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GEOSAIL: Exploring the Geomagnetic Tail
Using a Small Solar Sail
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Conventionalgeomagnetictail missions require a spacecraft to be injected into a long elliptical orbit to explore the
spatial structure of the geomagnetic tail. However, because the elliptical orbit is inertially fixed and the geomagnetic
tail is directed along the sun-Earth line, the apse line of the elliptical orbit is precisely aligned with the geomagnetic
tail only once every year. To artificially precess the apse line of the elliptical orbit in a sun-synchronous manner,
which would keep the spacecraft in the geomagnetic tail during the entire year, would require continuouslow-thrust
propulsion or periodic impulses from a high-thrust propulsion system. Both of these options require reaction mass
that will ultimately limit the mission lifetime. It is demonstrated that sun-synchronous apse-line precession can be
achieved using only a small, low-cost solar sail. Because solar sails do not require reaction mass, a geomagnetic tail
mission can be configured that provides a continuous science return by permanently stationing a science payload

within the geomagnetic tail.

Nomenclature
a = semimajor axis, km
a, = electricpropulsion acceleration, mm/s?
a, = solar sail characteristicaccelerationat 1 astronomical unit
(AU), mm/s>
e = eccentricity
f = true anomaly, deg
m = spacecraft mass, kg
n = sailnormal unit vector
p = orbit semiparameter,km
R = radial perturbing acceleration, mm/s?
r = orbitradius, km
ro = 1AU
s = sun-line unit vector
T = transverse perturbing acceleration, mm/s>
T, = orbitperiod,s
o = sail orientationrelative to the sun-Earth line, deg
As = longitude of sun from vernal equinox, deg
i = gravitational parameter, Nm? kg2
¢ = thrustorientationrelative to radial direction, deg
w = argumentof perigee, deg
Subscript

s = withrespect to heliocentric elements

Introduction

OLAR sailing utilizes the solar radiation pressure exerted on
a large tensioned reflective membrane to provide a propulsive
force without the need for reaction mass. It has long been consid-
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ered as a means of enabling high-energy space science missions or
enhancingexisting deep space mission concepts by reducing launch
mass and trip times. However, most of these mission applications
have only consideredsolar sail propulsionas a transportationdevice
that provides an efficient means of delivering payloads to planetary
or small solar system bodies.! In contrast, recent work has shown
that solar sails can enable new classes of missions that use the con-
tinuously available solar radiation pressure to generate families of
highly non-Keplerian orbits.>~* These missions do not use the so-
lar sail as a transportation device, but as a means of obtaining new
observation points for solar physics, Earth observation, and space
scienceapplications.This paperinvestigatesyetanothernew class of
non-Keplerianorbits enabled by solar sails. These new orbits appear
to have significant space physics applications and, more important,
are achievablein the near term using only a small, low-performance
solar sail. The use of a small solar sail offers the possibility of con-
figuring an initial technology demonstration mission for solar sail
propulsion which also provides a unique and useful science return.
The GEOSAIL mission concept detailed here has been designed to
achieve both of these goals.

The mission application considered centers on artificial preces-
sion of the apse line of an elliptical orbit whose major axis lies
along the Earth’s geomagnetic tail. The geomagnetic tail is the long
structure formed by interaction of the magnetized solar wind with
the magnetic field of the Earth and is a key focus of investigation
for the space physics community.’ Because a Keplerian elliptical
orbit is inertially fixed and the geomagnetic tail is directed along
the sun-Earth line, the apse line of such a Keplerian elliptical or-
bit is precisely aligned with the geomagnetic tail only once every
year. Therefore, useful science data can only be gathered from the
geomagnetic tail for a relatively short duration each year when the
apse line of the ellipse and the geomagnetic tail are aligned. How-
ever, using a small solar sail it will be shown that the orbit apse line
can be artificially precessed at 0.9856 deg/day to track precisely
the annual rotation of the geomagnetic tail. Such a forced orbit en-
ables continuous science returns during an entire year, rather than
the short annual window when the apse line of the ellipse and the
geomagnetic tail are aligned.

The mission orbits of interest for forced apse-line precession are
related to the physical processes to be investigated. For example, a
stable perigee radius of order 10 Earth radii provides sampling of
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the magnetopause on the day side of the Earth, whereas an apogee
radius of order 30 Earth radii samples the magnetotail with an orbit
period of 5.24 days. For apogeeradii beyond 25 Earth radii, an orbit
within the ecliptic plane is found to be optimum for space physics
applications. The science goals of the GEOSAIL mission proposed
here are to achieve long residence times in the geomagnetic tail to
enable adequate statistical characterization of the plasma under a
variety of solar wind conditions. By the maintainence of an essen-
tially constant presence in the geomagnetic tail, the rapid dynamic
evolution of the geomagnetic tail can be probed. In particular, so-
called magnetic reconnectionevents are likely to be observedin situ
for the first time.

First, a simple solar sail steering law is derived that provides
forced apse-line precession for an elliptical orbit within the eclip-
tic plane. The conditions for sun-synchronous precession are then
derived and solar sail performance requirements are identified for
the scientifically interesting orbits discussed earlier. It will then be
demonstratedthatthe steeringlaw is in effectadaptivein that the pre-
cessionrate of the elliptical orbit will adjust to the varying rotation
rate of the sun line due to the eccentricity of the Earth’s heliocentric
orbit.

Forced apse-line precessionusing a solar sail is then compared to
forced precession using low-thrust electric or high-thrust chemical
propulsion. Again, performancerequirementsare identified for sun-
synchronousapse-line precessionusing simple steering laws. These
simple steering laws are comparedto locally optimum steering laws
that maximize the instantaneous rate of increase of argument of
perigee. A locally optimum steering law for electric propulsion is
derived, which is then adapted for use by a solar sail. It is found
that these locally optimum steering laws provide only a modest
advantage over the simple steering laws.

Last, a preliminary mission concept is presented, which utilizes
artificial apse-line precession for a geomagnetic tail mission using
a small, low-cost solar sail. A strawman payload is identified, and
a total spacecraft mass is determined assuming currently available
deployable boom and sail film technologies® It is shown that the
resulting spacecraftis suitable for launch as a secondary payload,
possibly on the Ariane V auxiliary payloadring, and that the level of
solar sail performance is typical of that currently being considered
for near-term technology demonstration missions. Current technol-
ogy demonstration mission concepts envisage a slow spiral to Earth
escape or a lunar fly-past, neither of which has particular scien-
tific merit. The mission concept proposed here allows technology
demonstrationof a low-costsolar sail along with a unique and useful
science return. The unique science return adds to the programmatic
benefits of the mission by demonstrating that solar sailing is not just
an efficient means of low-thrustpropulsion,butenablesentirely new
ways of performing science missions. The GEOSAIL mission con-
ceptdetailed in this paper combines technology demonstration with
a unique and useful science return.

Apse-Line Precession Using Solar Sails

For the mission orbit discussed, the solar sail will orbit within
the ecliptic plane so that only three osculating orbital elements are
required to describe the evolution of the resulting trajectory. The
sail normal is also assumed to be directed within the ecliptic plane
so that there will only be an in-plane perturbing acceleration due to
solar radiation pressure. To investigate steering laws for apse-line
precession the following Lagrange equations are, therefore, used’:
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where R and T are the radial and transverse components of the per-
turbingsolarradiationpressureaccelerationexperiencedby the solar
sail,as showninFig. 1,and p = a(1 — ¢?) is the orbitsemiparameter.

Sun

v
Vernal equinox

Fig. 1 Orbit geometry.

A simple steering law will now be considered in which the sail nor-
mal is directed along the major axis of the ellipse.

The solarradiation pressure accelerationexperiencedby the solar
sailis a functionof the sail orientation with respect to the sun line. If
n is the unit vector normal to the sail surface and s is the unit vector
directed along the sun line, the solar radiation pressure acceleration
experienced by an ideal solar sail on an Earth-centeredorbit may be
written as @ = a, (s’ n)*n, where a, is the characteristicacceleration
of the solar sail. The characteristic acceleration is defined as the
acceleration experienced by the solar sail at a heliocentric distance
of 1 astronomical unit (AU) while the sail normal is directed along
the sun line in the antisun direction. Therefore, if the sail normal is
directed along the major axis of the ellipse, the components of the
solar radiation pressure acceleration experienced by the solar sail

are given by
R —
|:Ti| = a, cos*(w — As)|: sfr(l)sffi| 4)

where w is the argument of perigee of the orbit, A is the position
of the sun within the ecliptic plane from the vernal equinox, and f
is the true anomaly of the spacecraft, again shown in Fig. 1.

For the rotation of the apse line of the orbitto be synchronouswith
the annual rotation of the sun line, it is clear that the identity w = A
mustalwayshold. In thiscase, the sunlineis directed along the major
axis of the ellipse and so the sail normal is always directed along the
sun line. This strategy provides an extremely simple steering law to
implement in practice. The change in orbital elements over a single
orbit with this simple sail steering law [Eq. (4)] can now be obtained
by integrating Eqs. (1-3) to obtain

2 da

Aa:/o de:O (5)
7 de

A€=/(; adf=0 (6)

so that the orbit-averaged semimajor axis and eccentricity remain
unchanged by the solar radiation pressure acceleration experienced
by the solar sail. Again, integrating Eq. (3) over a single orbit with
the steeringlaw defined by Eq. (4), the changein argumentofperigee
of the ellipse is found to be

Aw = B /w)aga*~/ (1 — e*)/e? @
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Fig. 2 Solar sail characteristic acceleration required for sun-
synchronous apse-line precession (mm/s?).

so that the apse line of the ellipse will rotate due to the perturbing
solar radiation pressure acceleration. The mean rate of precessionof
the apse line of the ellipse can now be obtained by dividing Eq. (7)
by the ellipse orbit period 7 to obtain

Aw 3 (1—e?) a
T = 54 |:—e i|\/; ®)

where Ty =21 «/(aﬁu). Therefore, for the sun-synchronouscondi-
tion that Aw/Ty, = Xg, the required solar sail characteristic accel-
eration is found to be

ap = %}Ls(e/vl —e2)uja )

where As =0.9856 deg/day. Equation (9) provides a compact ex-
pression to size a solar sail for a given elliptical orbit with the con-
dition for sun-synchronousapse-line precession.

For sun-synchronous apse-line precession, it can be seen that
the required solar sail characteristic accelerationis only a function
of the orbit semimajor axis and eccentricity, both of which remain
unchangedover a single orbit. A convenientway of representingthe
required characteristic acceleration is, therefore, through the orbit
apogee and perigee radii, as shown in Fig. 2. For the range of orbits
of interest (near 10 x 30 Earth radii) it can be seen that a solar sail
characteristic acceleration of order 0.15 mm/s® is required. This
level of performance is typical of current concepts for near-term
solar sail technology demonstrationmissions.® Note that the natural
precession of the apse line due to Earth oblatness for these orbits is
only of order 10~% deg/day.

As alreadydiscussed,an ellipticalorbitin the ecliptic plane with a
perigeeradiusof 10 Earthradii and an apogeeradius of 30 Earth radii
is of interestfor space physics applications. For this particularorbit,
the required solar sail characteristic acceleration is obtained from
Eq. (9) as 0.136 mm/s%. The evolution of this orbit over 30 days
is shown in Fig. 3. It can be seen that the orbit-averaged change
in semimajor axis and eccentricity are zero as expected, while the
apse line of the orbit precesses at a mean rate of 0.9856 deg/day
to track the sun line and geomagnetic tail, as required. A more
detailed analysis of this orbitincluding lunar and solar gravitational
perturbations will be provided in a later section.

In the preceding analysis, a constant apse-line precession rate
has been sought to provide sun-synchronous conditions. However,
due to the eccentricity of the Earth’s orbit about the sun, the sun
line will not rotate at a uniform rate. From conservation of angular
momentum, it can be shown that the sun-line rotation rate will vary
as the inverse square of the planetary heliocentric distance r, as

S e 0

where the subscript s denotes the planetary heliocentric orbital
elements. However, because solar radiation pressure also has an
inverse-square variation with heliocentric distance, the forced pre-
cession of the elliptical orbit apse line has the same functional rela-
tionship.From Eq. (8), the modified mean precessionrate is given by

(@) = 2ag(ro/r [/ (1 — ) Je]alu (11)

where ry is 1 AU and the term (r/r,)? scales the solar radiation pres-
sure with varying heliocentric distance. The sun-pointing steering
law discussed earlier will, therefore, maintain sun-synchronouspre-
cession of the elliptical orbit apse line, even if the planetary orbit
about the sun is noncircular. This effect has also been noted for
othersolar sail mission applications Whereas the annual variation
of sun-linerotationrateis arelatively minor effect for Earth-centered
orbits, it will be significant at Mercury, for example, due to the high
eccentricity of Mercury’s orbit.

An additional effect that has been neglected in the analysis lead-
ing to Eq. (9) is eclipse periodsat the apogee of the sun-synchronous
elliptical orbit. Because the orbit apse line precesses in a sun-
synchronous manner, these eclipses will occur with the same du-
ration at each orbit apogee passage. If the eclipse period spans
a range of true anomaly 2Af centered on the orbit apogee, the
change in argument of perigee during a single orbitis now obtained
from

n—Af
Aw=/ 9o 4r (12)

Substituting from Egs. (3) and (4) and integrating yields the change
in argument of perigee during a single orbit with an eclipse of width
2Af as

. (2¢?cos Af — 3e + cos Af)
++1—esinAf (0= coosaf)? i| (13)

which reduces to Eq. (7) in the limit Af — 0. For the 10 x 30
Earth radii mission orbit, the eclipse half-width Af ~1.9 deg,
and so the solar sail characteristic acceleration required for sun-
synchronous apse-line precession increases marginally from 0.136
to 0.138 mm/s%. It is clear from this analysis that repeated short-
duration eclipses have little effect on the required solar sail perfor-
mance for the range of orbits of interest.

Apse-Line Precession Using Electric
and Chemical Propulsion

Forced apse-line precession is also possible using electric or
chemical propulsion, although the requirement for reaction mass
will limit the duration for which sun-synchronous precession can
be sustained by these means. For electric propulsion, the required
spacecraft acceleration can be obtained from Eq. (9) if the thrust
vector is always directed along the major axis of the ellipse. An
equivalent steering law can be obtained as a particular case of the
analysis of Pollard® for electric propulsion transfer problems.

An alternative steering law is proposed by Burt,’ in which the
thrust vector of the electric propulsion system is directed along the
transverse direction, but reverses sign at each crossing of the major
axis of the orbit so that

R=0 (14)
+a,, 0 f<m
T = ! f (15)
—a,, T < f <2

where a, is the aceleration induced by the electric propulsion sys-
tem. This is a seemingly more efficient means of inducing apse-
line precession. When Egs. (1-3) are used and this steering law is
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integrated, it can be shown that the changesin elements over a single
orbit are given by

Aa =0 (16)
Ae =0 17)
Aw = (4/p)a,a’[(e* —2)/e] (18)

Again, requiring sun-synchronous apse-line precession so that
Aw/Ty = s, the accelerationrequired from the electric propulsion
system is found to be
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Fig. 3d Apse line w (—) and sun line Ag (- - -) over 30 days.

a, = (m/2)ksle/(2 — )]/ 1 /a (19)

which can be used to size the spacecraftthrusters. The steering laws
of Pollard® and Burt® for electric propulsion can now be compared
by equating Egs. (9) and (19) to obtain the identity

2—e?=(GBr/4)1—e? (20)

After making the substitutionz = 4/(1 — €?), a quadraticis obtained
that discriminates between the two steering laws as

22— @Br/d)z+1=0 21

It can then be shown from Eq. (21) that Burt’s steering law (trans-
verse steering) is only more efficient than that of Pollard (major axis
steering) for an eccentricity greater than 0.832.

For chemical propulsion, the optimum maneuver to increase the
orbit argument of perigee, while leaving the other orbital elements
unchanged, consists of two equal impulses applied to connect the
initial and rotated orbits through the arc of an intermediate transfer
ellipse. It can be shown that the change in arguement of perigee
obtained in a single orbit through the application of two impulses
of total magnitude Av is given by!°

Aw = (2/e)r/a(l —e2)/u Av 22)

Note that the analysis by Pollard,® which provides a single impulse
at the intersection of the initial and rotated orbits, is not optimal for
an eccentricity of less than 0.775. To obtain sun-synchronous pre-
cession of the apse line, the change in argument of perigee over a
singleorbitmustbe Aw = A3 Ty, whereagain Ty = 2w J(a3 /i) isthe
ellipse orbit period. The required Av per orbit for sun-synchronous
apse-line precession for chemical propulsion is then obtained

as
Av =nis[ae/w/(1 —62)] (23)

which can then be used to determine the accumulated Av for some
total mission duration.

To make an approximate comparison of solar sail and electric
and chemical propulsion, an assessement of the effective Av and
propellant mass fractions required will be made for the 10 x 30
Earth radii mission orbit. Because the orbit eccentricity is 0.5, the
steering law derived from Pollard (major axis steering) is the most
appropriate for electric propulsion and the two-impulse maneuver
is optimum for chemical propulsion. The effective Av and propel-
lant mass fraction (Am/m) for one year of operation are shown
in Table 1, assuming an electric propulsion system specific im-
pulse of 3000 s and a chemical propulsion system specific impulse
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Table 1 Requirements for sun-synchronous
apse-line precession of a 10 X 30 Earth radii
mission orbit over one year of operation

Propulsion system Av,km/s  Am/my
Solar sail — —
Electric (I, =3000s) 4.29 0.14
Chemical (I, =3405) 3.21 0.62

of 340 s, typical of a bipropellant hydrazine system. These mass
fractions are calculated using the rocket equation and assume the
effective Av for the electric propulsion system is found from the
product of the required acceleration [from Eq. (9)] and the mis-
sion duration. It can be seen that the propellant mass fraction is
rather large for chemical propulsion, but is more modest for electric
propulsion. A more detailed analysis of these competing modes of
propulsion will be required to reach stronger conclusions regard-
ing the optimum mode of propulsion. However, for long-duration,
multiyear missions, solar sailing is likely to show significant
benefits.

Locally Optimum Apse-Line Precession

Although the steering laws discussed for solar sail and electric
propulsion are simple to implement, they are not optimum. In this
section, a set of locally optimum steering laws that maximize the
instantaneous rate of change of argument of perigee are defined.
First, the locally optimum steering law for an electric propulsion
system will be investigated and then adapted for use by a solar sail.

For an electric propulsion system, the thrust vector will be as-
sumed to act in the orbit plane at some angle ¢ relative to the radial
direction, as shown in Fig. 1. The perturbing accelerationa, due to
the low-thrust propulsion system is then given in component form

by
R cos ¢
|:Ti| = |:sin¢i| (24)

When these components of the perturbing low-thrust acceleration
are substituted into Eq. (3), the instantaneous rate of change of
argument of perigee is maximized if

%[—a,,cosq&cosf—i—a,,sin(p(l+%> sinfi| =0 (25

Equation (25) is solved for the required thrust angle as a function
of true anomaly and yields a locally optimum steering law

~ 24ecos f
tang = —(—1 " ecosf) tan f (26)

where ¢~S is the optimum thrust angle. It is found that due to the
symmetry of this new steering law the orbit-averaged semimajor
axis and eccentricity again remain unchanged while the apse line
of the orbit precesses. The required thrust angle relative to the sun
line is shown in Fig. 4 for the 10 x 30 Earth radii mission orbit. It
can be seen that the locally optimum steering law differs somewhat
from the simpler steering law in which the thrust vector is directed
along the sun line. For the 10 x 30 Earth radii mission orbit, it is
found that the accelerationrequired from the low-thrust propulsion
system is reduced from 0.136 to 0.127 mm/s? using this new steer-
ing law. The corresponding effective Av is reduced from 4.29 to
4.01 km/s.

To obtain a locally optimum steering law for a solar sail, it is now
necessary to choose the sail orientation such that the component of
solar radiation pressure acceleration along the direction defined by
Eq. (26)is maximized. The steeringlaw defined by Eq. (26) provides
the thrust angle relative to the radial direction. Relative to the sun
line, this direction is defined by @ =¢ — (7 — f), as can be seen
from Fig. 1. Therefore, the component of solar radiation pressure
accelerationin this direction is given by

a = aycos’ a cos(aw — &) (27)
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Fig. 4 Optimum thrust pointing relative to the sun line for a 10 X 30
Earth radii mission orbit over 1 orbit period [, solar sail equa-
tion (29) and - - -, electric propulsion equation (26)].

To optimize the solar sail steering law, it is now required that
da/da =0, so that

2sina cos(a — &) + cosa sin(a — a) =0 (28)

After some manipulation, it can be shown that Eq. (28) may be
reduced to a polynomial with solution

-3+ 49+ 8tan’ &
tano* = + +~ an e (29)
4tano

where o* is the locally optimum sail steering angle. Equation (29)
represents the direction of the sail normal relative to the sun line to
maximize the instantaneousrate of change of argumentof pericenter.

Again, it is found that due to the symmetry of this new steer-
ing law the orbit averaged semimajor axis and eccentricity remain
unchanged while the apse line of the orbit precesses. The required
optimum sail pitch angle relative to the sun line is also shown in
Fig. 4 for the 10 x 30 Earth radii mission orbit. It is clear that the
locally optimum steering law for the solar sail is close to the simple
steering law in which the sail normal is directed along the sun line.
For sun-synchronous precession of the orbit apse line, it is found
that the required sail characteristic acceleration is reduced some-
what from 0.136 to 0.129 mm/s? for the 10 x 30 Earth radii mission
orbit by using the optimum steering law.

GEOSAIL Mission

It has been shown that to artificially precess the apse line of an
ellipticalorbitin a sun-synchronousmanner requiresonly a constant
accelerationdirected along the major axis of the ellipse. A 10 x 30
Earth radii elliptical orbit used for a geomagnetic tail mission would
require an effective Av of order 3.2 km/s per year of operation for
apse-line precession. Although the Av for apse-line precession for
this orbit is large, it has been shown that only a relatively small
acceleration is in principle necessary. For a solar sail, it was found
that a characteristic accelerationof 0.138 mm/s? is required for the
10 x 30 Earthradii missionorbit, includingeclipseperiods. Because
the precessionof the apse line of the orbitis chosen to match that of
the sun line, the sail normal can be directed along the sun line. Such
asimple steeringlaw has significant operationaladvantagesbecause
a sun-facing attitude can be achieved passively by configuring the
sail to be slightly conical such that its center of pressure lies behind
its center of mass."!

A small geomagnetictail missioncanin principlebe deliveredto a
10 x 30 Earth radii orbit using the solar sail to spiral from a piggy-
back launch, for example, to geostationary transfer orbit (GTO).
For a standard Ariane V midnight launch to GTO, the apse line of
the orbit is directed sunward, opposite to the geomagnetic tail. A
6-month (or 18-month) orbit raising phase is, therefore, required
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while the solar sail maneuvers to the required operational orbit, and
the apse line aligns with the geomagnetic tail. During this time,
the orbit plane must also be rotated so that the orbit lies in the
ecliptic plane. The final GEOSAIL mission orbit is shown in Fig. 5
(Ref. 12).

An alternative launch scenario to piggy-back delivery to GTO
would inject the packaged sail and spacecraft bus directly into the
operational 10 x 30 Earth radiiorbitin the ecliptic planeusing a ded-
icated launcher or a piggy-back launch with chemical kick stages.
In this scenario, if sail deployment was to fail, the spacecraft bus
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Fig. 6e  GEOSAIL apseline w (——)and sunline \g (- - -) over 1 year.

could be separated and would perform a conventional geomagnetic
tail mission without apse-line precession. In this case, the mission
is only degraded and not lost in the event of a deployment failure.
The risk of using solar sail technology on a first mission is then
significantly reduced because a useful backup mission is available
without the use of the sail. In addition, because the sun-pointing
steering law can be implemented by passive means, the solar sail
does not require active attitude control if directly injected to the



628 MCcINNES ET AL.

Table2 Strawman instrument mass budget

Instrument Mass, kg Science goal

Flux-gate magnetometer 0.2 High-resolution magnetic field
measurements

Electrostatic analyser 2.0 Electron and ion distribution

Data processor 0.2

Solid state telescope 0.6 Energetic particle mass and

Data processor 0.1 distribution functions

Search-coil magnetometer 1.3 Rapid variations of magnetic field in

Data processor 0.6 interaction region between solar
wind and magnetosphere

Total mass 5.0

Total power 5W

Table3 Spacecraft mass budget for a 1444 m? solar
sail with a characteristic acceleration of 0.138 mm/s?

Mass contribution Mass, kg
Instruments 5
Spacecraft bus 25
Solar sail
Booms (100 g/m) 11
Mechanisms 20
Film (7.5-um Kapton) 15
Coatings (0.1-um aluminum) 0.5
Bonding 2.5
Launch adapter 1
Launch mass 80

mission orbit and so can be a simple conical deployable reflector
attached to the spacecraftbus.

The GEOSAIL mission concept provides a useful science return
that is absent from other concepts for solar sail technology demon-
stration missions, such as a slow spiral from GTO to escape or a
lunar fly-past. As such, it provides an early opportunity to combine
technologydemonstrationwith a novel and extremely useful science
mission. Most science applications of solar sailing center on deep
space missions, which require a launch capacity to Earth escape and
the use of deep space network (DSN) facilities. This Earth-orbiting
application allows low-cost launch and low-cost ground facilities.

When active maneuvering or a direct launch to the 10 x 30 Earth
radii orbit in the ecliptic plane is assumed, the simple sun-pointing
steering law provides close tracking of the geomagnetictail. A sim-
ulation of the sun-pointing steering law is shown in Fig. 6 for the
10 x 30 Earth radii mission orbit over a 12-month period, includ-
ing lunar and solar gravitational perturbationsand an order 12 x 12
geopotential model. A fourth-order Runge-Kutta integratoris used
in Earth-centerd inertial coordinates. The mission is assumed to
begin at the spring equinox (21 March 2001) with an equatorial
inclination of 23.4 deg, corresponding to an orbit within the eclip-
tic plane. It can be seen that the sun line is closely tracked in the
presence of these perturbations, although long-period forcing of
the orbit eccentricity is observed, along with a slow secular pertur-
bation to the orbit inclination due to lunar and solar gravitational
perturbations.

To size a solar sail for the GEOSAIL mission a 25-kg spacecraft
bus and 5-kg instrument payload will be defined. This is typical of
concepts for minisatellites with a suite of simple field and particle
instruments.!* A strawman instrument payload has been defined to
meet the science goals of the mission, the mass budget for which is
shown in Table 2. The instrument suite is representative of current
high time resolution plasma detectors and low mass electric field
detectors required to characterize the geomagnetic tail plasma. The
sail film is assumed to be fabricated from commercially available
7.5-pm Kapton® film, vapor coated with aluminum. An additional
fraction of the sail film mass is added to account for bonding of
elements of the sail and for micrometeoriterip stops. The sail booms
can be deployablecarbon-fiber (CFRP) profiles.® bistable composite
shells,' or space-rigidizedinflatables.!> When booms are assumed
with a specific mass of 100 g/m, typical of current technology? a
spacecraft mass budget can be defined, as shown in Table 3. The

sail is assumed to have a total reflectivity of 85% and so has an
area of 1444 m? and a total launch mass of 80 kg providing the
requiredsail characteristicaccelerationof 0.138 mm/s2. This launch
mass is within the 100-kg limit for launch as an Ariane V auxiliary
payload.

In addition to a single 30-kg spacecraft, the GEOSAIL concept
may be adapted to enhance existing concepts for constellations of
microspacecraft, each with a mass of order 1 kg (Ref. 16). These
microspacecraft are envisaged as acting as distributed nodes of a
network of sensors to map the spatial and temporal characteristics
of the geomagnetic tail. For a constellation of 1-kg microspacecraft
distributed around a 10 x 30 Earth radii orbit, a 5 X 5 m solar sail
with a mass of order 0.8 kg isrequired. Here, the constellationwould
beinjected directly into the mission orbit using chemical propulsion
so that the sail would be a simple deployable reflector attached to
each microspacecraftand functionally separate from the spacecraft
bus and payload. Because only a simple sun-pointing steering law
is required, active attitude control of the sail is not required, and
the sail can be configured to be conical in form to provide passive
attitude stabilization, as discussed earlier.!!

Conclusions

It has been shown that a small, low-performance solar sail can
be used to artificially precess the apse line of an elliptical orbit
to provide sun-synchronoustracking of the geomagnetic tail. Such
sun-synchronous precession is of practical interest to enable space
physicsmissionsin which the sciencepayloadis kept within the geo-
magnetic tail during the entire mission. This strategy is in contrast
to conventional geomagnetic tail missions in which the apse line
of the mission orbit only coincides with the sun line once per year.
Although such apse-line precessioncan be achieved using chemical
or electric propulsion, the Av is large for chemical propulsion. For
electric propulsion, the requirement for reaction mass is likely to
limit the duration for which sun-synchronous apse-line precession
canbe achieved. However, more detailed trade studies are requiredto
allow a directcomparisonof electric propulsionand solar sailing. In
conclusion though, the use of a small, low-performance solar sail is
seen as an effective means of enablinga novel space science mission
while acting as a demonstration mission for solar sail propulsion.
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