JOURNAL OF SPACECRAFT AND ROCKETS
Vol. , No. ,

Solar and Thermal Radiation Models and Flight Evaluation
for IKAROS Solar Sail

Jozef van der Ha*
Deming, Washington 98244

Yuya Mimasu,! Yuichi Tsuda,# and Osamu Morit
Japan Aerospace Exploration Agency, Sagamihara 229-8510, Japan

DOI: 10.2514/1.A33158

This paper gives a detailed evaluation of the solar and thermal radiation accelerations acting on the IKAROS
spacecraft consisting of a solar sail and a central body during its operational mission from June to December 2010. In
particular, the predicted temperatures are compared with actual in-flight measurements on the sail membrane and on
the body. The results show good correspondences in most cases, but a few appreciable deviations have been observed
as well. The simulation results indicate that the magnitude of the thermal radiation perturbations on the solar sail
trajectory is below 1% of those induced by the solar radiation. The accelerations caused by the thermal radiation turn
out to be insignificant because their magnitudes are within the range of uncertainty of the accelerations induced by the

solar radiation forces.

Nomenclature
A = surface area, m?
a = acceleration vector, m/ s?
Csgp = vector, pm/s?
c = velocity of light, m/s
d = solar distance, astronomical unit (AU)
F,G = auxiliary functions
f.g = auxiliary functions, m/s?
I = intensity of radiation, W/(m? - sr)
m = mass, kg
n = surface-normal unit vector
) = heat, W
q = heat flux, W/m?
r, s = reflectivity parameters
S = 1366.1 W/m?, mean solar constant at 1 AU
s = spacecraft-to-sun unit vector
T = temperature, K or °C
t = unit vector normal to s
a = absorptivity, 0 < @ < 1
£ = emissivity,0<e< 1
3 = sun incidence angle
K = emissivity parameter
P = reflectivity coefficient, 0 < p < 1
o = 5.67x 1078 W/(m? - K*), Stefan—Boltzmann constant
Subscripts
bot = bottom
con = converted
d = diffusely reflective
dis = dissipated
f = front
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in = incident

j = index of surface element
out = outgoing

r = rear

s = specularly reflective

I. Introduction

HE solar-sail probe IKAROS (from “interplanetary kite-craft

accelerated by radiation of the sun”) was designed and
implemented by the Japan Aerospace Exploration Agency (JAXA)
[1,2]. IKAROS was launched together with JAXA’s Venus Climate
Orbiter Akatsuki by JAXA’s H-IIA launch vehicle on 21 May 2010.
Both satellites were injected into direct transfer trajectories toward
Venus. Thus, IKAROS became the very first solar sail ever to actually
fly an interplanetary voyage. Thereby, it confirmed the feasibility of
the propulsive acceleration induced by the solar radiation pressure
(SRP). Furthermore, IKAROS demonstrated several new technol-
ogies, for instance the full deployment of the sail membrane during its
interplanetary cruise, the thin-film solar power generation, and the
attitude control by modification of the sail’s surface reflectivity.

A crucial aspect of solar sailing is the precise modeling of the force
induced by the SRP in support of its navigation objectives. Because
the SRP force vector varies with the solar sail’s attitude orientation, a
detailed SRP torque model is essential for IKAROS. The unique
estimation and modeling of IKAROS with regard to orbit and attitude
dynamics and their cross-couplings have been addressed in detail in
earlier papers [3-8]. Furthermore, extensive information on IKAROS
in-flight operations performances is available in the literature [6].

The IKAROS spacecraft consists of a central body equipped with a
large, thin solar sail membrane. It is slowly spinning at 1 to 2 rpm, and
so the sail is kept extended by the centrifugal force. A realistic in-
flight dynamical modeling [7] of the sail is very complicated because
the thin membrane is nonflat due to wrinkling and nonuniform in
terms of optical parameters. Interestingly, the common parameters in
the force and torque models can be estimated [8] in-flight from the
radiometric tracking measurements.

Another small force is generated by the thermal radiation pressure
(TRP) on the IKAROS sail membrane and on its body surfaces. TRP
is caused by the recoil of reemitted thermal radiation. The induced
force is governed by the temperatures of the radiating external
spacecraft surfaces and on the attitude orientation. The TRP effects
are usually overlooked, but they may be incorporated, knowingly or
unknowingly, in SRP-scale factors that compensate for the dif-
ferences of the observed and estimated SRP forces [9].
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Table1 Overview of principal solar sail technology devices

Acronym Device Description
FSA Flexible solar array Thin-film flexible solar-cell power generator (300 W at 1 AU) using incident sunlight
RCD Reflectance control device Steering device for attitude control of sail using liquid crystals and voltage regulator

ALDN Arrayed large-area dust detector  Polyvinylidene fluoride (PVDF)-based film sensor of 0.5 m? area for detecting particles impacting the sail

The model presented here predicts the TRP-induced accelerations
on the basis of the heliocentric distance and the thermo-optical
properties of the IKAROS spacecraft (i.e., sail membrane as well as
body) surfaces. Unlike SRP effects, the thermal forces depend on the
temperatures of the surface elements and vary with their attitude
orientations relative to the sun direction. Although smaller in
magnitude than the SRP forces, the TRP force may well act in a
direction that is significantly different from the SRP force direction
[10-16].

This paper summarizes and evaluates the models and results of the
accelerations induced by the SRP and TRP effects acting on the
IKAROS solar sail membrane plus body surfaces during its half-year
deep-space mission. Furthermore, the temperatures predicted by the
thermal models are compared with the actually observed in-flight
values (for the sail as well as body surfaces).

II. Configuration of IKAROS Sail Membrane and Body

The IKAROS sail membrane measures 14 x 14 m? with a tip-to-
tip length of about 20 m. It is deployed from the cylindrical hub at the
center of the body; see Figs. 1a and 1b. The membrane consists of
polyimide-evaporated 80 nm aluminum of 7.5 ym thickness. It has
high thermal, mechanical, and chemical resistance properties and
extremely low mass. Thus, it is a critical enabler for solar sail
manufacturing. The incident sunlight on the reflective aluminum
front of the membrane generates the thrust force.

Various technology devices are placed on the sail membrane; see
Fig. 2 and Table 1. A principal device is the flexible solar arrays
(FSAs), which are thin-film solar-cell power generators from incident
sunlight. Another is the reflectivity control device (RCD), which is a
novel steering device for attitude control purposes. It is made of a
liquid crystal where the ratio of specular and diffuse reflectivity may
be modified by varying the applied voltage. In this manner,
differences may be induced in the effective solar radiation force

lm

Thru ster

Fig.1 Representations of a) IKAROS square solar sail membrane, and
b) IKAROS body.
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Fig. 2 Configuration of IKAROS solar sail and devices.

acting on different RCD surface elements. Mori et al. [2] and Tsuda
et al. [6] give more details on the IKAROS design and operations
aspects.

III. Solar Radiation Pressure Model

The solar and thermal radiation forces acting on IKAROS depend
on several parameters such as the solar distance d, the effective
surface area A, the solar incidence angle J (between the surface
normal and the sun direction), and the thermo-optical reflective
properties of the surface materials. For convenience, the solar sail
surface is taken perfectly flat. A nonflat spin-type solar sail surface
has a 4% lower effective thrust force compared to the ideal flat sail.
This is because of the lower effective sail area and a lower effective
reflectivity; see Sec. 4.2 in [6].

The IKAROS solar sail membrane in Fig. 2 contains seven
different surface elements that are always exposed to the sun. Also,
the top body surface (j = 8) is always exposed. On the other hand,
the rear body surface is never exposed to the sun during its nominal
mission. It should be noted that the thermo-optical parameters vary
considerably among the different surface elements of the membrane.
The total sun-exposed flat surface area of sail plus body is
Agrp = 183.54 m?, with the body top surface contributing close to
1% of the total surface area.

Here, we assume that the orientations of the body top surface and
the sail with respect to the sun are identical as illustrated in Fig. 1. In
reality, however, this is not exactly true, as indicated by the
discrepancies in the IKAROS body orientation observed by its
attitude sensors and the estimated sail attitude orientation derived
from the radiometric measurements; see [8].

The acceleration induced by the solar radiation pressure acting on
an arbitrary flat surface with effective area Aggp can be expressed in
terms of the SRP coefficient Csrp; see [10]:

Csrp = %5@ m/s? (D
d“c m
When using IKAROS sail plus body values Aggp = 183.54 m?,
m = 307 kg, we find Cggp = 2.724 um/s> atd = 1 AU.
The incident solar radiation flux is broken up in its fractions in
accordance with the surface’s optical reflective properties (while
disregarding highly transmissive surfaces):

at+ps+pa=1=>p=p;+ps=1-a (2)

The SRP-induced acceleration asgp may be written in terms of its
components along the instantaneous sun direction s and along the
surface normal n; see Fig. 3:

asgp = fs + gn 3)

with f and g defined as follows; see Egs. (7) and (8) in [10]:

f _ 1 —Ps
( g) = TCsrecos I 5 30 cos @)

If the sun direction is normal to the surface (i.e., when d = 0 deg),
the ratio |aggp|/Csrp lies within the interval [1,2] because the
reflectivity parameters p, and p, are bounded by 0 < p; + p; < 1;
see [11].

The SRP-induced acceleration of IKAROS follows from Eqgs. (3)
and (4) by adding all contributions of the sun-exposed surface



VAN DER HA ET AL. 3

Table2 Area-weighted thermo-optical parameters of sail
membrane plus body top

SRP parameters TRP parameters
Sun-exposed area, m> A P a £ €,
183.54 0.723 0.117 0.160 0.216 0.573

elements A; (j =1,2,...,8) and assigning a specific SRP co-
efficient Csgp ; to each surface element A ;, similar to Eq. (1) but using
A; instead of the total area Aggp:

8
asgp = Z{fjs +gn;} )]
=

with f; and g; defined as in Eq. (4) but in terms of Cggp;
(j=1,2,...,8)instead of Cggrp.

Here we assume that the surface elements of the IKAROS sail
membrane remain perfectly flat and aligned with the top body surface
at all times. Thus, the normal vectors of all sail surface elements
and the body top surface will be taken identical: n; =n
(j=1,2,...,8). Furthermore, all surface elements now have the
same solar incidence angle, i.e., ;=19 (for j =1,2,...,8), and
Eq. (5) can be written as

8

—cos 9 Z Csrp A(1 = ps.1)s + 2(pa j/3 + ps,j cos 9)n}
=

AagsRrp

—Csrp c0s (1 — ps)s + 2{ps/3 + p;s cos 9)n} (6)

where (x) designates the area-weighted average of x appearing within
the brackets:

&
(x) = E;(ijj) @)

Table 2 summarizes the area-weighted averages of the thermo-
optical parameters of the sun-exposed area that includes the seven sail
membrane elements as well as the body top surface (j = 8).

‘When using the reference input values § = 0 degandd = 1 AU,
we obtain the following explicit numerical reference acceleration
from Eq. (6):

ASRP ref = —Aretll (8a)
with
Aref = CSRP(1 + 2pd/3 + p.v) =4.910 Mm/sz (Sb)

The estimated reference acceleration derived from in-flight
observations (see Fig. 2 in [8]) is about 12% smaller than the
predicted value in Eq. (8b). This difference is mainly due to the
change in effective area of the three-dimensional mildly conical
shape of the deployed spinning membrane compared to a perfectly
flat sail. Also, wrinkling of the membrane surface and variations in its
reflectivity properties under different solar aspect angles and
temperatures as well as potential degradation of the sail over its
lifetime play a role; see [6,7].

For navigation purposes, the SRP acceleration vector is usually
expressed in its components along the sun vector and normal to the
sun direction. Therefore, the sail’s normal vector # must be expanded
in components along the sun vector s and along the unit vector £. The
latter vector lies within the plane defined by the unit vectors r and s
and points normal to s, as shown in Fig. 3:

n = cos 9s + sin 9 O]

Afterward, the vector £ may be expanded in components along any
other two reference axes within the plane normal to the sun vector.
Equation (6) can now be expressed as follows:

asgp = —Csrp{F's + Gt} (10)

with
F = cos {1 — p,) + 2cos®> {p,/3 + p, cos &) (11a)
G =2 cos 9 sin dp,/3 + ps cos I) (11b)

By using straightforward algebraic manipulations, Egs. (11a) and
(11b) may be written in the form of a truncated Fourier series:

F=r+(1+s)cos I+ rcos(29) + s cos(39) (12a)

G = s sin 9 + r sin(29) + s sin(39) (12b)

with
r={pa)/3 (13a)
s =(ps)/2 (13b)

As expected, Eqgs. (12) and (13) contain only two independent
coefficients (i.e., r and s), which are proportional to the area-
weighted averages of the diffuse and specular reflectivity co-
efficients, respectively.

IV. Thermal Radiation Pressure Model
A. Model for Sail Surface Elements

We make the realistic assumption that, during normal-mode
operations, the sail is in a steady-state thermal equilibrium.
Therefore, all incident solar radiation energy that is absorbed by the
sail membrane must also be reradiated into space. The reemitted heat
fluxes, the surface temperatures, and the induced TRP accelerations
can all be established from a straightforward steady-state thermal
balance.

Also, we assume that the heat transfer between the individual
surface elements is negligible in comparison with the conductive
front-to-rear heat transfer through the 7.5-ym-thin sail membrane. In
this situation, each surface element may well have a different
temperature and may be considered to be largely isolated from
neighboring elements. On the other hand, the temperatures on the
front and rear of each sail element are expected to be identical because
of the extreme thinness of the sail.

In the next section, we introduce, for comparison, a virtual sail that
has the (uniform) weighted average thermal properties of the actual
membrane. Thus, the incident solar heat is absorbed and reemitted
evenly over the sail surface, and the temperature of the virtual sail will
be identical throughout.

n (Surface Sun

Normal) Direction

g

#

Surface

-/ -/

Fig. 3 Sun angle 9 and unit vectors n, s, and ¢ relative to flat surface.
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In both of these models, the incoming and outgoing heat fluxes can
be described as follows. First, we have g;,, which is the fraction of
incident solar radiation flux that is absorbed by the front side of a
surface element. Second, gy o, is the thermal radiation flux that is
reemitted by the front side of a surface element. Finally, g, oy
represents the thermal radiation reemitted flux from the rear side of a
surface element.

Figure 4a illustrates the balance of the incident and reemitted heat
fluxes for an arbitrary surface element A. Figure 4b shows the
acceleration argp resulting from the diffuse thermal reemission by
the front side of the surface A. In the thermal balance case illustrated
in Fig. 4a, the thermal emission on the rear side will create a similar
but opposite acceleration. The magnitudes of the front and rear
accelerations are usually different due to unequal front and rear
emissivity values.

The thermal heat balance of surface A; under a solar incidence
angle 9 with 0 < 9 <90 degis

G=12 ...
(14)

qin.j = af.j(S/‘{Z) cos 9 = Qf.out.j + qr.out.j

where gj, ; is the solar flux absorbed by the front side of A ;. The heat
fluxes emitted by the surface’s front and rear sides are determined by
the front and rear temperatures T;; and T, ; and by the surface
thermal emissivities & ; and ¢, ; in accordance with the Stefan—
Boltzmann law.

Under the assumed perfect heat conductivity through the thin
membrane, the front and rear temperatures of the surface elements
will be identical (i.e., Ty ; = T, ; = T;), and so we have

qfouj = vajo'T;* (15a)

qr,out.j = Er.jaT? (15b)

By combining Eqgs. (14) and (15) we obtain the resulting temperature
T; for each surface element A ;:

T; = {7‘“/ }1/4 = {7"’”5 o 82}1/4 (16)
(g7 + sr)ja (e + e,)jad

The accelerations due to the diffuse thermal radiation emissions on
the front and rear of the surface A ; follow from Egs. (15) by the recoil
principle similarly as in the SRP acceleration of Eq. (1):

2qfou;A;
atrpfj = —g%;’n (17a)
arp,; = +§TUZJ" (17b)
n
._Qm o Diffuse Lo 121 cos8
1 g Emission .{ e SO
qu'.om // sun y
g 7
G,
f ™y
y b | ;
f Surface A }r = 24 —
¥ SUriace »
q!',(}n’” a .

Fig. 4 Representations of a) thermal balance of surface A, and
b) diffuse emission and TRP acceleration.

The factor 2 /3 originates from Lambert’s cosine-law emission profile
shown in Fig. 4b. It may be noted that the acceleration that is induced
by the absorbed fraction g;, ; of the incident solar radiation power in
Eq. (14) has already been incorporated in the SRP contribution; see
Egs. (1-6).

The net acceleration due to the thermal radiation emitted by both
sides of the surface element A; follows by adding the results of
Egs. (17a) and (17b). When substituting the expressions in Eq. (15),
the net acceleration can be written in terms of the temperature 7 ;:

argp,; = _E(Ef_er)_'Tj;jn (18)

The temperature 7'; in Eq. (18) may be replaced by the radiation
in,j With the help of Egs. (14) and (15):

2(er—&\ qinjAj
L= = I 19
arRp j 3 (Sf N Sr)j i (19)

When recalling Eq. (1), we obtain the final expression for the TRP-
induced acceleration:

2 ;
aTRp'j = _g((lfKCSRP)j cos 9n (J = 1, 2, ey 7) (20)

with the emissivity parameter «; defined by
K= (ef_gr)/(8f+8r) (21)

The Csrp term in Eq. (20) indicates the close relationship between
the TRP and SRP phenomena.

Finally, the total TRP-induced acceleration induced by the seven
individual sail elements equals the sum of their individual contri-
butions in Eq. (20).

B. Model for Uniform Virtual Sail

Here, we study the uniform virtual sail that is defined by the
weighted average properties of the IKAROS sail thermal parameters.
The incident solar power on the total sail area A,; (without the top
body surface) of 181.77 m? is Q;,, and Eq. (14) gives

7 S 7
O = Z(Aj%n.j) = (?) cos 192(14/(1/./) (22)
= =

This equation may be rewritten as

Qin S
qin = A (qﬁ(g) cos & (23)

where (ay) is the area-weighted average of the seven front surface
absorptivities ay ;:

,
{Z(A.faf.j)} 24

1
<af) = A
=1

sail

Similarly, the total power reemitted by the sail is denoted by Q.
and Eq. (15) yields

7 7
Qout = ZAj(qf.out + qr,out)_i = O—Z{Aj(gf + er)_iT;*} (25)
j=1 Jj=1

This result may be written as

0 o ¥
Gou = 2= —— > {A;(es +¢,),T} (26)
Asail Asail j=1




VAN DER HA ET AL. 5

Now, we introduce the virtual sail with the weighted averages of
the absorptivity and the (front and rear) emissivity parameters of the
IKAROS sail. These properties are assumed to hold uniformly over
the total sail surface. As a consequence, its temperature remains
constant over the sail surface (and will be identical on the front and
rear sides as well). Therefore, the resulting sail temperature T',; can
be separated from the summations in Egs. (25) and (26) and follows
from the heat balance condition:

9din = YGout = (Sf + gr)O'Tgai] (273)
and
S 39 1/4
Tsail = <af) Coi (27b)
(ef +e) od

where the area-weighted average (e, + ¢,) is defined similarly as
in Eq. (24).

Finally, the accelerations of the virtual sail can be calculated as in
Eqgs. (17-21) but in terms of the area-weighted averaged parameters.
The result will be nonzero as long as (e/) # (&,).

C. Model for Body Surfaces

Figure 5a provides a visualization of the IKAROS body
configuration. It also shows the incident solar radiation, which is the
only external heat source. The front of the top deck is covered by solar
cells and optical specular reflectors and is directly exposed to the sun.
The central cylindrical hub and the upper surface of the lower deck
may also be exposed, at least partially, to the solar radiation, as
indicated in Fig. 5a. These exterior surfaces are covered by multilayer
insulation (MLI) sheets. The outer MLI layers may be heated by the
solar radiation to an extent that depends on the solar aspect angle.
Because of the effective MLI insulation, no appreciable heat flux is
expected to enter the body’s interior.

The top deck is isolated from the cylindrical central hub, which
contains the inner deck, where many of the IKAROS subsystem units
are located. Other units are placed on the inside of the lower deck.
Essentially all power that is dissipated by the units is transferred (i.e.,
conducted and radiated) to the lower deck. This deck is covered by

CircularTop / /' / _,r’; / A9/ / i/ / b _,.f’(/"f ;z ¥ ¥
DeckAw / /[ / [/ LA TS L AL ST
» |3

I — f'lr
P eyt . Circular of
i Cylinder /”(
h Inner Deck 9/ solar
= " J,f Radiation
Dissipated R
i Y, /
Enérgy ok 7t
A — '// F e ./f
— L

Circular Lower Deck Aper

a)

Qj'n, top

Qouf, top

b)
Fig. 5 Representations of a) IKAROS body configuration and heat
fluxes, and b) steady-state heat balance.

black paint (as well as optical reflectors) on its exterior bottom to
facilitate the radiation of the excess heat into space.

Figure 5b shows the specific heat inputs and outputs that play arole
in the body’s heat balance. There are two conditions that must be met
to guarantee the body’s steady-state thermal balance. First, we
consider the heat balance of the top deck. The solar power that is
absorbed through the solar cells is denoted by Qjy (p- A fraction of
this energy is converted [12] into electrical power (i.e., Q.,,) and
consumed by the spacecraft units on the body’s inner and lower
decks. The remaining part (i.e., Qg 10p) 18 reemitted into space. In
total, we have the following condition:

Qin‘mp = Qcon t Qout,top (28)

Second, we consider the heat balance of the exchanges that take
place in the central hub and the lower deck. The converted power Q.
is dissipated inside the central hub and becomes waste heat (i.e.,
Qcon = Qyis)- This heat is emitted into space through the lower deck
(i.e., Qoutbor)> but a small fraction Oy ; may be transferred through
the exterior MLI sheets, and so we have

Qcon = Qdis = Qom,bot + QMLI (29)

Information on the converted power is available in the IKAROS
housekeeping data, and so Q,, is known very accurately throughout
the mission. From earlier work [10], we know that about 5 W/ m?
passes through the MLI from a spacecraft interior at 20°C into space
at 3 K. Thus, the value of Qyy; can readily be calculated from the
geometrical properties of the body configuration shown in Fig. 5a.

The input and reemitted power sources for the top and bottom
surfaces are now

Qin,top = atopAtop(S/dz) cos & (303)
Qout,top = ”ftopAtopTﬁop (30b)
Qoul,bol = GsbolAbolTﬁol (30c)

The results in Egs. (30b) and (30c) are based on the Stefan—
Boltzmann law.

The incident and emitted heat fluxes of the top and bottom surfaces
are g; = Q;/A;, where j refers to the top and bottom surfaces in
Eqgs. (30). The corresponding temperatures can now be derived from
the known power sources in Eqs. (28) and (29):

. - 0. 1/4
Ttop — { Qm,top Qcon } (3 1 2)
o€ topAtOp
— 1/4
Tbot — {Qcon QMLI} (3 lb)
o'ebotAbol

The MLI-covered cylindrical side surface does not generate a net
acceleration on the body because its surface temperature is essentially
uniform under the spin motion. The TRP-induced accelerations that
originate from the body’s top and bottom surfaces follow from
Eq. (31) in a way similar to what was done for the sail in Eqs. (17) and
(18):

21
aTRP.body = _5% (Qout,top - Qoul.bot)n (323)

or
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20
aTRP,body = _§m_c{(€AT4)lop - (6AT4)bol}n (32b)

In fact, the areas of the top and bottom surfaces may be taken as
identical (i.e., Ay = A;op)- The result in Eq. (32b) provides the
body’s acceleration expressed in terms of the in-flight temperature
mea-
surements.

Alternatively, if no in-flight temperature measurements are
available, we may employ the resultin Eq. (32a). The heat balances in
Eqgs. (28) and (29) may then be used to express the heat terms in
Eq. (32a) in known or predicted quantities:

Qout,lop = Qin,top - Qcon (333)

Qoutvot = Qeon — OmLI (33b)

V. Discussion of Results

A. Solar Radiation Accelerations for Sail Plus Body Top

Figures 6a and 6b show the solar distance of IKAROS in
astronomical units and the corresponding solar radiation pressure
parameter Cgsgp in units of micrometers per second squared,
respectively, during the half-year IKAROS mission phase. Figure 7
shows the evolution of the solar aspect angle & in degrees and its
linear trend line over the same interval.

Figure 8 shows the predicted SRP-induced accelerations, in units
of micrometers per second squared, in terms of their along-sun and

11
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Fig. 6 Representations of a) IKAROS solar distance d during the
mission, and b) IKAROS Cgrp parameter during the mission.
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Fig.7 IKAROS solar aspect angle 4 during the mission.

7/21/2010

cross-sun components. Here, along-sun refers to the spacecraft—sun
direction and cross-sun stands for a direction normal to the
spacecraft—sun line. The along-sun acceleration component in Fig. 8
displays a wide range of fluctuations during the mission. These are
due to the variations in solar distance and solar aspect angle, as in-
dicated in Figs. 6 and 7.

Table 3 summarizes the predicted SRP acceleration over the
mission. The ratio between the acceleration components varies
widely, for instance from 46 to 16% during September/October.

B. Measured and Predicted Sail Temperatures

Figure 9a shows the locations of the eight thermistors on the FSAs,
which carry the thin-film solar cells. The dashed lines in Fig. 9b
illustrate the evolutions of the associated eight FSA temperature mea-
surements over the half-year mission. The solid curve in Fig. 9b
shows the averages of these eight measured temperatures. The solid
curve in Fig. 9b gives the predicted temperatures based on Eq. (16)
and the prelaunch FSA thermo-optical parameters. The two solid
curves show the same qualitative trend, but the differences between
the predicted and measured temperatures are fairly large (i.e., almost
9°C in average).

It is of interest to note that the predictions and measurements can
effectively be reconciled by increasing the FSA absorptivity by
9.65%. Alternatively, this may also be achieved by decreasing the
sum of the FSA front and rear emissivity values (i.e., &; + &,) by
8.8%. Therefore, it is likely that one or both of these input parameters
contain bias errors up to the maximum percentage levels.
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Fig. 8 Predicted IKAROS SRP acceleration components during the
mission.
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Table 3 Summary of IKAROS solar radiation pressure accelerations

Accelerations, um/s>

Date: Sun angle, deg Distance, AU Csgp  fsgp  gsgp  Along-sun Cross-sun _Cross/along, %
6/10/2010 13.09 1.05 2474 0.669 3.578 4.154 0.810 19.5
7/9/2010 14.49 1.07 2.382 0.640 3.406 3.938 0.852 21.6
8/10/2010 27.75 1.03 2.571 0.631 3.086 3.363 1.437 42.7
9/6/2010 29.49 0.97 2.898 0.700 3.370 3.633 1.659 45.7
10/9/2010 11.13 0.86 3.687 1.004 5411 6.313 1.044 16.5
11/11/2010 17.94 0.75 4.848 1.280 6.700 7.654 2.064 27.0
12/10/2010 12.65 0.72 5261 1425 17.636 8.875 1.672 18.8

“Coordinated universal time.

The third solid curve in Fig. 9b shows the temperatures after
application of the calculated adjustments of the absorptivity or
emissivity parameters. The curve fits very well in general but shows a
slightly increasing deviation at the end. This may be due to gradual
changes in the FCA absorptivity and/or emissivity parameters under
aging and/or temperature effects [17].

Figure 10a shows the locations of five additional thermistors over
the sail membrane. Figure 10b illustrates the temperatures measured
by thermistors 1, 3, and 5 as well as their average values during the
mission. Also shown are the predicted temperatures of the RCD sail
surfaces calculated from the RCD thermo-optical parameters by
means of Eq. (16).

The predicted and actual temperatures match fairly well with
average and maximum differences between the two curves of only
2.1 and 3.7°C, respectively. Also, it is of interest to note that the
measurements of thermistor 3 are closest to the predicted
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Date (m/d/y)
b)

Fig. 9 Representations of a) locations of eight thermistors on flexible
solar arrays, and b) measured and predicted temperatures in degrees
Celsius.

temperatures. This is likely due to the fact that thermistor 3 is
located in between two RCD strips.

The results of Figs. 9b and 10b clearly indicate that there are
considerable differences between the measured temperatures of the
different membrane elements (even at the same time in the mission).
This is due to the differences in the thermo-optical parameters of the
various membrane surface elements.

Finally, we point out that the results of Figs. 9b and 10b provide
justification for our conclusion that the virtual sail model with its
uniform temperature predictions throughout the membrane is not
realistic. Therefore, the uniform virtual sail model should be
discarded in IKAROS case.

C. Sail-Induced Thermal Accelerations

Figure 11 shows the total acceleration, in units of nanometers per
second squared, induced by the TRP originating from the seven

7
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ey
0 ikt £l , . , . l
6/1/2010 7/21/2010 9/9/2010 10/29/2010  12/18/2010
Date (m/d/y)

b)

Fig. 10 Representations of a) locations of five thermistors on sail, and
b) measured and predicted sail membrane temperatures in degrees
Celsius.
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Fig. 11 Predicted TRP-induced acceleration components from all sail
elements.

10/29/2010 12/18/2010

elements of the sail membrane based on the predictions in Eqgs. (18—
21). The acceleration is expanded in components along and normal to
the sun direction. The former is in average almost 3.3 times larger
than the latter. It should be noted that the direction of the TRP
acceleration is directed toward the sun, which is opposite of the SRP
force direction. This is because the overall recoil on the rear side of
the sail dominates that on the front side by a factor of about 1.3.
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Fig.12 Representations of a) measured and predicted temperatures for
body top surface, and b) measured and predicted temperatures for body
bottom surface.

The comparison of the results in Fig. 11 with the SRP-induced
accelerations in Fig. 8 shows that they look qualitatively very similar.
This is due to the fact that both effects depend on the solar aspect
angle as well as solar distance, although in different ways.

In terms of their magnitudes, however, the acceleration due to the
TRP effect is much smaller than the one induced by the SRP.
Specifically, the along-sun TRP components are 0.8%, and the cross-
sun components are about 1% of the respective SRP results in Fig. 8.
Therefore, the TRP-induced accelerations from the sail are negligible
in comparison with the SRP effects. In fact, already the in-flight
variations of the SRP effects induced by the imperfections of a nonflat
sail surface and due to variations of its optical properties would
dominate over the thermal effects; see [6-8].

D. Body Front and Rear Temperatures

Figure 12a compares the predicted and measured temperatures of
the IKAROS body top surface, which is covered by solar cells and
optical reflectors. Two predictions are shown; the first one does not
consider the power conversion in the solar cells, and the second one
does account for the power conversion on the basis of the in-flight
telemetry data. Figure 12a confirms that the temperature predictions
that include the conversion effect are extremely accurate throughout
the mission. The average value of the differences between predicted
and in-flight measured temperatures is only about 0.5°C. If the power
conversion effects are not taken into account, the average difference
increases to 12.3°C.
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Fig. 13 TRP accelerations due to body surfaces.
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Fig. 14 Total TRP acceleration components induced by sail and body.
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Table 4 Summary of temperatures and accelerations induced by thermal radiation pressure

Measured temperatures, °C

Accelerations, nm/ s>

Dater Power conversion, W Body top Body bottom Along n Along-sun Cross-sun Cross/along, %
6/10/2010 213.2 74.0 —-16.1 26.7 26.0 6.05 23
7/9/2010 213.4 70.8 -15.6 25.7 249 6.42 26
8/10/2010 192.0 67.5 -12.3 25.1 222 11.7 53
9/6/2010 192.2 79.4 1.37 27.5 239 13.5 56
10/9/2010 190.5 117.1 -23.8 383 37.6 7.39 20
11/11/2010 180.7 146.3 -3.00 479 45.6 14.8 32
12/10/2010 197.8 159.2 —-3.00 533 52.0 11.7 23

“Universal mean time.
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Fig. 15 Ratios of total TRP vs SRP along-sun and cross-sun

acceleration components.

Figure 12b shows the predicted and observed in-flight
temperatures of the bottom surface. The differences appear to be
much larger than in Fig. 12a, especially at the peaks. However, the
scale is different here, and the average difference between these
temperatures is only 1.4°C. When comparing Fig. 12b with Fig. 7,
we see that the differences between measured and predicted
temperatures appear to be positively correlated with the solar aspect
angle. Itis possible that the solar energy that enters the body’s interior
through the MLI sheets on the body’s side and bottom surfaces (see
Fig. 5a) increases for higher solar aspect angles. This in turn will lead
to higher temperatures on the bottom surface.

E. Body-Induced and Total Thermal Accelerations

Figure 13 shows the accelerations due to the TRP effects
originating from the body’s top and bottom surfaces, which have
opposite signs. The magnitude of the acceleration from the top
surface is in average close to 10 times that of the acceleration induced
by the bottom surface. Thus, the total effective body TRP acceleration
remains close to the contribution of the top surface, as shown
in Fig. 13.

Figure 14 shows the total TRP-induced accelerations on IKAROS
due to the membrane and body surfaces in their components along
and normal to the spacecraft-sun direction. It should be noted that the
TRP effect from the body front surface points away from the sun
direction and thus acts opposite to the TRP acceleration from the sail
surfaces. Therefore, the magnitudes of the accelerations in Fig. 14 are
reduced relative to those originating from the sail on its own;
see Fig. 11.

Table 4 gives the power conversion data and summarizes the
results for the temperatures and TRP-induced accelerations. The
trajectory perturbations due to the thermal radiation pressure are up to
about 1% of the SRP. Therefore, they may be neglected in view of the
considerable uncertainties in the solar radiation force model as
mentioned previously; see also [6-8].

F. Ratios of Total Thermal and Thermal-Radiation-Pressure-Induced
Accelerations

Finally, Fig. 15 shows the percentage ratios of the total acceleration
components induced by the TRP and the SRP effects for the along-
sun as well as the cross-sun directions. These results indicate that
both of these ratios stay within the range from 0.5 to 0.9% and that the
cross-sun ratio is always about 0.12% larger than the along-sun ratio.
The maxima of these ratios occur in late August 2010 and coincide
with the interval of maximum solar aspect angles shown in Fig. 7.

VI. Conclusions

The paper presents a detailed model and evaluation for the solar
and thermal radiation accelerations acting on the IKAROS solar sail
membrane and spacecraft body during its half-year operational
mission from June to December 2010. In particular, comparisons are
made between the predicted temperatures and the actual in-flight
temperature readings delivered by thermistors located on the
membrane and on the spacecraft body. When accounting for solar
power conversion, the results show excellent correspondence for the
body’s top surface, which is covered by solar cells. On the other hand,
appreciable differences have been observed for a few of the
thermistors on the solar sail membrane. In any case, the temperature
variations over the different sail membrane elements are significant
because of the differences in thermo-optical parameters. As a
consequence, a model considering a virtual sail with uniformly
constant temperatures is not realistic. The results confirm that the
trajectory perturbations induced by the thermal radiation pressure
remain below 1% of the solar radiation effect. Therefore, they may be
neglected in view of other error sources that may affect the solar
radiation force, like for instance the effects of a nonflat sail and
variations of its optical properties with temperature and lifetime.
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