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ABSTRACT

HERSCHEL/PLANCK (double launch in 2007 on ARI-
ANE) and GAIA (launch in 2010 on SOYUZ/FREGAT)
are Astronomy missions in the ESA Scientific Program
with different objectives but with quite common re-
quirements of a highly stable thermal environment and
sky viewing conditions unobstructed by Earth and sun.
A class of orbits near the L2 libration point (outside
Earth) in the sun-Earth system has been selected for
these projects.

Not differentiating in the conventional way between
Halo or Lissajous orbits, a family of non-escape orbits
around L2 has been classified solely by their property of
neither falling towards the Earth nor to the sun within
the limits of numerical precision of the initial condi-
tions. The stable manifolds of some of the Lissajous
orbits in this family (generally with large amplitudes)
touch perigee conditions which can be naturally in-
jected into by a launcher, e.g. a low perigee altitude,
and specifically for ARIANE a line of apsides near the
equator plane. Thus a ’free’ transfer to some of these
orbits which requires no manoeuvres after perigee, ex-
cept stochastic orbit corrections, exists.

Starting from the free transfers to the large amplitude
non-escape orbits, transfers to small amplitude (e.g.
maximum sun-spacecraft-earth angle below 10◦) have
been constructed combining the linear theory for or-
bits in the restricted circular three body problem with
the numerical algorithm. The linear theory defines di-
rections of escape (e+λt-term) and non-escape in the
velocity subspace. Manoeuvres along the non-escape
direction which are optimum in the linear theory to
change the orbit amplitude, are numerically corrected
along the escape direction.

By the same approach also optimum eclipse avoidance

strategies could be derived, which guarantee a mission
of at least 6 years without eclipse with a manoeuvre
of typically 15 m/s. The eclipse avoidance manoeu-
vres are performed during the last revolution before the
eclipse occurs near one of the maximum amplitudes,
and essentially revert the track of the motion in the
plane orthogonal to the sun Earth line.

Herschel and Planck will share a launcher, either an
ARIANE 5 ESV (upper stage with delayed ignition af-
ter coast arc) or an ARIANE 5 ECA (cryogenic upper
stage) launched from Kourou. Herschel will remain on
the large amplitude orbit to which the launcher nat-
urally delivers, whereas Planck will perform an ampli-
tude reduction manoeuvre. GAIA will be launched by
a Soyuz/Fregat launch from Baikonur, with or without
lunar gravity assists and the necessary phasing orbits.
In all cases the combination of the orbit amplitudes (in
ecliptic and orthogonal to it) for a given size (maximum
sun-spacecraft-Earth angle) and the initial phase in the
orbit will depend on the launch date. Launch windows
will be given.

Finally the navigation and orbit maintenance aspects
of the mission have been studied for the transfer and
for the phase in the Lissajous orbit comparing several
maintenance strategies. The preferred strategy is using
a constant manoeuvre direction (along the escape line
in the linear theory) which allows a dedicated spacecraft
design.

INTRODUCTION

The orbits around L2 or L1 in the Earth-sun system
have become of particular interest for astronomy mis-
sions. ESA mission or missions with ESA participation
in this category are listed in table 1. From a spacecraft
near L2 uninterrupted sky observations are possible as



Project Launch Objective Orbit, Remarks

SOHO 1995 Sun observations Halo at L1. Still in operations

Smart 2 2006 Technology demonstra-
tion for LISA and Darwin

Cluster of S/C near L1, drag free, drift away

Herschel 2007 Far infrared astronomy Large amplitude Lissajous at L2. Stable manifold transfer
from ARIANE launch

Planck 2007 Cosmic background 15◦ Lissajous at L2. Double launch with Herschel on
ARIANE

Eddington 2008 Star seismology Lissajous at L2, Herschel/Planck spacecraft bus reuse

NGST 2009+ Next Generation Space
Telescope

Lissajous at L2, with NASA

GAIA 2010+ Astrometry 15◦ Lissajous at L2, orbit control with FEEPS

Table 1: ESA missions at Libration point

Earth and sun remain more or less close together seen
from the spacecraft. A major advantage for modern
to be cooled detectors is that with the proper space-
craft design a very stable thermal environment can be
achieved near L2. The drawbacks of these orbits are the
long transfer duration, and the necessity of orbit main-
tenance maneuvers about once per month to counter-
act the instability. The large communications distance
is less important todays with higher frequency systems,
and use of directivity in the special geometry.

LISSAJOUS ORBITS AROUND L2

Escape Direction in the Linear Problem

’Quasi periodic orbits’ around L2 have first been pro-
posed for space missions in.3 Analytic theories for their
construction under the full dynamics of the solar system
have been developed under ESA contracts in the ’80s6

and are documented in.7 Most of the basic properties
of these orbits are inherited from those of the linearised
circular restricted three-body problem. Therefore a few
basic equations of the linear theory will be repeated
below, as the rather powerful numerical orbit construc-
tion method developed thereafter will be based on these
properties alone.

With the ecliptic plane as the xy-plane with the x-axis
from the sun to the Earth-moon baricentre in the ro-
tating frame, and z out of the ecliptic, and introducing
the usual coordinate transformations with the distance
unit as sun-Earth distance and the time unit as 1 side-
real year / 2π, in the well known linear approximation
for the circular restricted three-body problem, the dif-
ferential equations of the relative motion around L2 can

be written as

ẍ− 2 ẏ − (1 + 2K) x = 0
ÿ + 2 ẋ− (1−K) y = 0

z̈ + K z = 0



 (1)

With K=3.940522 for L2. The complete solution of
this homogeneous system can be written as

x = eλxyt ·A1 + e−λxyt ·A2

+ cos (ωxyt + φxy) ·Ax

y = c1 eλxyt ·A1 − c1 e−λxyt ·A2

− c2 sin (ωxyt + φxy) ·Ax

z = cos (ωzt + φz) ·Az





(2)

where c1, c2, ωxy, λxy and ωz are constants depend-
ing on K. The integration constants A1, A2 are linear
functions of the initial conditions

(
A1

A2

)
=

( c2ωxy

2d1

ωxy

2d2
− c2

2d2

1
2d1c2ωxy

2d1
−ωxy

2d2

c2
2d2

1
2d1

)



x0

y0

ẋ0

ẏ0




with

d1 = c1λxy + c2ωxy

d2 = c1ωxy − c2λxy

The X-Y part of state vector (x0, y0, ẋ0, ẏ0)T is on a
Lissajous orbit if A1 = A2 = 0. A1 = 0 gives the stable
manifold. The motion in z is an un-coupled oscillation
at a different frequency. It can be seen that when start-
ing from a state vector which satisfies A1 = 0, then a
velocity increment ∆V = (∆ẋ0, ∆ẏ0)T with

( − c2
d2

, 1
d1

) (
∆ẋ0

∆ẏ0

)
= 0 (3)
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will not lead to an escape from that family of ”orbits
around L2”. From this we define the escape direction
of ∆V components creating an unstable motion by the
line (see figure 1)

± uT = ± ( − c2
d2

, 1
d1

)∧
(4)

and the non-escape direction orthogonal to u by

±sT = ± (
1
d1

, c2
d2

)∧
(5)

The escape line is +28.6◦ from the x-axis (=sun to
Earth axis) and the non-escape line is -61.4◦ from the
x-axis.
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u u
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s s
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x
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Figure 1: Escape and non-escape directions

It can be observed that:

• In the linear problem these directions do not de-
pend on the point in the orbit (homogeneous)

• Velocity increment components along ±u control
the stability

• Velocity increment components in the plane
spanned by s and the z-direction will only change
amplitude or phase of a non-escape orbit

From these properties a simple but effective method
has been derived for the numerical construction of the
Lissajous (or better non-escape) orbits in the full non-
linear problem with any type of perturbations. And also
orbit maintenance strategies, methods to reduce the or-
bit amplitude and eclipse avoidance manoeuvres can be
constructed using the same basic principle.

Numerical Construction of Non-escape Orbits

We start at any point on a Lissajous orbit, or on the
stable manifold of it, either obtained from any analytic
approximation or from the end point of the transfer
orbit, or as continuation of any preceding orbit con-
struction, e.g. stopping at the x-z-plane crossing. A
bisection of velocity increments in the escape direction,
combined with forward integration will then automati-
cally find the non escape orbit through this initial po-
sition. The bisection process is continued until after a
forward integration over e.g. 450 days the orbit does
neither escape to the sun nor fall to the Earth. The
z-component is not controlled. Table 2 shows the bi-
section process at the first x-z-plane crossing for the
reference orbit of Herschel. ∆V is the velocity incre-
ment along the unstable direction, Tf in days and Rf

in km give time and radius from Earth when the inte-
gration stops either above 2×106 km or below 0.5×106

km.

no. ∆V Tf Rf

1 0.0000000000 341.391 194782.7
2 2.5000000000 148.000 2503830.5

... ............ ........ .........
8 0.0390625000 248.000 2537365.8
9 0.0195312500 262.000 2519552.8

10 0.0097656250 280.000 2559225.2
... ............ ........ .........
16 0.0007629395 410.000 2515283.6
17 0.0006866455 452.379 44090.8

Table 2: Numerical orbit generation by bisection

Numerical Construction of Transfer Orbit

A specific feature of an ARIANE launch is introduced
by the launch site near the equator. The orbits around
the libration points lie near the ecliptic plane. So orbits
into which ARIANE can deliver large payloads may not
always be suited to start a transfer to the L2 region.
Therefore for Herschel/Planck, rather than prescribing
the target orbit, orbits around L2 were searched which
can be reached from maximum mass ARIANE launch
conditions. This led to the class of large size Lissajous
orbits. The stable manifold of these orbits ”touches”
the conditions reached by an ARIANE launch for a par-
ticular launch date and hour. The ”escape direction”
on this stable manifold, and at the perigee point, has
been assumed to be along the perigee velocity direction,
independent of above discussion. This directly leads to
an orbit construction and orbit selection method for
Herschel. The amplitude reduction for Planck will be
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The Transfer construction method
leads to selection of Lissajous or-
bit (Ay, Az, φz) around L2 such
that its stable manifold touches
the best ARIANE launch condi-
tions. Repeated numerical correc-
tions at each crossing of the x-z
plane, each time numerically gen-
erate a non escape orbit over 450
days.

Figure 2: Numerical construction of Herschel orbit

discussed below.

Before starting the bisection the ”fuzzy boundary”8

must be localised. Table 3 and figure 3 display the scan
in perigee velocity which defines the zone between es-
cape to the sun and a closed orbit at Earth to the step
size of the scan. The velocity increment ∆Vp (m/s)
at perigee is stated relative to that of a geostationary
transfer orbit.

no. ∆Vp Tf Rf

9 741 64.3 2525932.4
10 738 107.1 2546203.3
11 735 77.8 90498.8
12 732 55.8 27342.1
13 729 45.1 12583.2
14 726 38.2 9398.2
15 723 33.2 7589.2

Table 3: Scan in perigee velocity for fuzzy boundary

Once the fuzzy boundary has been localised a bisection
in the pericentre velocity will do the rest as shown in
table 4 and figure 4. At the end (integration does not
reach any stop conditions within 450 days) it converges
to an orbit which remains captured in the L2 region.
And this is the orbit searched for the space project.
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Figure 3: Scan for fuzzy boundary

Transfer between Orbits of Different Size

Both spacecraft, Herschel and Planck, will be delivered
by ARIANE into the stable manifold of a Lissajous orbit
with a large size

Syz =
√

A2
y + A2

z

in the yz-plane as shown in figure 2. Syz is equivalent
to the maximum sun-spacecraft-Earth angle. Planck
will have to be manoeuvred from there to an orbit with
a smaller size. From the linear theory such amplitude

4



no. ∆Vp Tf Rf

1 738.0000000000 107.157 2546203.3
2 736.5000000000 115.362 451451.3
.. .............. ....... ......

20 736.8734264374 407.022 16355.0
21 736.8734292984 453.494 194775.5

Table 4: Bisection in perigee velocity
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Figure 4: Bisection in perigee velocity

reduction manoeuvres will be in the plane spanned by
the non escape direction in the x-y-plane and by z.
Since the motion in the xy-plane and the motion in
z are decoupled, the problem of finding a minimum
∆V transfer between two Lissajous orbits to reduce the
size can first also be decoupled into two problems. It
can then be analysed in which cases the two possible
manoeuvres may combine by vector addition.

In the xy-plane, an obvious approach is to enter at
some point into the stable manifold of a Lissajous orbit
with a different amplitude (coupled Ay, Ax). This will
be done with a velocity increment ∆V along the non-
escape direction (A1 = 0), written as

(∆ẋ, ∆ẏ) = α
1√

c2
1 + c2

2

(d2, d1c2), α ∈ IR. (6)

The Ax-amplitude (remember Ay = c2Ax ) after the
manoeuvre can be expressed as

A
(f)

x

2
= (x− ∆ẏ

d1
)2 + (

y

c2
+

c1

d2
∆ẋ)2) (7)

Inserting (6) into (7) renders a quadratic equation for
α as function of (x, y). The solution of this equation
with the smaller modulus (minimum ∆V) satisfies

|α| = |p| −
√

p2 − (A(0)
x

2 −A(f)
x

2
) (8)

with p =< (x, y
c2

), (c2,−c1)√
c2
1+c2

2

>, and the x-amplitudes

A
(0)

x and A
(f)

x of the initial and final orbit. From this it

can be concluded that the minimum of α as function of
(x, y) is obtained if (x, y

c2
) is aligned to (c2,−c1) which

implies p = A
(0)

x . From this it follows that there are
two solutions for the time on the initial orbit at which
this condition is satisfied each 4.7883 days before the
{y = 0}-plane crossing. This time will be fixed when
constructing the numerical solutions. Finally the value
of the ∆V can be expressed as function of the amplitude
change (in km) alone as

∆V = ∆Ay · 3.648001× 10−7s−1. (9)

Similar to this, a manoeuvre changing the z-amplitude
can be represented in a closed form and it can be con-
cluded that the minimum ∆Vz is reached for z = 0,
and

∆Vz = ∆Az · 3.952326× 10−7s−1 (10)

The discussion on how to combine the two independent
components for a given size reduction at minimum ∆V,
and in particular on how to chose the two target Am-
plitudes Ay, Az is a little more complicated. Using a
point (a, b) according to

(a, b) = S
(f)

yz · (0.6783, 0.7348) (11)

the following algorithm can be derived:10

1. A
(0)

y

2
+ A

(0)

z

2 ≤ S
(f)

yz

2

⇒ No manoeuver : (A
(f)

y , A
(f)

z ) = (A
(0)

y , A
(0)

z )

2. A
(0)

y

2
+ A

(0)

z

2
> S

(f)

yz

2

(a) A
(0)

y > a and A
(0)

z > b ⇒ Two man. :
(A

(f)

y , A
(f)

z ) = (a, b)

(b) A
(0)

y ≤ a ⇒ One manoeuvre :

(A
(f)

y , A
(f)

z ) = (A
(0)

y ,
√

S(f)
yz

2 −A(0)
y

2
)

(c) A
(0)

z ≤ b ⇒ One manoeuvre :

(A
(f)

y , A
(f)

z ) = (
√

S(f)
yz

2 −A(0)
z

2
, A

(0)

z )

The numerical implementation uses the time and di-
rection information for the manoeuvres as derived from
linear theory, but regenerates non-escape trajectories
after the manoeuvre by a bisection along the escape di-
rection, until escape terms are suppressed. An example
of this is shown in table 5 for the Planck orbit insertion
manoeuvre.

I can be seen that the correction along the escape di-
rection is as much as 22 m/s, but the change by this
component of the amplitude reduction manoeuvre is
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Planck Orbit:
Double launch on ARIANE 5 with
Herschel, separation at launch,
same transfer orbit, amplitude re-
duction manoeuvre 4.6 days before
x-z-plane crossing.

Figure 5: Numerical construction of Planck orbit

no. ∆Vcorr Tf Rf ∆Vtot

1 0.0000000 89.4 121548.0 170.9
.. ........ .......... ........... ...........
7 21.9531250 288.0 2516405.7 172.4
8 21.9140625 241.9 210446.5 172.4
9 21.9335937 260.2 112360.6 172.4
.. ........ .......... ........... ...........

17 21.9484710 430.0 2556265.1 172.4
18 21.9484329 414.8 217892.5 172.4
19 21.9484519 446.9 102305.4 172.4
20 21.9484615 450.0 2241871.7 172.4

Table 5: Bisection for Planck insertion manoeuvre

less than 2 m/s. However the direction of the ma-
noeuvre is changed from 118.6◦ according to the linear
approximation to 124.9◦. Figure 5 contains the am-
plitude reduction manoeuvre together with a numerical
generation of the Planck orbit over 5 revolutions.

Eclipse Avoidance

Because the two oscillation periods in y and z are dif-
ferent for a Lissajous orbit around L2 (see figure 6 for a
corresponding case with a small amplitude) a spacecraft
on such an orbit will enter into eclipse some day depend-

ing on the initial phase angle φz. The time span from
eclipse to eclipse can be proven to be about 6 years,
so either the initial phase may be chosen to reach 6
years without eclipse for a space mission or a manoeu-
vre strategy may be introduced to avoid an eclipse.

Using the derivations of the preceding section it can be
demonstrated11 that an orbit with exactly the same am-
plitude (in linear theory) will be reached by inverting the
z-velocity at the point with maximum |y| position com-
ponent (ẏ = 0). It is easy to see that this corresponds
to go exactly ”time back” not only in the z-component
but also in y, due to the symmetry of y relative to the
maximum. This has the effect that if an orbit was to
go into eclipse at the next occasion after this maximum
|y| passage, after such a z reversal manoeuvre it will
move for another 6 years without eclipse.

A roug estimate of the size of the z-velocity reversal
manoeuvre comes out to be

|∆ż| =
1

Ay
2ωzr0

√
A2

y + A2
z − r2

0

' 1
Ay

· 4.4× 109 m2/s (for15◦orbit)

r0 is the radius of an exclusion zone, e.g. the penumbra
of the Earth at L2 distance. A similar strategy can also
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Figure 6: Lissajous Orbit projection into yz-plane as
seen from Earth, starting tangential at Earth shadow,
high order analytic propagation in restricted circular 3-
body problem for 6.8 years until next eclipse

be constructed for a manoeuvre in the xy-plane along
the non-escape direction. The size of such a manoeuvre
will depend on the z-amplitude as follows.

‖(∆ẋ, ∆ẏ)‖ ' 5.8397258
c2ωxy

1
Az

2ωxyr0

√
A2

y + A2
z − r2

0

' 1
Az

· 4.0× 109 m2/s (for15◦orbit)

The manoeuvre is executed at a point with maximum
|y|-component (ẏ = 0). This point is 4.7883 days be-
fore the maximum in |z| is reached.

With above rough estimations, it is easy to see that
the criterion in order to choose one or the other strat-
egy would be: if Az

Ay
≤ 5.8397258

c2ωz
= 0.923, then a z-

manoeuvre is cheaper. The most expensive case is for
Az/Ay = 0.923. Thus a global bound depending on

Syz =
√

A2
y + A2

z only is defined by.

|∆v| ≤ 2

√
ω2

z +
(

5.8397258
c2

)2
r0

Syz

√
S2

yz − r2
0

' 15.1 m/s (for15◦orbit)

In the numerical implementation, the possibility of ”go-
ing closer to the shadow” on the way back has been im-
plemented, and both strategies are then explicitly com-
pared rather than taking a decision on above linear the-
ory criterion. The feasibility of such a manoeuvre and

the global bound has been confirmed after numerical
correction of the nonlinearity effects for a large amount
of cases over the yearly launch windows of the differ-
ent projects. In most cases in the launch window the
z-reversal strategy comes out to be preferable. This
allows conclusions on the preferred sun aspect angle of
the manoeuvre.
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Figure 7: Eclipse avoidance manoeuvre (z-reversal)

Figure 7 shows the y-z projection of the orbit through
such a reversal of the z-velocity at maximum |y|. The
motion before the eclipse (dashed line) starts at the x-
z-plane crossing (start point marked by a manoeuvre
square). Without the eclipse avoidance manoeuvre at
minimum y, the eclipse would be entered one revolution
later (dashed line). The backward motion after the
manoeuvre i shown by the continuous line. After the
eclipse avoidance manoeuvre ther will be always at least
another 6 years without eclipse.

Transition to Nonlinear Theory

With a single spacecraft e.g. launched by a Soyuz
launcher from Baikonur (Eddington, GAIA missions)
there is no reason ’a priori’ to inject with the launcher
onto the stable manifold of a Lissajous orbit. To
demonstrate that, also for that case, the chosen strat-
egy is not far from optimum, a much more complicated
approach had to be taken. Differently from previous
studies with a prescribed target orbit4 the amplitudes
were to be made part of the optimisation (with the sun-
spacecraft-Earth angle condition) and also an injection

7



manoeuvre onto the stable manifold of such an orbit
rather than onto the orbit itself was to be allowed. For
this a new theory of representing the stable manifold of
Lissajous orbit in the nonlinear problem has been devel-
oped12 expanding the nonlinear terms in the equation
of motion into Legendre polynomials and deriving a for-
mal series solution according to the Lindstedt-Poincaré
method. The result of this study was that an improve-
ment of only less than about 10 m/s could be obtained
when injecting to the stable manifold of a given ampli-
tudes Lissajous orbit rather than to the orbit itself.

PROJECT APPLICATIONS

Launch Windows For Herschel/Planck

The derivations of the previous sections have been ex-
tensively used to construct transfer orbits from ARI-
ANE launch conditions, amplitude reduction manoeu-
vres and forward propagations of orbits for Herschel
and Planck, including the eclipse avoidance strategy as
outlined. this has been done on a grid of launch date
over a whole year and launch hours over the range of
times in which the direct transfer to L2 is feasible. On
each grid point the orbit insertion manoeuvre size for
Planck and additional conditions are evaluated. The
most important such conditions are:

• the sun aspect angle during the ARIANE powered
ascent

• duration of eclipse in the transfer

The launch window will be defined by the possible com-
binations of lift off times an launch dates for which
several conditions are satisfied. Figure 8 presents these
conditions for an ARIANE 5 / ESV launch in the form
of level lines as function of launch date and launch
hour. It can be seen that the dominating condition in
this case is the tank size limit on Planck, namely the
∆V limit, consisting of the insertion ∆V (amplitude
reduction) plus the eclipse correction. All stochastic
allocations are accounted separately in the propellant
budget. The condition that there shall be no eclipse
during the transfer (battery dimensioning) takes out a
triangular region near the equinoxes and a line before.
The sun aspect angle condition during the ARIANE as-
cent (worst angle at upper stage ignition for ARIANE
5 / ESV) is not actually active for this case.

Figure 9 shows that for an ARIANE 5 / ESC launch
(cryogenic upper stage without possibility to introduce
a coast arc by delayed ignition of the upper stage) the

sun aspect angel condition (in this case at fairing sepa-
ration) becomes very important. In fact a sub-optimum
ascent trajectory will be used to move the line of ap-
sides of the reached orbit relative to the Earth, only for
the purpose of improving this condition slightly.

Navigation and Orbit Maintenance

Independent of the deterministic transfer strategy out-
lined above, a strategy to handle deviations from the
planned trajectory has to be derived. To quickly remove
the launcher dispersion is particularly important for the
nearly parabolic transfers to libration point regions, as
for this type of orbits errors quickly amplify and possibly
the target cannot be reached any more. Also when the
Lissajous orbit has been reached regular orbit correction
manoeuvres are necessary to counteract the instability.
A navigation process which combines orbit determina-
tion to detect the deviation from the desired trajectory
and the optimisation of re-targeting manoeuvres will
have to be implemented. Mission analysis studies will
assess the statistics of these stochastic manoeuvres to
derive a propellant estimate.

The first orbit correction during the transfer of Herschel
and Planck has been studied using the same thinking as
for the orbit construction itself. For each random point
of a Monte Carlo simulation of the launcher error us-
ing the launcher dispersion matrix, a manoeuvre 2 days
from launch is calculated along the velocity direction
such that a non escape orbit is reached for Herschel.
It is not evident that on day 2 from perigee the orbital
velocity is close to the escape direction. The escape
directions on the stable manifold of a Lissajous orbit
remain to be derived. For each case the Planck in-
sertion manoeuvre is recalculated. This procedure has
been repeated on a reduced grid of launch times and a
propellant estimate (a 99-percentile) for the first orbit
correction on day 2 (50 m/s for the percentile) and the
stochastic increment in the orbit insertion of Planck has
been sampled.

Another pair of maneuvers of about 3 m/s each will
be necessary for further targeting about 10 days from
the first correction and 10 days before Lissajous orbit
injection. These manoeuvres have been assessed using
conventional methods of interplanetary navigation.

The navigation in the operational orbit has been stud-
ied detail in.13 A large number of simulations has been
performed. These simulations first demonstrate that
0.3 mm/s Doppler and 10 m range tracking (1σ as-
sumed accuracies) from 1 ground station are sufficient
to reach a position accuracy of 10 km in the plane of sky
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Figure 8: ARIANE5/ESV Planck launch window for 15◦ sun-spacecraft-Earth angle, with eclipse avoidance (2007)

Figure 9: ARIANE5/ECA Planck launch window for 15◦ sun-spacecraft-Earth angle, with eclipse avoidance (2007)
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throughout the mission. In the viewing direction and
also away from zero declination the position accuracy
is in the order of 1 km.

From the tracking data the unstable deviations from
the desired motion around L2 will be observed. Devia-
tions will have to be removed without too much time
delay, the spacecraft has to be targeted back to a quasi-
periodic motion around L2. Several orbit maintenance
strategies to achieve this have been tested:

• Classical interplanetary navigation with a shifting
target position.

• Linear Quadratic Control as suggested in the phase
A for SOHO.4

• Removal of the velocity component along the es-
cape direction.

• Re-computation of future periodic trajectory at
each manoeuvre time.

Independent of the method it could be demonstrated
that an allocation of not more than 1 m/s per year is
sufficient to maintain the orbit, provided there are no
major perturbations as un-symmetric wheel off-loading
etc.. A maneuver will be necessary at least once per
month. The very simple strategy of removing the unsta-
ble motion (along the linear escape direction) seems to
perform well and has a property from which the space-
craft design could take advantage of. All manoeuvres
will be nearly aligned or opposite to a direction 28.6◦

from the sun to Earth x-axis.

Launch window for GAIA

Soyuz will inject its payload from Baikonur first into
a circular orbit (about 190 km altitude) at 51.8◦ incli-
nation. A second burn of the Fregat upper stage at
optimum time in this orbit will then inject the space-
craft into its transfer orbit to L2. Consequently, for a
Soyuz launch, there is one more degree of freedom than
for ARIANE, to optimise the transfers. The argument
of perigee can be arbitrarily chosen. Also the actual lift-
off time can be exactly prescribed for a Soyuz launch,
a daily slot is not required from the launcher side. This
additional degrees of freedom open the possibility to
include the condition that the orbit should not have an
eclipse over 5 year as a constraint in the minimisation
of the size of the insertion manoeuvre.

Figure 10 shows this ∆V and the optimum lift-off time
as function of the launch date. The argument of perigee
has been optimised as well. The target orbit is free of

eclipse over 5 years. It can be seen that a similar pro-
pellant allocation as for Planck will be necessary, e.g.
180 m/s for a 6 months launch window, however the
launch window will rather consist of one slot in winter
and spring rather than two slots near the equinoxes.
This comes from the variation of the orbit inclination
relative to the ecliptic over the year. It has been as-
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Figure 10: GAIA - Soyuz/Fregat launch window for 15◦

sun-spacecraft-Earth angle

sumed that the second Fregat burn can only be sched-
uled near the ascending node of the orbit after about
one full revolution, due to ground station coverage re-
quirements.

The orbit maintenance can be shown to be feasible for
GAIA, but eclipse avoidance manouevres, as conceived
for Herschel and Planck, will not be possible for GAIA
because of the extreme low thrust level of the electric
propulsion system. However as discussed above, for the
Spyuz launch there will always be a choice of the lift-off
time and the argument of perigee such that the transfer
as constructed ends into an orbit without eclipse. An
error analysis for this has not yet been done.
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It has also been demonstrated13 that for a Soyuz launch
from Baikonur transfer strategies with a lunar gravity
assist will always be possible, with a proper phasing
strategy before the lunar fly-by. This will safe about
50 m/s propellant. For the time being a direct transfer
has been taken as baseline.

CONCLUSIONS

Lissajous orbits around L2 have been selected for the
ESA Astronomy missions Herschel, Planck, Eddington
and GAIA. Rather than Halo orbits, different types of
Lissajous orbits will be flown.

Starting from the dynamic features of the orbits around
L2 as seen in the linear theory a rather simple but quite
general and systematic approach a has been derived for
all orbit manoeuvres. In all cases the linear theory is
applied to calculate a first guess of a manoeuvre in
the linear approximation of the non-escape direction.
A bisection method along the (also guessed) escape
direction is then used to re-generate the motion around
L2. This is applied to

• generate the transfer orbit, (bisection at perigee)

• calculate the orbit insertion manoeuvre of Planck
(amplitude reduction)

• generate the Lissajous orbits (small corrections at
inferior x-z-plane crossings)

• calculate eclipse avoidance manoeuvres

• assess the orbit maintenance manoeuvres.

A basic difference to previous work is that the target
orbits are never prescribed. The sole criteria of an orbit
to be suited for a particular space mission are those
induced by the mission requirements themselves. These
are:

• remain within a certain sun-spacecraft-Earth angle

• no eclipse

An essential contribution to introduce the above orbit
design is the possibility to easily avoid eclipses (or more
general e.g. for L2 an exclusion zone in some angle) by
manoeuvres.

The derived numerical methods are rather fast and ro-
bust. They could therefore be used to derive the launch
window for Herschel/Planck and GAIA with a Soyuz

launch. An interesting application was a transfer to an
orbit around L2 ’via’ L1 for an ARIANE double launch
near midnight.9
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[6] G. Gómez, A. Jorba, J. Masdemont, C.
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