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Automated Design of the Europa Orbiter Tour
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Before the Europa Orbiter can be placed in orbit about Europa, it will be placed into a 200-dayJovian orbit and
targeted for Ganymede.After a series of gravity-assist � ybys of the Galilean satellites, the orbital energy is reduced
to lower the arrival hyperbolic excess velocity at Europa. These energy-saving techniques reduce the propellant
cost for Europa orbit insertion to a minimum. Key constraints during the tour include total time of � ight and
radiation dosage. Tours may employ 10 or more encounters with the Jovian satellites; hence, there is an enormous
number of possible sequences of these satellites. A graphical method based on Tisserand’s criterion is presented
that greatly aids the design process. The Tisserand graph method facilitates the study of a wide range of arrival
conditions, arrival dates, and satellite tours.

Nomenclature
P = period, days
R J = Jovian radius, 71,492 km
r p = periapsis, R J

V1 = hyperbolic excess velocity, km/s
1V = change in orbital velocity, km/s

Introduction

T HE Europa Orbiter mission is currently scheduled to arrive at
Jupiter by the end of the decade. The mission will investigate

the possibility that liquidoceansmay existbeneaththe surface ice of
Europa. The spacecraft will attempt to map these regions of liquid
water for follow-upmissions to Europa.The recent discoveryof life
in the ice of Lake Vostok,1 a lake deep beneath the Antarctic ice cap,
lends impetus to Europa missions with the suggestion that life may
be possible on Europa.

After arriving at Jupiter, the spacecraft does an initial � yby of
Ganymede called the G0 � yby to lower the energy of the hyperbolic
orbit and reduce the size of the insertion maneuver. This maneuver
follows the G0 � yby and inserts the spacecraftinto a 200-dayJovian
orbit that again encounters Ganymede. This second Ganymede en-
counter is called the G1 � yby. Our tours start with variations of the
G1 � yby.

The tour is a sequence of gravity-assist� ybys of the Jovian satel-
lites Callisto, Ganymede, and Europa. In the tour design process,
we search for the best sequence of � ybys to achieve the goal of
reducing the arrival V1 at Europa as much as possible. Achieving
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this goal will substantiallylower the propellant cost of Europa orbit
insertion.

After the tour reduces the � nal arrival V1 at Europa, a phase
called the endgame begins. The endgame is designed by the Jet
PropulsionLaboratory (JPL) to use a combinationof Europa � ybys,
small maneuvers, and three-bodyeffects to reduce the energy of the
orbit further before the orbit insertion maneuver. (For details of the
endgame, see Johannesen and D’Amario.2 ) During the endgame,
only Europa is used for � ybys.The endgame requires certain arrival
conditions for the � nal � yby of the tour.

The purpose of this paper is to describe how we designed tours
for the Europa orbiter and to present the best tours designed so far.
We describehow our methodof designingtoursmatured, eventually
resulting in the development of a new graphical method. We show
how a simple graph, which we refer to as a Tisserand graph, greatly
streamlines tour design.

Guidelines and Mission Constraints for Tour Design
The tour begins with a set of initial conditionsat Ganymede. Typ-

ical initial conditions for a 2003 launch period appear in Table 1. In
Table1 the launchperiodranges from10Novemberto 25 November
2003, which corresponds to arrivals at Jupiter from 28 February to
4 December 2007. Thus, we refer to the conditions in Table 1 as the
2003 launch period. These dates are from an early design study. At
present the precise launch and arrival dates for the Europa mission
are unknown,althoughwith the recent launch date slip it is expected
that the launch will occur no sooner than 2006.

Starting from initial conditions such as those in Table 1, we de-
sign a tour that is subject to various mission goals, guidelines, and
constraints. The most important goal is to have low V1 at Europa.
Originally, JPL constrained the arrival V1 at Europa to a maximum
of 3.5 km/s, but lower values are highly desirable. Based on the
Hohmann transfer from Ganymede to Europa, the lowest ballistic
V1 achievable is 1.49 km/s, and the values we achieve tend to be
close to this limit.

Other important goals, guidelines,and constraintsare as follows.
The periapsis of any orbit in the tour should be greater than 8.8R J ,
to mitigate the effects of radiation exposure, which can damage
the spacecraft. The � yby altitude at each satellite must be greater
than 100 km in general, to avoid crashing into the surface due to
navigational uncertainties.For the same reason, the initial � yby of
any satellite is recommended to be greater than 200 km. While in
transit between any two satellites, the spacecraftmust not approach
within 50,000 km of any third body, that is, a nontargeted � yby,
to avoid perturbing the orbit too much. The total number of � ybys
shouldbekept to a minimum,becauseeach� ybymay requirea slight
correctional 1V . No close � ybys are allowed when Jupiter is in
solar conjunctionbecause the sun disrupts communicationwith the
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Table 1 Typical initial conditions at Ganymede

Launch date Arrival date V1 , km/s Perijove RJ Period, days

10 Nov. 2003a 28 Feb. 2007 8.18 9.8 200.2
17 Nov. 2003b 21 July 2007 8.47 9.4 199.7
25 Nov. 2003c 4 Dec. 2007 8.14 9.8 191.4

aBeginning launch period. bMiddle launch period. cLate launch period.

Fig. 1 Baseline tour for Europa orbiter.

spacecraft.Also, the tour should be completed while the spacecraft
is within 5 astronomical units (AU) of the Earth to maintain a high
data rate. The combination of the solar conjunction constraint and
the 5-AU guideline limits the time of � ight for the tour to a period
that varies from roughly 280 to 500 days, depending on when the
tour begins.Each leg of the tour must pass throughapoapsisto allow
for trajectory correction maneuvers. Finally, each tour must end in
an orbit that has a 4:3 resonance (four spacecraft revolutions: three
satellite revolutions) with Europa. JPL found this resonance to be
highly desirable to use as a starting point for the endgame.

Solution Approach
The satellite tour design program (STOUR) is a software tool

developedby JPL for the Galileomission tour design.3 The program
has been enhanced and extended at Purdue University to perform
automated design of gravity-assist tours of the solar system and of
the satellite system of Jupiter.4¡7 STOUR uses the patched-conic
method to calculate all gravity-assist trajectories meeting speci� ed
requirements.

We use STOUR as the principal tool for the design of Europa
orbiter tours. From a starting conditionat Ganymede, STOUR � nds
trajectories for a given path, that is, a sequence of gravity-assist
bodies. The massive number of trajectories produced by STOUR
must be sifted through to � nd viable tour candidates.

Tour 99-02 (the second tour we designed7 in 1999) uses 15 � y-
bys of Europa, Ganymede, and Callisto and is depicted in Fig. 1.
Even with the initial conditions speci� ed at Ganymede, there are
tens of millions of possible tours that follow a speci� ed path due
to the number of choices of time of � ight between encounters.The
calculationof these tours can take weeks for a single path. A typical
tour might have 15 � ybys, and at each � yby there are three satellites
that can be targeted. However, the � rst and last � ybys are always
Ganymede and Europa, respectively, leaving 13 � ybys to be tar-
geted to one of the three satellites. Thus, for a typical tour there are
313 (1.6 million) possible paths that begin at Ganymede and reach
Europa in 15 encounters,making the problemof calculatingall pos-
sible tours intractablewith currentcomputer technology.Clearly,we
need to know what paths have the most promise to yield viable tour
candidates before even beginning STOUR computations.

We began tackling this problem by choosing paths by trial and
error, tempered with engineering judgment. For instance, we could
lower the spacecraft’s period with a � yby to decrease the total en-
ergy relative to Jupiter in an attempt to reduce the � nal arrival V1

at Europa. A series of these energy pump downs with Ganymede
would accomplish this quickly, but would also lower the periapsis
into the hazardous radiationenvironment(which would damage the
spacecraft). Thus, we cannot use Ganymede alone for period re-
duction. We found that although Europa has less mass, it is able to
reduce period more than Ganymede for the same decrease in periap-
sis height.We also noticedthat Callisto is useful for raisingperiapsis
because it can do so with the lowest increase in orbit period. If we
combine these satellites in the right order (e.g. Ganymede–Callisto
or Ganymede–Europa–Callisto), we can reduceperiod (by reducing
orbital energy with Ganymede or Europa) while maintaining a high
enough periapsis at the end of a sequence of satellite � ybys (by in-
creasing orbital energy with Callisto). The identi� cation of useful
path segments such as these took months of experience to design.

To improve over this trial-and-error method, we conducted ex-
haustive searches through all possible � ve-body path segments for
the beginningof the tour. Even limiting the paths to � ve bodies left
us with a computationally intensive and time-consuming process
that had to be repeated for each different initial condition at the � rst
Ganymede encounter. Moreover, the results of this endeavor were
hard to interpret. A key question is how to characterize what set
of � ve � ybys will lead to a good tour. One � gure of merit is the
V1 at the � fth � yby, but it is dif� cult to draw comparisonsbetween
the � nal V1 of path segments ending at different satellites. For ex-
ample, how do we rate V1 D 3 km/s at Ganymede 5 compared to
V1 D 4 km/s at Europa 5?

During the initial process we found that tracking both period and
periapsis could often identify interesting path segments. Because
the satellites are in nearly circular orbits about Jupiter, period and
periapsis prescribe both the shape of the spacecraft’s orbit about
Jupiter and the V1 at each satellite.

This observation suggests the P –r p plot (Fig. 2). This analytical
tool is a plot of period vs perijove for orbits with less than 200-day
periods that meet the perijoveguideline(r p ¸ 8.8RJ ). Each point on
the plot represents a static orbit about Jupiter that is coplanar with
the Galilean satellites.

Figure 2 shows contoursof constant V1 for each satellite, assum-
ing circular, coplanar satellite orbits. The V1 of the spacecraftwith
respect to a given satellite is calculated in the usual way as the vec-
tor subtractionof the satellite velocity from the spacecraft velocity.
During a � yby, energy is conserved with respect to the satellite, so
that the incoming V1 and outgoing V1 of the spacecraft are iden-
tical. Thus, the effect of the � yby is to rotate the direction of the
V1 vector. In Fig. 2, the rotation of the V1 vector corresponds to
movement along a contourof constant V1 . With the valueof the V1
at a particular satellite and Fig. 2, we instantly know the range of
spacecraft orbits that correspond to that V1 . The � rst point on the
left side of a V1 contour represents a spacecraft orbit that has just
enough energy to encounter the satellite with that particular period
and periapsis. The right side of the contour approaches escape ve-
locityas period is increased,but cannothave a periapsisthat exceeds
the satellite’s orbital radius. (In the case of Europa this is 9.4R J .)

Fig. 2 P–rp plot: a single point represents the shape of an orbit around
Jupiter.
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If the � ybys are constrainedto have a minimum altitudeof 100 km
above the surface of the satellite, we are limited in how far we can
travel along a contour in one � yby. This constraint is representedon
the plot by tick marks (dots). From one tick mark on a contour, we
may move a maximum of the distance to the next tick mark up or
down that contour. (The tick marks also can help judge how far one
� yby can move up or down a contour even when not starting from
a tick mark.)

Where contours from two satellites intersect, there exists a poten-
tial transfer between those satellites. These contoursgive the values
of V1 at each satellite for this transferarc and also providea method
for comparing the V1 at different bodies. For a more detailed dis-
cussion of the graphical construction and its application to solar
system missions see Strange and Longuski.8

By studyingthe P –r p plot in Fig. 2, we can quicklydeducedesign
concepts that previously took months to learn. Remembering that
the goal of the tours is to decrease the spacecraft’s period but still
keep the periapsis high, we can see that Europa is most effective
in lowering period with a minimal cost in periapsis height by the
sharp upward slope of its V1 contours. However, due to the greater
distance between the tick marks, Ganymede is much more effective
in loweringperiodwith a single� yby.The shallowslopeofCallisto’s
contours show that Callisto is the best choice for raising periapsis
because it costs the least in terms of increased period to do so.

With one of these plots and a pencil, a tour designer can quickly
sketch out a promising path for analysis in STOUR. Also, known
tours can be plotted and examined for possible improvements.

The P–r p plots can be derived from Tisserand’s criterion.
Tisserand showed in the 19th century that comet orbits perturbed
by Jupiter’s gravity satisfy Jacobi’s integral.9 Each V1 contour in
the P–r p plots obeys Tisserand’s criterion; thus, we refer to these
graphs as Tisserand graphs, in honor of the astronomer.

Figure 3 shows the Ganymede–Europa Hohmann transfer,which
representsthe lowest possiblearrivalV1 at Europa fromGanymede.
From Fig. 3, we can also see that the value of this arrival V1 at
Europa is 1.49 km/s. A more detailed plot, similar to Fig. 2, reveals
that the Ganymede V1 contour that represents a Hohmann transfer
between Europa and Ganymede cannot be reached from Callisto.
Thus, to achieve the Hohmann transfer between Ganymede and
Europa, we must use multiple Ganymede–Europa transfers, which
is typically how our tours end.

After considerable experience with our graphical technique,10

which we have found to be of great bene� t in our tour design work
for the Europaorbiter,we learnedof a similar techniquedescribedin
the excellentbookby Labunskyet al.11 They describetheir approach
as the graphical-analyticmethod. They make the same assumptions
regarding circular, coplanar orbits and patched conics for the orbits
of the satellites. In their version, they plot periapsis on the vertical
axis and period on the horizontal axis. Besides plotting periapsis
vs period, they also plot periapsis vs such parameters as inclination

Fig. 3 Hohmann transfer between Ganymede and Europa.

and argument of periapsis. In general, we can say that the methods
outlined by Labunsky et al. are a survey of what is possible with
their approach. In essence, the two methods are mathematically
equivalent.

Results
Altogether, we designed 35 tours in 1999 and 35 in 2000. Tour

99-02 (Fig. 1) is currently being used as a baseline by JPL. The
details of tour 99-02 are presented in Table 2.

Tour 99-02 is one of our earlier tour designs, where we relied
primarily on trial and error to design and link promising path seg-
ments. A good example of such a segment is the � rst � ve � ybys
of tour 99-02. We start out with three Ganymede resonances, fol-
lowed by a Europa–Callisto combination. This pattern of multiple
Ganymede � ybys followed by a Europa–Callisto pairing accounts
for the majority (19) of the tours we designed for the beginning
launch period.

For low-radiation tours, we would like the periapsis to remain
as high as possible. An orbit with a periapsis above 12RJ essen-
tially does not contribute to the radiation hazard. The periapses in
tour 99-02 never exceed 12R J , and are rarely greater than 10R J ,
because when we designed tour 99-02 total radiation dose was nei-
ther modeled nor constrained. The Ganymede 3 � yby violated the
periapsis guideline by having a lower periapsis than 8.8R J (8.6R J ).
This violation was waived by JPL. The � ybys of Europa on events
8 and 9 appreciably increase the radiation dosage of tour 99-02.
Because Europa has a semimajor axis of approximately 9.4R J , any
� yby of Europa will have signi� cant radiation dosage. For this rea-
son, in later tour designs we avoid encountering Europa until the
end of the tour. However, the early � ybys of Europa in tour 99-02
do serve a purpose. A glance at Fig. 2 will con� rm that Europa can
ef� ciently reduce the orbital period with only a slight lowering of
the periapsis. Tour 99-02 achieves a � nal V1 of 3.28 km/s, which
meets the constraint (V1 · 3:50 km/s) imposed by JPL. Later tour
designs achieve much lower V1 , but at a cost in time of � ight.

We used the Tisserand graph method to design tour 99-35. First,
a promisingpath for the tour was selected from the Tisserandgraph
and evaluated interactively (in STOUR) to test its effectiveness.
We used this simulation in conjunction with the Tisserand graph to
adjust the selected path as necessary. Finally, the path was used as
the basis of an automated search in STOUR. A summary of tour
99-35 is provided in Table 3.

With tour99-35,we limited thenumberof � ybysandmaintaineda
high periapsis for low radiation because radiation dose is a function
of periapsis. For the purposes of tour design, we use an approxi-
mation for the radiation dose that varies inversely with the value
of periapsis, increasing as periapsis is decreased. The dose is nor-
malized so that the value is unity at a periapsis corresponding to
the orbital radius of Europa. This method allows the relative dose
of each tour to be compared on a consistent basis and compares
favorably with the full radiation model used at JPL.

Table 2 Tour 99-02 summary

Event number/ V1 , Period, Perijove Time,
satellite km/s days RJ days

1/Ganymede 7.85 64.3 10.3 0
2/Ganymede 7.85 35.7 9.6 64
3/Ganymede 7.86 21.4 8.6a 100
4/Ganymede 7.86 27.8 9.1 122
5/Europa 5.11 20.4 9.0 151
6/Callisto 6.39 23.1 9.8 169
7/Ganymede 7.10 16.7 9.1 193
8/Europa 4.74 17.7 9.1 211
9/Europa 4.73 16.5 9.1 229
10/Callisto 5.75 22.0 11.4 247
11/Ganymede 5.85 14.3 10.3 268
12/Ganymede 5.85 10.8 9.3 282
13/Europa 3.34 10.6 9.3 303
14/Europa 3.31 8.8 9.1 313
15/Europa 3.29 7.1 8.9 331
16/Europa 3.28 —— —— 338

aGuideline violation (rp ¸ 8:8RJ ) waived by JPL.
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Table 3 Tour 99-35 summary

Event number/ V1 , Period, Perijove Time,
satellite km/s days RJ days

1/Ganymede 5.99 50.1 12.5 0
2/Ganymede 5.99 30.5 11.9 50
3/Callisto 6.31 41.9 13.5 84
4/Ganymede 4.93 21.5 12.6 124
5/Ganymede 4.93 13.3 11.4 145
6/Callisto 3.93 18.0 14.9 155
7/Ganymede 2.37 10.7 13.9 194
8/Ganymede 2.37 7.2 11.7 215
9/Ganymede 2.37 5.5 9.1 222
10/Europa 2.45 5.2 9.0 232
11/Ganymede 1.59 5.3 9.4 245
12/Europa 1.64 4.7 9.3 253
13/Europa 1.62 —— —— 267

Fig. 4 Tisserand graph comparison of tours 99-02 and 99-35.

Because a high periapsis is desirable for low radiation dose, we
started tour 99-35 with the highest periapsis possible. The highest
available periapsis has a value of 13.2RJ for an initial condition
from the late launch period. The use of the Tisserand graph paid
off nicely because tour 99-35 has a � nal arrival V1 of 1.62 km/s
(which is fairly close to the Hohmann limit of 1.49 km/s) and has the
lowest time of � ight of any tour we designed in 1999. The radiation
dosage during tour 99-35 is minimal throughevent10, and if we had
ended the tour on event 10, tour 99-35 would have an exceptionally
low-radiation dosage. However, we chose to append an additional
Ganymede–Europa sequence to lower the � nal arrival V1 from 2.45
to 1.62 km/s (a considerable improvement). Consequently,we have
a signi� cant increase in radiation dose on events 11 and 12.

The respective paths of tours 99-02 and 99-35 appear in the
Tisserand graph in Fig. 4. A comparison of these tours demon-
strates the ef� cacy of the Tisserand graph. From the point of view
of path selection, we can see a clear inef� ciency in tour 99-02 for
events G3 and G4. The Ganymede 3 � yby reduces the periapsis to
8.6 (which is a slight violation of the r p guideline), and then G4 in-
creasesenergy and periapsisfor a transfer to Europa (E5). Insteadof
this roundaboutmethod of reaching E5, in retrospectwe could have
simply used the G3 transfer to reach Europa, thus saving a � yby and
reducing the radiation dose. A similar inef� ciency for tour 99-02
occurs with the E8 and E9 � ybys. On the other hand, tour 99-35
proceeds smoothly from initial condition to � nal arrival. There is
very little wasted movement or meandering about on the Tisserand
graph. Furthermore, in general each � yby in tour 99-35 moves far-
ther along a V1 curve than the � ybys of tour 99-02, implying more
ef� cient use of each � yby. Thus, Tisserand graphs not only aid in
designing a tour, they also provide a means of critiquing a � nal tour
design.

Tour 99-35 also bene� ts from having a better initial condition.
Whenwe designedtour99-35,thegoalwas a lower radiationdosage,
andsowe selectedthehighest initialr p available.Sample initialcon-

Table 4 Typical 2006 launch period initial conditions

Arrival date V1 , km/s Perijove RJ Period, days

5 Dec. 2008 7.32 10.9 200.5
12 Dec. 2008 6.83 11.5 200.2
19 Dec. 2008 6.41 12.0 200.0

Fig. 5 Tisserand graph of sample initial conditions.

ditions for tour design are plotted in the Tisserand graph in Fig. 5
for the case of a 2003 launch. The beginning launch period initial
conditions are marked with a B, the middle launch period initial
conditions with an M, and the late launch period initial conditions
with an L. By comparing the positions on the Tisserand graph of
the beginning, middle, and late launch periods, we can see that the
initial Ganymede–Ganymede–Europa–Callisto sequence for the B
tours makes sense. Given the low periapsis, we need to reduce en-
ergy quickly to get to one of the shallow Callisto V1 curves, which
are ef� cient at increasing periapsis while not increasing period too
much. We can also see that, because the M and L tours start with
higher r p values, we can reduce period somewhat more at the begin-
ning of the tour without lowering the periapsis too much (and, thus,
our radiation dosage is much lower). Of course, there is a 1V cost
associatedwith starting the tour at a higher periapsis.Also, the time
of � ight for the L and M tours will be generally lower because they
start with a lower V1 value. Clearly, the initial conditions greatly
affect our tour design strategy.

Given the combination of V1 and low-radiation constraints, we
almost always want the last Callisto–Ganymede transfer orbit to
have a periapsis as close to Ganymede’s semimajor axis (14.97R J )
as possible (because we are trying to achieve a Hohmann transfer
between Callisto and Ganymede). In practice, due to phasing, the
ideal transfer between Ganymede and Callisto proves elusive, as
does the � nal Ganymede–Europa transfer. In fact, the � nal sequence
of � ybys is much more of a limiting factor than any other portionof
the tour, that is, in the middle of the tour, many transfer orbits for a
given � yby are available, but at the end, only a few.

Since April 2000, the initial conditions for the Europa Orbiter
mission have changed, due to a launch date slip to 2006. Typical
new launch conditions are listed in Table 4. The trades for these
launch conditions are fairly straightforward. Just as for the 2003
launch period, there is a trade between the later arrival time (which
implies shorter time of � ight) and the lower V1 (which implies a
higher 1V ). Thus, the situationis similar to that for the 2003 launch
conditions,but there are some differences.First, the range of arrival
dates is much tighter.Second, the time of � ight is now limited to 278
days for the earliest arrival date. For the 2003 launch conditions,we
could take as long as 550 days for a tour by jumping over a solar
conjunction period. That is, a solar conjunction violation could be
avoided by choosing a tour that has a � yby before and after, but not
during, the solar conjunctionforbidden period (about two weeks in
length). Obviously, meeting the solar conjunction constraint in this
fashion complicates the tour design, but allows much longer times
of � ight. However, the timing of the guideline to complete the tour
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while the spacecraft is within 5 AU of the Earth precludes us from
designingthe 550-daytours for the 2006 launchperiod.On the other
hand, � ybys during solar conjunctionare not an issue. (Many of the
earliest tours designed for the 2003 launch date had to be discarded
after JPL imposed the solar conjunction constraint.) The solar con-
junctionfor the 2006 launchperiodoccurs in January2009.Because
the spacecraftarrives at the � rst Ganymede � yby (G1) of the tour in
December 2008, and the post-G1 orbit is typically an 8:1 resonance
with Ganymede (which corresponds to a period of 57 days), the
solar conjunction constraint is usually not a problem because it is
physically impossible to violate it for all but the 5 December arrival
date. Not having to worry about the solar conjunctionsimpli� es the
tour design problem, but the complicationscaused by a shorter time
of � ight greatly outweigh that advantage. In summary, tour design
for the 2006 launch period is more challenging than for the 2003
launch period, due to the lower time of � ight constraint.

The change in launch date to 2006 allows us to demonstrate the
power of tour design with Tisserand graphs. With the original tour
design methods of hunt and peck or brute force, a change to a new
set of initial conditions for tour design could be a major undertak-
ing. Our experience with the change to 2006 initial conditions was
an easy transition. Finding a viable tour for the 2003 launch pe-
riod was a process that took weeks. Finding a viable tour with the
Tisserand graph approach for the 2006 launch period took a few
days. Although some of the ease in adjustment was due to expe-
rience with the problem, the Tisserand graph approach simpli� ed
the task considerably. By analogy, a Tisserand graph is like a map
for a trip by car. Without a map, a driver may wander around aim-
lessly before reaching the destination, whereas with the map the
best route can be selected ahead of time. The same is true for tour
design. The Tisserand graph helps select the best path in advance.
The map can also help in the event of an unexpected detour, just as
with the adjustment to the 2006 launch period, the Tisserand graph
proved invaluable.

Key events of tour 00-14 are listed in Table 5. The launch date for
tour 00-14 is 3 January 2006. Tours beginning with 00 are sequen-
tiallynumberedaccordingto theorder theywere discoveredin 2000.
Tours 00-10 and higher are all from the 2006 launch period (tours
00-01–00-09 are from the 2003 launch period). Thus, tour 00-14 is
one of the earliest tours designed for the 2006 launch period. Tour
00-14 meets all constraints, achieves a � nal V1 of 1.80 km/s, and
has a radiation dosage of 7.3, which is one of the lowest doses of
any tour, including the 2003 launch period tours.

Figure 6 is a Tisserand graph of tour 00-14. Tour 00-14 possesses
many of the same positivecharacteristicsof tour 99-35 (Fig. 4). Tour
00-14 � ows smoothly from initial condition to arrival at Europa.
There is an inef� ciency in tour 00-14, however, which may not be
obvious at a glance. On the plot, there is no line for the G4 event (it
remains a point), becauseit is a distant (85,000 km) � yby and hardly
affects the orbit of the spacecraft. In fact, the G4 � yby could almost
be considereda phasingorbit.FlybyG4 is consideredless thandesir-
able by JPL from a navigationalstandpoint,but distant � ybys are al-
lowed. Given the other outstandingcharacteristicsof tour 00-14, the
distant � yby is acceptable.Tour 00-14 also reaches Europa without
any earlier � yby of Europa, which is a signi� cant factor in achiev-
ing a low radiation dose (unlike tour 99-35, which ended with a

Table 5 Tour 00-14 summary

Event number/ V1 , Period, r p Time,
satellite km/s days (RJ ) days

1/Ganymede 5.57 57.2 13.0 0
2/Ganymede 5.57 28.6 12.3 57
3/Ganymede 5.57 15.4 11.0 86
4/Ganymede 5.57 15.4 11.0 103
5/Callisto 4.79 20.3 13.6 120
6/Ganymede 3.95 13.7 12.7 139
7/Ganymede 3.96 10.3 11.7 151
8/Callisto 1.90 11.7 14.1 157
9/Ganymede 2.42 7.2 11.7 174
10/Ganymede 2.42 5.6 9.2 181
11/Europa 1.81 4.7 13.0 207
12/Europa 1.80 —— —— 221

Fig. 6 Tisserand graph of tour 00-14 for a launch on 3 Jan. 2006.

Ganymede–Europa–Ganymede–Europa sequence). Tour 00-14 was
discovered about three weeks into the tour design process for the
2006 launch period, whereas tour 99-35 was discovered six months
into tour design for the 2003 launch period. The design concepts
developed in this paper have dramatically improved tour design for
the Europa orbiter mission.

Conclusions
The Europa orbiter mission presents new challenges in mission

design because of the enormous number of possible tours. The au-
tomated gravity-assist design technique developed in earlier work
proved ineffective (by itself) against this computationally gigan-
tic task. Experience through trial and error, and the identi� cation of
some rules of thumb, providedinroads into the problemand resulted
in a baseline, � yable tour. A breakthroughcame with the discovery
of a graphicalmethod based on Tisserand’s criterion.The graphical
method led to great improvements in the V1 of arrival at Europa
(which was reduced from 3.3 km/s to less than 2 km/s) and in the
total radiation dosage (which was reduced by 70%). These results
exceededtheexpectationsofmissiondesignersat JPL. Now we have
a theory that will guide all future tour design and that will have clear
applications in future gravity-assistmissions in the solar system.

The Tisserandgraph approachhas streamlined tour design for the
Europa orbiter mission so that new tours with particularcharacteris-
tics (such as � ight time, low-radiation dose, and fewest � ybys) can
be quickly designed.The ability to adjust to changing requirements
is criticalbecause the launch date for the Europaorbitermission has
been slipped to 2006. Without a theory, such a slip could be dev-
astating to mission designers. Yet we welcome the opportunity to
demonstratethepowerof this tool to designnew Europaorbitertours
and to design new missions for the exploration for the solar system.
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