure long-term operational reliability. Key
considerations for sustained mission performance include
integrating degradation models directly into sail guidance

Fig. 4. Conceptual visualization of a Planetary Sunshade (.
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algorithms to maintain control authority over extended
mission durations. Furthermore, it is essential to optimize
sail positioning strategies to maximize the effective shading
area while minimizing the number of deployed units.
Design efforts must also consider sails sizing margins or
reserve modules to compensate for performance losses
due to optical and thermal degradation. Operationally, this
requires implementing autonomous formation control and
reconfiguration algorithms to preserve swarm geometry
under dynamic perturbations, and establishing mainte-
nance protocols, such as periodic repositioning or replace-
ment of degraded wunits, to sustain system-level
performance. These measures collectively enhance system
resilience, maintain shading effectiveness, and reduce the
risk of mission failure under prolonged exposure to the
harsh space environment.

A series of precursor missions should be designed to test
the long term performance around L} (Coco et al., 2025;
Matonti et al., 2026), and the adoption of Extended Reality
immersive environments is programmed for operational
planning and maintenance simulation (Matonti et al.,
2025).

Table 4 reports the main orbital and system require-
ments of the single SSS module of a possible precursor mis-
sion. Starting from this, we define a use case for the
subsequent orbital degradation simulations section, where
the ideal lightness number is intended for a perfectly
reflecting surface. In case of a non-ideal optical behavior,
the lightness number f is given by

f— 201
T b+ byt by

Moreover, at this L], we may assume that the reflectivity of
the materials remains constant in the temperature range
300 — 600K. To prove this, we now determine the corre-
sponding equilibrium temperature of the SSS material at
this location. The equilibrium temperature in a worst-
case scenario can be estimated by considering the emissivity
at 600 K. Substituting emissivities values from Table 3 at
600 K in Eq. (39), we obtain

(40)

1/4
)

T =T, (cos(a)) (41)

where i =Al, CP1l, Mylar and 7, are the corresponding
equilibrium temperatures for o/ = 0, and which are equal
to f/—cpl = 338K, yMylar = 347K, and ,O/—Al =414K. It
should be emphasized that these temperatures are calcu-

Table 4
Mission and geometric parameters of the sunshade module.

Operational environment L7 region
2.367 x 10° km

©- @) PCR3BP

Distance from Earth
Dynamic model

Sail shape Square
Sail area 4 400 m?
Sail mass M 16 kg
Areal mass density ¢ 40 g/m?
Ideal lightness number f/ 0.0349
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lated under the assumption that radiation-induced degra-
dation of the sail materials is neglected. Fig. 5 shows the
evolution of temperature over the mission duration of
10 years due to degradation caused by solar wind, UV,
and v radiation for Aluminum, CP1, and Mylar.

In the present study, the sail is assumed to operate in the
vicinity of the nominal L] equilibrium configuration.
Within this region, the heliocentric distance varies only
over a limited range during the operational interval consid-
ered; consequently, the corresponding sail temperature
remains confined to a narrow interval. Furthermore, the
temperature analysis indicates that, for the materials con-
sidered here, the sail temperature remains within a range
for which temperature-induced variations of the reflectivity
can be neglected to first order. Therefore, the coupling
between temperature evolution and orbital dynamics is
neglected in the present simulations.

Following the study in Rozhkov et al. (2021), which
investigated sail reflectivity as a function of material prop-
erties, sail design, temperature, multilayer thickness, and
the degradation factor d, the latter was varied within the
range d = 0.1 — 0.25 with reasonable accuracy. Assuming
an average value of d = 0.15, we illustrate the temperature
evolution in Fig. 5, which shows the variation of sail tem-
perature over a 10-year mission duration. The model
accounts for degradation due to solar wind, UV,
and y-radiation for Aluminum, Mylar, and CPl. The
results presented in Fig. 5 indicate that, over the 10-year
mission, the temperature of the CPI sail increases by only
about 10 K, whereas the Aluminum and Mylar sails exhibit
larger increases of approximately 40 K and 35 K, respec-
tively. Consequently, the sail material temperatures are
slightly higher than those obtained from Eq. (41), where
radiation-induced degradation was not taken into account.

Overall, these findings support our assumption that the
temperature dependence of reflectivity and emissivity can
be neglected, since the subsequent simulations consider
only radiation-induced degradation effects.

4607 ...... _ pCPl
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Fig. 5. Temperature increase due to degradation by solar wind, UV, and y
radiation of aluminum, CP1l, and Mylar over the mission duration of
10 years.
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Notice that for large-area solar sails such as Sunshade-
type systems, structural effects - including deformation
and wrinkling - become increasingly significant and may
influence optical properties and propulsion performance.
For large-scale solar sails required for mission profiles like
sunshades or displaced solar orbits, the structural integrity
and long-term performance are sensitive to membrane
wrinkling. Unlike smaller demonstrators such as IKAROS,
large sails exhibit complex wrinkling patterns that can sig-
nificantly alter the effective SRP. Recent studies have
demonstrated the utility of the point cloud method for ana-
lyzing large-scale deformations (Huang et al., 2021) and
provided comprehensive wrinkling analyses for solar-
photon sails by Vulpetti et al. (2021). These effects are par-
ticularly critical when coupled with the thermally induced
structural softening discussed in this work, as they collec-
tively determine the precision of the attitude-orbit control
system. In Ref. Zou et al. (2022), authors developed a non-
linear finite-element-based method combined with experi-
mental validation to analyze and accurately measure
wrinkling behavior in solar sail membrane structures under
applied loads. A fully coupled treatment of membrane
wrinkling effects is beyond the scope of the present work.

5. Results

Starting from the positioning and geometric require-
ments of the Planetary Sunshade @& reported in Table 4,
we investigate the long-term effect of material degradation
for the three candidate material configurations with optical
and thermal properties listed in Table 1.

In this section we focus on the relative dynamical evolu-
tion of the sunshade around the L] equilibrium point, com-
paring the three materials and introducing the parametric
degradation factor d proposed in (Dachwald et al., 2006).
In order to isolate the dominant contribution of the optical
degradation, only the time variation of the total reflectivity
p, specular reflectivity s and front-side emissivity ¢, is con-
sidered, while all other optical and thermal parameters are
kept constant as per Table 1. In the limit d — oo the Dach-
wald model tends to the exponential-decay expression
introduced in Eq. (32), so that the two formulations
become consistent in the asymptotic regime.

The degradation factor d is sampled over more than four
orders of magnitude using a logarithmic distribution, in
order to capture both the strong variability associated with
low values of d and the asymptotic behavior for large d.
Specifically, we consider

d; =dy2', with i=1,.,17 giving d;

€ (0.01,0.02, 0.04, . .., 10485.76), (42)

so that consecutive values differ by a factor of two. For
each material and each value of d, the equations of motion
in the PCR3BP are propagated starting from the L] with
the equilibrium attitude (« = 0).
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The equations of motion were numerically propagated
in MATLAB using a high-order adaptive Runge—Kutta
integrator. In particular, a variable-step Runge—Kutta
method of order 8-9 was adopted in order to ensure both
numerical accuracy and computational efficiency. The rela-
tive and absolute tolerances of the integrator were set to
107" and 107", respectively. The integration was per-
formed in nondimensional units consistent with the
adopted dynamical framework.

To quantify the deviation from the nominal configura-
tion, we introduce two non-dimensional indicators: (i) the
relative position vector error norm, and (ii) the relative
velocity vector error norm, both with respect to L7, defined
as

). e =log(llil):

then we define two more non-dimensional indicators: (i)
the relative position vector difference norm and (ii) the rel-
ative velocity vector difference norm, both with respect to
(Dachwald et al.,  2006) propagation  (with
4 =1n(v2) =~ 0.347 as per (Dachwald et al., 2006) and
two propagations with A incremented and decremented
by 50%, defined as

Aeff = 10g10(||z—zk\|),
Ae]; :logl()(HK_ZkH)’ k:d7+7_ (44)

where k stands for (Dachwald et al., 2006) ”d”, incre-
mented A by 50% ”+” and decremented A by 50% ”-”.

For completeness, Fig. 6 shows a zoom of the resulting
trajectories in the S-CCS, centered at L], while Figs. 7-9
reports the time evolution of the total reflectivity p, the
specular reflectivity s, and the front-side emissivity ¢;.

The time evolution of the position and velocity errors, e,
and e, is shown in Figs. 10 and 11 as a function of the mis-
sion time ¢, expressed in days, and of the degradation fac-
tor d. The comparison with the classical degradation model
of Dachwald et al. (2006), together with the cases obtained
by increasing and decreasing A by 50%, is reported in
Figs. 12-17 for the three considered materials.

A quantitative summary of the trends observed in the
contour plots is given in Tables 5-10, where the values
of e, and e, are reported for the representative subset
d €10.01, 0.1, 1, 10, 100, 1000, 10000] and ¢ € [1, 10, 100]
days, for all three materials. These cases illustrate how
the combined effect of optical degradation and intrinsic
dynamical instability manifests over increasingly long
time horizons. Moreover, the trajectories were propa-
gated for approximately 100 days in order to investigate
the early escape dynamics from the photo-gravitational
L} equilibrium point. As discussed in Section 3.3.2, the
sail temperature depends primarily on the heliocentric
distance. Over the considered propagation interval, the
spacecraft remains within a relatively small region
around the nominal operating point, resulting in only

e, =logq(|lr — r1; (43)
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Table 5
L} relative position vector error e, norm [km] over time ¢ and for different degradation factor d, for Aluminum.
t [days] | / d— 0.01 0.1 1 10 100 1000 10000
1 921 x 107° 1.86 x 107 9.93 x 107* 1.66 x 1073 529 x 1074 2.02 x 1072 2.19 x 107!
10 2.04 x 1072 1.85 x 107! 9.92 x 107! 1.67 528 x 107! 2.01 x 10! 2.07 x 10?
100 2.87 x 10 2.60 x 10* 1.39 x 10° 2.34 x 10° 7.36 x 10? 2.67 x 10* 1.99 x 103
Table 6
L} relative position vector error e, norm [km] over time ¢ and for different degradation factor d, for CP1.
t [days] | / d— 0.01 0.1 1 10 100 1000 10000
1 2.87 x 107 2.55 % 1073 1.36 x 1072 2.34 x 1072 8.90 x 1073 2.15 x 107! 2.29
10 2.81 x 107! 2.55 1.37 x 10! 2.35 % 10! 8.90 2.04 x 10? 1.59 x 10°
100 3.93 x 10° 3.57 x 10° 1.91 x 10* 3.28 x 10* 1.20 x 10* 2.00 x 10° 6.99 x 10°
Table 7
L} relative position vector error e, norm [km] over time ¢ and for different degradation factor d, for Mylar.
t [days] | / d— 0.01 0.1 1 10 100 1000 10000
1 1.14 x 107 1.00 x 1073 537 x 1073 9.51 x 1073 4.67 x 1073 525 % 1072 6.05 x 107!
10 1.11 x 107! 1.00 5.40 9.55 4.69 5.08 x 10! 4.65 x 10?
100 1.55 x 102 1.41 x 10° 7.57 x 10° 1.34 x 10* 6.51 x 10° 5.46 x 10* 2.42 x 10°
Table 8
L; relative velocity error e, norm [km/s] over time ¢ and for different degradation factor d, for Aluminum.
t [days] | / d— 0.01 0.1 1 10 100 1000 10000
1 7.06 x 1071° 6.41 x 107° 343 x 1078 577 x 1078 1.82 x 1078 7.01 x 1077 7.60 x 107¢
10 7.11 x 1078 6.46 x 1077 3.46 x 1076 5.81 x 1076 1.84 x 107° 7.00 x 1073 7.07 x 107*
100 1.19 x 107° 1.08 x 10~ 5.76 x 1074 9.68 x 107 3.04 x 1074 1.09 x 1072 7.60 x 1072
minor variations of the heliocentric distance. Conse-  are not coupled to the orbital dynamics in the present
quently, the associated temperature changes are expected simulations.
to be sufficiently small to be neglected. For this reason, Finally, in the absence of degradation, the system would

temperature-induced variations of the optical coefficients  remain exactly at the equilibrium configuration. The degra-
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Table 9
L; relative velocity vector error e, norm [km/s] over time ¢ and for different degradation factor d, for CP1.
t [days] | / d— 0.01 0.1 1 10 100 1000 10000
1 9.72 x 107° 8.83 x 1078 4.73 x 1077 8.13x 1077 3.09 x 1077 7.46 x 107° 7.81 x 107
10 9.79 x 1077 8.90 x 1076 4.77 x 1073 8.19 x 1073 3.10 x 1073 6.98 x 107* 492 x 1073
100 1.63 x 107 1.48 x 1073 7.91 x 1073 1.35 x 1072 4.92 x 1073 7.69 x 1072 2.44 x 107!
Table 10
L] relative velocity vector error e, norm [km/s] over time ¢ and for different degradation factor d, for Mylar.
t [days] | / d— 0.01 0.1 1 10 100 1000 10000
1 3.82% 107 347 %107 1.87 x 107 330 x 1077 1.62 x 107 1.82x 107 208 x 107
10 3.85x 1077 3.50 x 107° 1.88 x 107° 3.33x 1073 1.63 x 107° 1.75 x 107 1.49 x 1073
100 6.41 x 107° 583 %x 107 3.13%x 1073 552 % 1073 2.69 x 1073 213 x 1072 8.55 x 1072

dation of the optical parameters modifies the effective
solar-radiation-pressure force, producing a small displace-
ment from the nominal equilibrium condition. This pertur-
bation acts as a trigger for the naturally unstable
dynamical modes of the system, which subsequently dom-
inate the long-term drift of the trajectory.

An interesting feature can be observed in Fig. 6. Since
the SRP acceleration decreases as the optical coefficients
degrade, and since the initial attitude is defined by o = 0,
the initial perturbation is mainly aligned with the x x+
direction. From the equations of motion, this produces
an initial negative acceleration contribution along x and
a positive contribution along y. For values of d lower than
approximately 100, this behaviour generally determines the
escape direction during the first ~ 100 days.

However, when d is sufficiently large, the degradation-
induced variation of the SRP acceleration becomes signifi-
cant over a shorter time scale. Before the unstable modes
fully dominate the dynamics, this larger acceleration mis-
match can increase the velocity along y more rapidly.
Through the coupling terms of the CR3BP equations, this
also produces an increase of the positive acceleration along
x. As a consequence, the trajectory trend changes and the
sail initially escapes toward the positive x direction. At
later times, the unstable modes become dominant again,
the acceleration along x becomes positive and predomi-
nant, while the acceleration along y becomes negative. This
explains the change in the escape trend from the neighbour-
hood of Lj.

The 3D trajectories are mainly intended to provide
insight into the orbital regime experienced by a SSS when
it is perturbed from Lj. From a dynamical perspective,
the objective is to estimate the time required for the sun-
shade to reach the boundary of a region within which cor-
rective manoeuvres can still steer the system back toward
L}. Up to about ¢ ~ 100 days, the sail gradually drifts away
from L} while remaining relatively close to its initial helio-
centric distance. Beyond this time scale, the trajectory
enters a different dynamical regime, where corrective
manoeuvres may require excessive control effort. More-
over, some of the modelling assumptions, such as

temperature-induced degradation and constant A, become
less accurate because the heliocentric distance changes con-
siderably over time.

Therefore, the relative errors e, and e, can be interpreted
operationally. Once mission-specific limits on recoverable
distance and velocity are defined according to the available
actuators and control system, the contour plots and tables
provide an estimate of the remaining time before the cor-
rective manoeuvre becomes infeasible.

The same plots also highlight the change of escape trend
occurring around d ~ 100. In this region, the reversal of
the acceleration trend produces values of the acceleration
along x that remain close to zero for longer times. As a
result, the position and velocity errors can temporarily
decrease, keeping the trajectory closer to Lj. At later times,
however, the unstable dynamics still lead to divergence.
Similarly, for larger values of d, this temporary compensa-
tion effect becomes less relevant because the degradation-
induced perturbation grows more rapidly.

In general, the magnitudes of e, and e, are only weakly
affected by the choice of optical material. Nevertheless, as
expected, larger values of A lead to faster divergence
because the optical coefficients degrade more rapidly. For
all three configurations, even a small perturbation of the
SRP magnitude induced by degradation is sufficient to
excite the intrinsic unstable modes of the three-body prob-
lem. These modes dominate the subsequent evolution and
rapidly reduce the influence of small differences among
the optical coefficients. Consequently, the initial drift away
from L is triggered by degradation, but the long-term evo-
Iution is governed primarily by the underlying CR3BP
dynamics.

For small values of d, the position error remains limited,
while for larger values of d it can grow up to the order of
10> km. This behaviour is expected: the smaller the value
of d, the weaker the degradation-induced SRP perturbation
acting on the SSS around L], and therefore the longer the
time required to significantly excite the unstable dynamical
modes.

The material properties become relevant again when
corrective control actions based on SRP are considered.
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In this case, the maximum achievable control acceleration
depends on the instantaneous values of the optical coeffi-
cients and therefore on the material-dependent degradation
rate A;. As a result, two sails that have experienced similar
dynamical divergence may retain different control author-
ity, directly affecting the feasibility and cost of recovery
manoeuvres.

With respect to the classical model of Dachwald et al.
(2006), shown in Figs. 12 and 13, the exponential degrada-
tion rate does not depend on the material and is generally
larger than the material-dependent rates considered in this
work. Consequently, the Dachwald model usually pro-
duces larger position and velocity errors, because the opti-
cal coefficients degrade faster. This difference is less evident
only for small values of d or short propagation times, when
the exponential degradation has not yet produced a signif-
icant deviation.

A similar behaviour is observed in Figs. 14-17. Since
different values of A imply different degradation rates, the
position and velocity errors evolve at different speeds over
time. Quantitatively, these plots show how the maximum
position and velocity errors vary with ¢ and d when an
uncertainty of £50% is assumed on A. The effect is more
pronounced for large values of d and for propagation times
longer than approximately 10 days.

In all the difference plots, the same qualitative pattern
around d ~ 100 is preserved. This confirms that the change
in the escape trend is not an artefact of a specific material
choice or degradation-rate assumption, but is instead asso-
ciated with the coupled effect of SRP degradation and the
local unstable dynamics around Lj.

6. Conclusions and future works

In this work, a degradation model for solar sail optical
properties has been developed to account for different radi-
ation sources and to study their dependence on tempera-
ture. At L, solar sail materials are exposed to the full
spectrum of solar electromagnetic radiation and to high-
energy elementary particles, leading to a degradation of
their optical and thermal properties. In particular, for the
radiation-induced degradation, the reflectivity of the sail,
which is the parameter that most significantly affects orbi-
tal motion, will degrade over time. This temporal variation
is modeled as an exponential decay law, with a degradation
rate that depends on a-particles, protons, UV radiation,
and 7y radiation, and that varies based on the materials
employed. In the present work, Aluminium, CP1, and
Mylar are considered for simulations. For temperature-
induced degradation, for the three materials considered,
the operational temperature at the heliocentric distance rel-
evant to the sunshade application remains in the range of
300K to 600K. However, when taking into account the
radiation-induce degradation, an increase in the sail mate-
rial temperature is observed. Since the material reflectivity
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has been shown to remain nearly constant within this
range, the degradation model solely accounts for
radiation-induced degradation.

By integrating this degradation model within the Photo-
gravitational Circular Restricted Three Body Problem, we
have assessed how time-varying optical coefficients modify
the dynamical environment and influence the behavior of
Solar-Sail Satellites operating in non-Keplerian orbits
around the Sun-Earth/Moon’s System Center of Mass.
Overall, the results indicate that firstly the loss of accuracy
around the L] point is given by the optical coefficients
degradation which acts as a trigger, but then is driven
mainly by the intrinsic instability of the dynamics, largely
independent of the specific sail material; then, secondly,
the choice of sail material, via its degradation rate A;,
has a critical impact on the time-scale of degradation and
so the available Solar Radiation Pressure control authority
and on the feasibility of recovery strategies, even when the
uncontrolled dynamical evolution appears qualitatively
similar.

The findings are of great importance for the Planetary
Sunshade Program, where a swarm of Solar-Sail Satellites
will operate over extended period of time. For such mis-
sions, maintaining the designed position is essential both
to meet the climate requirements and to guarantee the
overall swarm stability. Neglecting degradation effects
may lead to reduced control authority and, ultimately, to
the loss of the desired orbital configuration. Future devel-
opments should focus on refining the degradation model,
in particular through experimental characterization, and
direct in-space testing necessary to validate degradation
models under real environmental conditions.
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Appendix A. Derivatives

Let us define with y as the generic variable [x, y, z] where
derivatives are calculated with respect to.

A.1. Position vector r;

The components matrices in S-CCS of vector derivatives
(r12), are given by direct derivation from Eq. (8) as
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A.2. CR3BP potential U

The derivative U, is given by direct derivation from Eq.
(10) as
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