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CASSINI END-OF-LIFE ESCAPE TRAJECTORIES TO THE
OUTER PLANETS®

Masataka Okutsu,’ Chit Hong Yam," James M. Longuski?
and Nathan J. Strange

We investigate Saturn-escape trajectories via gtanity assist as an option for
a contamination-free, end-of-life scenario for @essini spacecraft. The Saturn-
escape energy can be large enough to reach anyfberehe asteroid belt to

the Kuiper belt, including the orbital radii of ajhs giants, from Jupiter (at 5
AU) to Neptune (at 30 AU). In one example, we présa transfer to Jupiter in

which the Cassini spacecraft escapes Saturn in @Di@pact Jupiter nine years
later.

INTRODUCTION

With the Saturn Orbit Insertion (SOI) on July 1,020 Cassini-Huygens
became the first spacecraft to orbit SaturriThe mission has made a series of exciting
discoveries, including finding evidence that Sawiramall satellite Enceladus may
harbor watef.

The Cassini-Huygens mission has a rich history liieg mission desigf
navigation>® and planetary sciené€=® That history is beyond the scope of this paper;
for a brief overview we refer the reader to Yanalef

Today Cassini continues to explore the Saturnisstesy. NASA is currently
considering a likely two-year extended mission Imelythe four-year primary mission,
which would take the spacecraft’s planned lifetitoeat least July 2010. Although
Cassini is currently a healthy spacecraft, howrthgsion may ultimately end is now an
important consideration, and the design of theettayy beyond the summer 2010 will be
driven in part by end-of-mission scenarios.

Of primary concern is the possibility that the sggaaft may accidentally impact
Enceladus, Titan, or another body and possiblyaroirtate the local environment. For
this reason, the Galileo spacecraft was directdd the Jovian atmosphere upon
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completing its mission in 2003. Likewise, targgtihe Cassini spacecraft into Saturn’s
atmosphere is a possibilit). Another option is to place the spacecraft inttstable
orbit” to avoid a collision with any of the moons the future’**? In this paper, we
investigate one such end-of-mission scenario inciwtihe Cassini spacecraft escapes
Saturn via gravity assist from Titan to Jupiteraklis, or Neptune after many years of
heliocentric cruise.

DESIGN STRATEGIES

With its mass two orders of magnitude greater tthert of any other Saturnian
satellites, Titan is the only gravity-assist bodyielh can significantly change the
spacecraft orbit about Saturn. If the period a fimal spacecraft orbit is sufficiently
large, a Titan flyby enables the spacecraft to gsdeom Saturn with enough energy to
reach perihelion as low as the asteroid belt oekigh as high as the Kuiper béft. This
vast target region includes the orbital radii & tras giants: Jupiter (at 5 AU), Uranus (at
19 AU), and Neptune (at 30 AU).

Our goal is to design a series of Titan gravitgists (a tour) that enables a
Saturn-escape trajectory to Jupiter, Uranus, ortiNep We break the design process
into the following four steps.

Step 1: Calculate the maximuwyysawrmthat the Cassini can achieve.

Step 2: Find heliocentric trajectories to Jupiténanus, and Neptune.

Step 3: From steps 1 and 2, determine Saturn-e$ggyeebolas.

Step 4: Design a series of flybys (a tour) to matclor Saturn-escape
hyperbolas.

Maximum V., at Saturn

In Step 1, we determine the maximwisawm that can be obtained via gravity
assist from Titan. Figure 1 shows a vector diagi@na Cassini flyby at Titan, where the
spacecraft velocity with respect to Satwrg),is the vector sum of the hyperbolic-excess
velocity with respect to Titarv.rian, @and Titan’s orbital velocity with respect to Satu
Vrian- The Titan flyby can change the “pump angie,50 that thes, magnitude can
increase or decrease while theriian magnitude remains constant.

YeofTitan

YTitan

Figure 1 Vector Diagram for the Cassini SpacecrafFlyby at Titan
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When v ritan IS aligned opposite torian (Wherea = 180 deg)yv, will have its
lowest possible value; the Titan encounter occtithe apoapsis of the spacecraft orbit
that has the smallest possible energy for a givgian. On the other hand, whenritan
is aligned tovritan in the same direction (where= 0 deg), the orbital energy is maximum
where the Titan encounter occurs at the periagigtsecspacecratft orbit.

AssumingV.titan = 5.9 km/s (a representative value for Cassirg) $pacecraft
orbit becomes hyperbolic far < 93 deg, as, exceeds the escape speed (from Saturn) of
8.0 km/s. The limiting case on escape energyasitfor the parabolic escape plus the
bending angle achieved by the last flyby (7.7 dagaf 1000 km flyby or 7.9 deg for a
900 km flyby). The minimum Titan flyby altitude 000 km for the Cassini mission,
and we can consider an altitude as low as 900 krihéovery last flyby.

For a given flyby altitude, we must increase theiqoe of the final orbit
(determined by the pre-flybg) to increase the Saturn-departure speed (detednioge
the post-flypya). Figure 2 shows how Saturn-departure speed asese as the final
orbital period increases. We note, however, tlustlg navigational operations must
continue through the final orbit to ensure precig@an flyby targeting. Although the
constraint on the final orbital period is yet to Hetermined, we use 1 year as a
reasonable guideline.

v of Titan’ km/s
3.0 =45
5.0
280 o0k — -
~ T e 00 ki 6.0
32 26’ —————————— L
= o - i ; _65
a3
5 2.4F
=
o
15:36 2.2+ Alt = 900 km (solid lines)
o y
8 200/ Mitan = 203 Ry |
o

161/ / ]

1.2

| | | | | I | |
200 300 400 500 600 700 800 900 1000
Period (Prior to the Final Titan Encounter), days

Figure 2 Outgoing v, with Respect to Saturn vs Final Orbital Period abat Saturn
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We see that a greater,saum Can be achieved when theian magnitude is
smaller. FON.ritan = 5.57 km/s, altitude = 900 km, aRd= 1 year, the maximum Saturn
departure speed is 2.4 km/s.

In Fig. 2,V.ritan @andP correspond to the values immediately precedindfitiad
flyby; due to the solar perturbations for a largkito(e.g.P > 100 days) these values are
different from those immediately following the pétmate flyby. Figure 3 is a
schematic of how solar perturbation moves the Téacounter location forward from the
penultimate flyby to the final flyby. The effeat$ solar perturbation differ depending on
the orientation of the orbif References 11 and 12 discuss the effects of solar
perturbation on large orbits about Saturn in ma®itl As an extreme example, if the
spacecraft enters a 1500-day orbit (in a certagntation) via the penultimate flyby, the
solar perturbation will be so great that the spefecan escape from the Saturnian-
system to never return to Titah. For a 1-year-period orbit (that we consider iis th
paper), solar perturbation can changgian by hundreds of meters per secdhdSo
while we use patched conics throughout most oatredysis in this paper, we incorporate
the solar perturbation in the final orbit.

TSun

Saturn Escape Saturn Escape
to Jupiter to Jupiter

Titan
flybys

Penultim ~
ate flyby

Patched-conic solution With solar perturbation

Figure 3 The Final Flyby and the Penultimate Flyly of Titan (Schematic) for Patched-
Conic Solution (Left) and Including Solar Perturbation (Right)

Heliocentric Trajectories

In Step 2 we find the Saturn-departure dates @#g V.o;sawurm < 2.4 km/s as we
found in Step 1. Based on ousawmlimit, we see in Fig. 4 that the end of the Cassin

" TheV,ysawumin Fig. 2 is calculated assuming that Titan’s bibicircular. Although Titan's eccentricity of
0.03 causes variations ,sawm (Up to£ 58 m/s compared to the circular assumption) depgnon the
encounter location, this variation is small complat@ the magnitude of,,sawm (from 1.2 and 3.0 km/s in
Fig. 2).
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extended mission in July 2010 fortuitously markse theginning of an injection
opportunity to Jupiter, which repeats every 20 gear

2031 Jan T T T T T T T T
Saturn-Departure Vm,Satum: from 1.4 to 3.2 km/s by 0.2 km/s.

2030 Jan- Dates: July 2008 to Jan. 2020 by 16 days.
Number of Trajectories: 5,320.

2029 Jan

2028 Jan |-

2027 Jan

2026 Jan

VmISaiurn =

2025 Jan 1.8 kmis _

ter-Arrival Date

Jup

2024 Jan

2023 Jan

2022 Jan

2021 Jan -

2020 Jant

| | | | | | | | |
20, 20, 20 20 20 20 20 20 20
0849,. 094u9 TODeC 72’1/Iay 73 Sgyp 75Feb 78Ju,, 77 No,, 7‘94/73

Saturn-Departure Date

|
ey
~ <0 Juy

Figure 4 Saturn-to-Jupiter Trajectories (Search DidNot Find Cases for,.;saum < 1.6 km/s)
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Figure 5 Our Target: Jupiter Impact Radius
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In this example, the Cassini mission ends on impatht Jupiter, a seemingly
small target when no trajectory correction maneusgranned (or considered possible)
after leaving Saturn. During the heliocentric seu{which lasts many years), a small
initial-velocity error will propagate to a largenéil-position error. Fortunately, our target,
the impact radius, is much greater than Jupitaatius. As illustrated in Fig. 5, the
impact radius is an aim-point radius that guarantke spacecraft will impact Jupiter.

60

(9]
o
T

iy
o
T

Jupiter Impact Radius, R‘J
N w
& %

10

Jupiter Arrival Vm, km/s

Figure 6 Jupiter Impact Radius vs Jupiter Arrival v,,

In Fig. 6, we see that the Jupiter-impact radiuseases as the arrivalyupiter
decreases. By crudely estimating that an iniedbeity error will propagate linearly over
the TOF, we find that the allowable initial velgc#rror for the Saturn-Jupiter transfer is
on the order of 4-5 m/s. [For example, in the ez 8-year trajectory to Jupiter,jupiter
is 3.9 km/s and the corresponding Jupiter impatiugais 15 R (Jovian radii), so that 15
R;/ 8.8 years = 4 m/s.] Because the clean-up mamsafter the final Titan flyby can
reduce the velocity error to less than 10 mm/ss well within Cassini’'s capability to
impact Jupiter without any navigation operatioreafeaving Saturn.

Saturn-Centered Hyperbola

In Step 3, we solve for the Saturn-departure Hyglarthat connects the final
Titan flyby to the heliocentric trajectory. As vgee shortly, there is a range of Titan’s

" The probability of hitting Europa and other scifically valuable moons of Jupiter is very small.
However, this probability must be calculated andhpared to planetary protection requirements before
implementing such a scenaritlso we assume that small perturbation forces (fcholar radiation and
propellant leakage) have been well calibrated dwerduration of the Cassini mission so that th#&ots

can be taken into account with sufficient accuracy.
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position within its 16-day orbital period that cesponds to the range of heliocentric

trajectories (with different TOF).
Figure 7 is a cross section of the pork-chop pioFig. 4 and shows Saturn-to-

Jupiter trajectories with various.¥awm (corresponding to different TOF) that appear in
July 2012. As discussed in Step 1, we look foritblocentric trajectories withysaum<

2.4 km/s (the region below the horizontal line ig.F). We see that the range of TOF
that meets our energy criteria is 9.08-10.73 yéarsType | trajectories) and 11.10—

13.81 years (for Type Il trajectories).

During the 16-day orbital period of Titan, the \aions in the Saturn-to-Jupiter
trajectories are small (i.e. Fig. 7 looks nearlg gtame for all departure dates during the
16-day period). However, the Saturn-centered tpgiaris sensitive to Titan’s location.
Thus we must determine the exact flyby epoch amtadrparameters for the Saturn-
centered hyperbola that injects the spacecraftth@dieliocentric trajectory.
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Saturn-to-Jupiter TOF, years
Figure 7 Departure Vi saum VS. Saturn-Jupiter TOF

We first describe a simple analytical relationshiyat identifies approximate
Let us first cam® a single Vi/sawm Vector

ranges of Titan flyby locations.
corresponding to a particular Saturn-to-Jupiter TOARssuming that Titan’s orbit is
circular and is coplanar with Saturn’s equatoring, then Titan’s position can be
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expressed by a single variabjei.e. Titan’s angular position measured from thaxis
(directed to the first point in Aries). The coardies are Saturn-Centered Equator
Equinox of Epoch. Because Saturn’s equator ignedl by 26 deg with respect to the
planet’s orbital planes.sawmoften has a large z-component; in the case o$#tarn-to-
Jupiter transfer in July 2012, for example, theomponent ofV.sawrm (Which has the
overall magnitude of 1.87 km/s) is 0.72 km/s. dnhdbe shown that a hyperbola with
sufficiently large inclination must satisfy thelfmhing constraint.

2
q:ie—lz \/e2—1(r£—1ji ez—(rﬂ— j sin) - Ve g (1)

o oo/Saturn

where
p=all-¢) 2)
+ 2
e2 :1_(2_r_ojr_o VT Voo/Titan COS@) (3)
aja V, COs()
i = tan—1|: Voo/Saturn [i :| (4)
COS@Vm/Satum @ - Sln((o)voo/Saturn [R
and wherev s, X, Vesaun Y » @NAV cmZ are X, y, and z components 0fisawum

The plus or minus sign outside of the square brack&igin(1) cooresponds to whether
Voo/satum IS OUtgoing or incoming, respectively. And theghr minus sign inside of the
square bracket corresponds whether the Titan flybytisoomd or inbound, respectively.
Because we are describing hyperbolic orbits, the gyaatjcorresponding to the semi-
major axis for ellipses) is negative aad 1. (We note that can be computed directly
from V.sawm) Although not shown here, we can solve for allaigital elements of the

hyperbola from these equations.

As an example, Eq. (1) is plotted in Fig. 8, assumingum= [-1.45, 0.94, 0.72]
km/s, which corresponds to the minimum-energy transféupiter appearing in late July
2012. We see that no solution exists (i.e. nonsfeet theq = O criterion) if the last
Titan flyby were inbound. That is, if the minimum-egyertransfer in 2012 were to be
used, the final flyby must be outboundgat O deg.
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Likewise, by considering a range of heliocentric wijees, we identify the range
of Saturn-centered hyperbolas that connect to them;helpful to have a range (rather
than a point) of Titan arrival positions (Fig. 9). Weeghat inbound flybys becomes
feasible (i.e. satisfying = 0) as TOF is decreased to less than 9 years. BBUTOF
cannot be decreased much further, as Fig. 5 showd @& must be above 8 years to
satisfy \isawurn < 2.4 km/s. From this analysis, we see that thgeasf TOF for the
heliocentric trajectory is between 8 and 9 years hadccorresponding Titan positiapis
between —90 and —60 deg. That is, as long aspiheesraft performs the final inbound
flyby within this 30-deg range ofg the spacecraft can be injected into a heliocentric
trajectory to Jupiter with TOF between 8 and 9 yedFar example, a Titan flyby ap=
—69 deg (corresponding to July 21, 2013 at 10:16 PiEis the spacecraft into 8.5-year
trajectories to Jupiter.]
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Figure 10 \,titan VS. Saturn-Jupiter TOF

Although our simple analytical method quickly givesight into the range of
available solutions, a more accurate solution wiluiee an ephemeris for Titan. In Fig.
10, we use Titan’s ephemeris model and convgginm for theheliocentric trajectories
(in Fig. 7) into the corresponding.y¥ian for the flyby epoch of August 3, 2012 at
22:16:02. As we found from Fig. 5, trajectories withH @nges 9.08-10.73 years and
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11.10-13.81 years will meet the requirement.géMmn< 2.4 km/s. We see that there is a
heliocentric trajectory with TOF 9.9 years (confirmihg prediction of from our simpler
analysis in Fig. 9).

While Fig. 9 relates the variation of heliocentric épries to Titan’s encounter
location (i.e. flyby epoch), Fig. 10 relates the vidoia of heliocentric trajectories to Titan
encounter speed at specified flyby epoch. Undergtgnttiese bounds is useful. For
example, when the Titan flyby occurs on August 3,2@hev./titan Of around 5.6 km/s is
close to its lower limit for the lower TOF families (FitQ). If thev,ritan Were reduced
to less than 5.6 km/s (via maneuvers or perturbatidosger TOF (of 11.10-13.81
years) must be used.

Flyby Series (Tour) to Match v, for Saturn Escape

In Step 4 we design a tour from the “initial conditiaghrough the last Titan flyby
within the range of epoch determined in Step 3. We aipatched-conic propagator
known as STOUR, the Satellite Tour Design Progtafi, which was originally
developed at Jet Propulsion Laboratory (JPL), Califoinistitute of Technology, and
was later enhanced at Purdue University. The finaldihits, where solar perturbation is
significant, are computed using JPL's CATUor integration and optimization in a high
fidelity gravity model.

-
15
104
N 5.

L

5

BT

X, Rg

Figure 11 Crank-Down Phase (Coordinates: Saturn-Caered Equator and Equinox of Epoch)

The tour can be broken down to three phases: the camk-ghhase, the re-
orientation phase, and the pump-up phase. The fiestepbf the tour is a series of crank
downs where we reduce inclination of the spacecrdifit @rogressively. Figure 11
shows a trajectory for this phase, where the axes afaiarnian Radii (i.e. 1 R=
60,330 km).
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Our end-of-mission sequence begins on July 31, 20B8nwa Titan flyby inserts
the Cassini spacecraft into an 8-day orbit with persapsof 3.6 R; (Saturnian radii) and
an inclinationi of 69 deg (in the Saturn equatorial frame). This @assate corresponds
to the one at the end of the primary mission wher&/ihgan is 5.9 km/s. We see in Fig.
11 that nine Titan flybys change the spacecraft orbitnfrihe initial 8-day (1:2
resonance) orbit at 69 deg to the 24-day (3:2 resonanog)n the equatorial plane. The
TOF for this phase is 239 days. The orbit is labalecbrding to the number of Titan
flybys (instead of the number of orbits) for the end-of-missicenario.

8 Pass
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Figure 12 Orbit-Reorientation Phase (Coordinates: &turn-Centered Equator and
Equinox of Epoch)

The line of apsides can be rotated by switching inblcand outbound flyby?. If
we desire clockwise rotation, we must make eitherntwound flyby that increases the
spacecraft speed or an outbound flyby that reducessplaeecraft speed. For a
counterclockwise rotation, we do the opposite: we mam inbound flybys that reduce
the spacecraft speed and outbound flybys that incrb@sepacecraft speed. Thus by
alternating flybys that pump-up (which increase energpd pump-down (which
decreases energy), we can rotate the line of apsidesdsired orientation, at least
approximately, in the equatorial plane.

Experience from the Cassini tour desigfi shows that alternating 25-day and 40-
day orbits is the most efficient way to achieve orbibrientatiorf?> The tour in Fig. 11
continues in Fig. 12, in which we use the countelchdse rotation in the equatorial
plane. The TOF from Flybys 10-31 is 685 days. \Afe tune the angle of rotation by
using a slightly larger orbit for Flyby 29, to tarddyby 31 to be at the desired location.
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Final Titan Flyby:
Altitude = 1000 km

Figure 13 The Final Pump-Up Phase (Coordinates: $arn-Centered Equator and
Equinox of Epoch)

The final phase involves increasing the orbital penpdto 1 year (Fig. 13).
Because the inclination of Saturn’s equator to itstaklplane is large (i.e. 26 deg),
V.sawm Often has a relatively large z-component in the egistooordinates. Thus,
during this pump-up phase, the orbital inclination tres increased to ensure that the
final Titan flyby will be able to produce the desinegsawmvector.
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Figure 14 Trajectory Plot of Saturn-to-Jupiter Transfer in July 2012
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Table 1
SUMMARY OF TOUR (FROM THE END OF THE PRIMARY MISSIONO
SATURN ESCAPE TO JUPITER)

Titan Date, In/Out  Alt., 6" Vo, P, oy i,

Flyby  yyyy/mm/dd hh:mm km deg km/s  days Rs deg
1 2008/ 7/31 03:19 Out 1000 14 589 797 355 69.2

2 2008/ 8/16 02:01 Out 1000 23 589 957 467 63.2

3 2008/10/ 2 22:05 Out 1000 9 591 1196 5.60 56.9

4 2008/11/19 18:09 Out 1000 1 592 1595 652 504

5 2008/12/ 5 16:51 Out 1000 -69 592 1595 491 44 0
6 2008/12/21 15:32 Out 1000 -75 592 1595 3.68 35. 1
7 2009/ 1/ 6 14:13 Out 1000 -81 592 1595 2.86 23. 0
8 2009/ 1/22 12:55 Out 1000 -85 590 1595 248 8.0

9 2009/ 2/ 7 11:36 Out 1000 -24 587 2392 385 1.2

10 2009/ 3/27 07:41 Out 1934 -5 5.84 40.07 542 04

11 2009/ 5/ 2 20:30 In 2186 0 586 2478 394 04

12 2009/ 5/31 03:12 Out 2405 0 582 40.08 530 04

13 2009/ 7/ 6 15:54 In 2138 0 584 2479 381 04

14 2009/ 8/ 3 23:07 Out 2407 0 579 40.08 515 04

15 2009/ 9/ 9 11:41 In 2108 0 582 2480 582 04

16 2009/10/ 7 19:30 Out 2381 0 577 40.09 5.00 04

17 2009/11/13 07:53 In 2103 0 580 24.80 353 04

18 2009/12/11 16:19 Out 2333 0 575 40.10 4.88 0.4

19 2010/ 1/17 04:33 In 2122 0 578 2481 343 04

20 2010/ 2/14 13:27 Out 2271 0 574 40.10 480 0.4

21 2010/ 3/23 01:34 In 2164 0 576 2481 338 04

22 2010/ 4/20 10:43 Out 2206 0 575 40.10 478 04

23 2010/ 5/26 22:48 In 2223 0 574 2481 339 04

24 2010/ 6/24 07:55 Out 2151 0 576 40.10 4.82 04

25 2010/ 7/30 20:02 In 2288 0 574 2481 345 04

26 2010/ 8/28 04:50 Out 2115 0 578 40.09 491 04

27 2010/10/ 3 17:05 In 2348 0 575 2480 356 04

28 2010/11/ 1 01:22 Out 2103 0 581 40.09 504 04

29 2010/12/ 7 13:46 In 7795 180 577 55.02 577 04

30 2011/ 2/ 4 03:58 Out 7227 180 580 40.08 496 O. 4

31 2011/ 3/12 16:11 In 1000 -70 576 31.89 457 12. 1
32 2011/ 4/13 13:33 In 1000 -86 576 31.89 527 23. 5
33 2011/ 5/15 10:56 In 4840 -84 576 31.89 5.80 28. 5
34 2011/ 6/16 08:19 In 4840 -82 576 31.89 6.43 32. 9
35 2011/ 7/18 04:42 In 1000 -149 576 63.79 8.64 32 5

36 2011/ 9/19 23:23 In 1000 -198 5.76 319.97 10.65 26.1

37 2012/ 8/ 4 03:10 In 1000 -147 5.57 — 11.72 28.1

®Flybys 1-35 are patched-conic solutions from STOMHich includes no maneuvers. The trajectory
from Flyby 35 to Jupiter arrival (which include820-day orbit where solar perturbation is signifiga
is integrated in CATO; the totalV is 38 m/s. Th&, ry, andi for the CATO solutions are values
immediately after each apoapsis maneuver.

P9 is the angle in the plane perpendicular to thermiagV., vector; where values of 0 and 180 deg
correspond (approximately) to equatorial flybysj a®0 and +90 deg correspond (approximately) to
flybys over the North and South poles, respect (Fig. 5.

14/27



Because the solar perturbation is significant for thal forbit, Flyby 35 through
Jupiter arrival was integrated in CATO. Performing tmalfiTitan flyby on August 4,
2012 at 3:10 AM, the spacecraft escapes Saturn to ativepiter 9.9 years later in July
2022 (Fig. 14). A summary of the tour is presentetiable 1.

As another example for Saturn escape to JupitereTalpresents a tour starting
from the end of the Cassini Extended Mission (instdaithe Primary Mission) in June
2010. The new tour in Table 2 takes only 2 years (instéatlyears in Table 1), and the
period of the final orbit is only 207 days. The finaiah flyby is now outbound.

Table 2

SUMMARY OF TOUR (FROM THE END OF THE EXTENDED MISSIONO
SATURN ESCAPE TO JUPITER)

Titan Date, InfOut Alt., 8° V., P, Moy i,

Flyby  yyyy/mm/dd hh:mm km deg km/s days Rg deg
1 2010/ 6/21 01:28 Out 1790 8 549 2335 399 04
2 2010/ 7/10 17:44 In 1850 -180 553 39.16 574 04
3 2010/ 8/22 14:06 Out 2122 -180 551 2336 415 O. 4
4 2010/ 9/11 07:03 In 1859 -180 556 39.17 592 04
5 2010/10/24 03:19 Out 2150 -180 5.53 2337 434 O. 4
6 2010/11/12 20:57 In 1899 -180 5,58 39.17 6.10 0.4
7 2010/12/25 17:08 Out 6613 0 556 57.16 7.01 04
8 2011/ 2/17 05:21 In 6133 0 557 39.18 599 04
9 2011/ 4/101:43 Out 1000 138 555 2392 459 9.1
10 2011/ 5/18 21:47 Out 1000 152 555 1595 335 17 9
11 2011/ 6/ 3 20:29 Out 1000 98 555 1595 4.17 30. 6
12 2011/ 6/19 19:10 Out 1000 103 5,55 1595 548 40 i
13 2011/ 7/517:51 Out 1000 109 555 1595 7.22 46 9
14 2011/ 7/21 16:33 Out 1000 115 555 1595 934 51 .6
15 2011/ 8/ 6 15:14 Out 1000 123 555 1595 11.78 5 4.8
16 2011/ 8/22 13:56 Out 1000 133 555 1595 1447 5 6.9
17 2011/ 9/ 7 12:37 Out 1000 87 555 2392 1792 54 .0
18 2011/10/25 08:41 Out 1082 68 555 47.84 18.89 50 2
19 2011/12/12 04:45 Out 1066 47 555 207.29 19.14 4 6.1
20 2012/ 7/ 6 11:44 Out 1294 22 555 — 19.28 42.2

®Flybys 1-20 are patched-conic solutions from STOAHRCh includes no maneuvers.

®9 is the angle in the plane perpendicular to therimiagV., vector; where values of 0 and 180 deg
correspond (approximately) to equatorial flybys] a®0 and +90 deg correspond (approximately) to
flybys over the North and South poles, respecti(Ely. 5).

The planetary-escape technique described in thigerpepalso applicable (in
reverse) to planetary capture, where the spacecraftrayrati Jupiter performs a flyby of
one of the moons (e.g. Ganymede) to reduce the spéicgoead below the escape speed

" As of this writing, the Cassini Extended Missisrproposed, but not officially approved. In tpisper,
we use representative values for Cassini's statthéoproposed Extended Mission.
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at Jupiter. References 24-26 present analysis onssiiehite-aided capture. Although
performing a tour at another planet is an impractical gsap for Cassini, future

applications of ballistic capture and escape couldnofhe door to a new class of
missions that include nested tours.

SATURN ESCAPE TO URANUS AND NEPTUNE

By following the aforementioned Steps 1-4, we can giesours that permit
Saturn-escape trajectories to Uranus and to Neptumectibn opportunities to these two
planets occur during much later dates and the TOFvarg long. Furthermore, the
weaker (relative to Jupiter) gravities of Uranus and tiiep make their impact radii
small, so that the allowable velocity errors at Satlgparture to these two planets are
much smaller than the case for Jupiter.

To Uranus

2090 J
A o 1OM 1,410 3.2 kmis by 0.2 kms.
cofSaturn

2085 Jan | Dates: July 2008 to January 2030 by 16 days. 2
Number of Trajectories: 6,020

i Slaturn-ESepanurle V

2080 Jan

2075 Jan

2070 Jan -
= 2065 Jan|

2060 Jan -

2055 Jan

Uranus-Arrival Date

2050 Jan -

2045 Jan -

2040 Jan

2035 Jan —

| | | | | | | | | |
275 <075, 2019, <0, 20 20 20 20 20 20 <203
Cdun, 7 No,, "9 Mg, 20 gy 27 Ogq 23 45 <F Sep <6 Jan -8 Jun “ Ocr -0 Fep

Saturn-Departure Date
Figure 15 Saturn-to-Uranus Trajectories (Search DidNot Find Cases fon,.saum < 1.6 km/s)

Figure 15 shows Saturn-to-Uranus trajectories. We satetliie spacecraft is
unable to leave Saturn until 2019 when the requ#géhwmbecomes less than 2.4 km/s
as determined in Step 1. To design a Saturnian veeichoose a slightly later Saturn-
departure date of February 2020, so that a rangeliothatric trajectories (rather than a
single trajectory) is available when the tour ends.
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Table 3
SUMMARY OF TOUR (FROM THE END OF THE EXTENDED MISSIONO
SATURN ESCAPE TO URANUS‘)

Titan Date, Inflout A, 6> V., P, Moy i,
Flyby  yyyy/mm/dd hh:mm km deg km/s  days Rs deg

1 2010/ 6/21 01:28 Out 1790 8 549 2335 399 04

2 2010/ 7/10 17:44 In 1850 -180 553 39.16 574 04

3 2010/ 8/22 14:06 Out 2122 -180 5.51 2336 4.15 0. 4
4 2010/ 9/11 07:03 In 1859 -180 556 39.17 592 04

5 2010/10/24 03:19 Out 2150 -180 5.53 23.37 434 O. 4
6 2010/11/12 20:57 In 1899 -180 5.58 39.17 6.10 04

7 2010/12/25 03:19 Out 2150 -180 5.53 23.37 434 O. 4
8 2011/ 1/14 11:19 In 1960 180 559 39.18 6.22 04

9 2011/ 2/26 07:27 Out 1000 24 558 1116 838 3.9

10 2011/ 6/17 22:16 Out 1000 91 558 111.6 8.81 13. 1
11 2011/10/ 7 13:06 Out 1000 92 558 1116 9.69 21. 4
12 2012/ 1/27 03:56 Out 1000 94 558 111.6 10.95 28 5
13 2012/ 5/17 18:46 Out 1000 95 558 111.6 1249 34 3
14 2012/ 9/ 6 09:36 Out 1000 97 558 1116 14.19 38 .8
15 2012/12/27 00:26 Out 1000 99 5,58 111.6 15.91 42 A4
16 2013/ 4/17 15:15 Out 1000 102 558 111.6 17.48 4 5.0
17 2013/ 8/ 7 06:05 Out 1000 106 557 1116 18.73 4 6.7
18 2013/11/26 20:55 Out 1000 -67 5.57 1116 17.48 4 5.0
19 2014/ 3/18 11:45 Out 1000 106 557 1116 18.73 4 6.7
20 2014/ 7/ 8 02:35 Out 1000 -67 557 1116 1749 4 5.0
21 2014/10/27 17:25 Out 1000 106 5.57 1116 18.74 4 6.7
22 2015/ 2/16 08:15 Out 1000 -67 557 1116 1749 4 5.0
23 2015/ 6/ 7 23:04 Out 1000 106 5.57 1116 18.74 4 6.7
24 2015/ 9/27 13:54 Out 1000 -67 5.57 1116 17.50 4 5.0
25 2016/ 1/17 04:44 Out 1000 106 557 111.6 18.74 4 6.7
26 2016/ 5/ 7 19:34 Out 1000 -67 5.57 111.6 17.50 4 5.0
27 2016/ 8/27 10:24 Out 1000 106 557 1116 18.75 4 6.7
28 2016/12/17 01:14 Out 1000 -67 557 1116 1751 4 5.0
29 2017/ 4/ 7 16:04 Out 1000 106 557 1116 18.75 4 6.7
30 2017/ 7/28 06:53 Out 1000 -67 557 1116 1751 4 5.0
31 2017/11/16 21:43 Out 1000 106 557 1116 18.76 4 6.7
32 2018/ 3/ 8 12:33 Out 1000 -67 5,57 111.6 17.52 4 5.0
33 2018/ 6/28 03:23 Out 1000 106 557 1116 18.76 4 6.7
34 2018/10/17 18:13 Out 1964 -67 5.57 1116 1781 4 54
35 2019/ 2/ 6 09:03 Out 5028 17 557 366.7 18.10 43 3
36 2020/ 2/ 8 02:55 Out 1109 21 5.57 — 18.71 39.8

*Flybys 1-36 are patched-conic solutions from STOMHch includes no maneuvers.

P9 is the angle in the plane perpendicular to thermiagV., vector; where values of 0 and 180 deg
correspond (approximately) to equatorial flybysj a®0 and +90 deg correspond (approximately) to
flybys over the North and South poles, respecti(Ely. 5).
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Table 3 shows a summary of tour that begins with i@aExtended mission (in
June 2010) and ends with Saturn-departure (in Februa@) 202each Uranus 26 years
after leaving Saturn. The tour involves 36 flybys,luding 27 phasing orbits; while
repeating 7:1 resonance orbits (whBre 112 days) the spacecraft waits for 8 years until
its departure opportunity to Uranus. Our rough estinoatellowable initial injection
error is 0.4 m/s, which is well within the capacitytioé Cassini spacecraft.

To Neptune

Heliocentric trajectories to Neptune, located at 30, Aequire high Saturn-
departure energy. Even for the minimum-energy trajgatoMarch 2017 (with TOF to
of 44 years), th&.saumis 2.35 km/s (as indicated in Fig. 16) which iamthe limit of
what can be achieved via gravity assist from Tit@ur tour must end within the small
areas in the plot surrounded by the (green) contoWs,efum= 2.4 km/s.

| I I T
2110 Jant- gatym-Departure V. eaum: oM 1.4 to 3.2 km/s by 0.2 km/s

Dates: July 2018 to Jan. 2020 by 16 days
| Number of Trajectories: 1,932.

2100 Jan

2090 Jan

2080 Jan -

2070 Jan -

Neptune-Arrival Date

2060 Jan

2050 Jan -

2040 Jan -

1 1 | 1 1 |
2p 2p 20 20 20 <0,
'8 Sep Sk eh ’6 Jun 7 No v 79 Ma,» <0 Juy

Saturn-Departure Date

Figure 16 Saturn-to-Neptune Trajectories (Search Qi Not Find Cases forv,saum < 2.2 km/s)

Table 4 summarizes a tour that ends with a Saturn-esoadarch 2017 to reach
Neptune 41.3 years later. The tour includes 31 Titghys; as in the case to Uranus,
many (i.e. 13) phasing orbits with 7:1 resonancerarieidled. The high departure-energy
requirement forces the final flyby altitude to be low @81 km), but still above the
constraint of 900 km. We estimate that the allowatiteal velocity error is 0.3 m/s.
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Table 4
SUMMARY OF TOUR (FROM THE END OF THE EXTENDED MISSIONO
SATURN ESCAPE TO NEPTUNE)

Titan Date, Inflout  Alt.,  8° Vo, P, Moy i,

Flyby  yyyy/mm/dd hh:mm km deg km/s days Rs deg
1 2010/ 6/21 01:28 Out 1790 8 549 2335 3.99 0.4
2 2010/ 7/10 17:44 In 1850 -180 553 39.16 5.74 0.4
3 2010/ 8/22 14:06 Out 2122 -180 551 2336 4.15 0. 4
4 2010/ 9/11 07:03 In 1859 -180 5.56 39.17 5.92 0.4
5 2010/10/24 03:19 Out 2150 -180 553 2337 434 0. 4
6 2010/11/12 20:57 In 1899 -180 558 39.17 6.10 0.4
7 2010/12/25 17:08 Out 2142 -180 556 23.38 4.49 0. 4
8 2011/ 1/14 11:19 In 1960 180 559 39.18 6.22 0.4
9 2011/ 2/26 07:27 Out 2102 -180 558 23.38 4.58 0. 4
10 2011/ 3/18 01:55 In 2031 180 5.60 39.18 6.28 0.4
11 2011/ 4/29 22:02 Out 6437 0 559 5715 7.24 0.4
12 2011/ 6/22 10:02 In 6350 0 560 39.18 6.26 0.4
13 2011/ 8/ 4 06:10 Out 2075 180 559 23.38 4.59 0. 4
14 2011/ 8/24 00:40 In 2059 180 559 39.18 6.27 0.4
15 2011/10/ 5 20:49 Out 4446 10 560 63.78 7.49 0.9
16 2011/12/ 8 15:34 Out 6375 6 5,596 111.62 8.48 1. 3
17 2012/ 3/29 06:24 Out 4856 90 5.60 111.62 8.58 6. 0
18 2012/ 7/18 21:14 Out 4856 91 559 11162 8380 10 .6
19 2012/11/ 7 12:04 Out 1000 -89 559 111.62 8.49 1 3
20 2013/ 2/27 02:54 Out 1000 91 559 11162 880 10 .6
21 2013/ 6/18 17:44 Out 1000 -89 559 111.62 8.49 1 3
22 2013/10/ 8 08:33 Out 1000 91 559 11162 881 10 .6
23 2014/ 1/27 23:23 Out 1000 -89 559 111.62 8.50 1 3
24 2014/ 5/19 14:13 Out 1000 91 559 11162 881 10 .6
25 2014/ 9/ 8 05:03 Out 1000 -89 559 111.62 8.50 1 3
26 2014/12/28 19:53 Out 1000 91 559 111.62 881 10 .6
27 2015/ 4/19 10:43 Out 1000 -89 559 111.62 851 1 3
28 2015/ 8/ 9 01:32 Out 1000 91 559 11162 882 10 .6
29 2015/11/28 16:22 Out 1000 -89 559 11162 8.1 1 3
30 2016/ 3/19 07:12 Out 4888 0 559 366.74 9.69 1.2
31 2017/ 3/21 01:05 Out 981 0 5.58 — 1192 1.1

®Flybys 1-31 are patched-conic solutions from STOMHch includes no maneuvers.

®9 is the angle in the plane perpendicular to therimiagV., vector; where values of 0 and 180 deg
correspond (approximately) to equatorial flybysj a®0 and +90 deg correspond (approximately) to
flybys over the North and South poles, respecti(Ely. 5).
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CONCLUSIONS

We have presented a process in which gravity-aesisdpe trajectories can be
designed to enable the Cassini spacecraft to Jupltanus, and Neptune. Impact or
flyby at Jupiter can be achieved in about 10 years appmkars to be well within the
capacity of the Cassini spacecraft. Reaching UrandsNeptune require much longer
times of flight (26 years and 44 years, respectively) smwblve greater navigation
challenges, but appear feasible. A similar approacidddoe used to target the Cassini
spacecraft to other final destinations. Such trajextgprovide a technique to end the
Cassini mission in such a way to satisfy the plamyetjuarantine guidelines and at the
same time to permit continuing scientific encore stigations before end-of-life impact.
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NOTATION

a = Semimajor axis of spacecraft orbit (whare 0 for hyperbola), km

e = Eccentricity of spacecraft orbit

i = Inclination of spacecraft orbit, deg

p = Semi-latus rectum (or parameter) of spacecraft orbit, km

P = Period of spacecraft orbit, days

ro = Spacecraft orbital radius at Titan flyby (i.e. fitaorbital radius), km
ro = Periapsis of spacecraft orbit, km

R; = Equatorial radius of Jupiter, km

Rs = Equatorial radius of Saturn, km

Vo = Spacecraft speed at Titan flyby, km/s

Vritan = Titan’s orbital speed, km/s

V.. = Hyperbolic excess speed, km/s

a = Pump angle, deg

Av = Magnitude of a change in velocity, km/s

@ = Angular position (i.e. longitude) of Titan in Sattcentered equatorial

coordinates, deg
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APPENDIX
Derivation of Orbital Elements for Escape/Capture H/perbolas

Given the outgoing v-infinity vector with respect teetplanet (e.g. Saturny,./pianetous

(or the incoming v-infinity vectory .pianetin) and the position vector of the gravity-assist
body (e.g. Titan),rqa (= ro), we derive expressions for the orbital elements of the
escape/capture hyperbola (ieeg, i, Q, o, f) and the flyby v-infinity vector with respect
to the gravity-assist body (e.g. Tital),/ga.

Voo/PIanet,out

line of apsis - .
of hyperbola fga

;
, / line of apsis

’ * of hyperbola
/
o/

Escape Case 1: Escape Case 2:

fgazfoo_Af fgazfoo+Af

cosAf = Vool |Vooll) - (rgal |17gall) cosaf = (Vo IVooll) - (roal [I7gall)
! line of apsis
’! of hyperbola

1
-, ! S
|
1
i

Voo/PIanet,in '
1

Capture Case 1: Capture Case 2:
f@a= (o +4f) — 211 fga =fo — Af
cosaf =—(Vo! |Mool]) * (rgel || Fgall) cosaf ==(Vu [Vul]) (ol || Fgall)

Figure A-1 Hyperbolic orbits (Planet-centered) forescape (top left and right) and capture
(bottom left and right) cases
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We note that in Fig. A-1, thdt is the true anomaly of the hyperbolic asymptigs the
true anomaly at encounter of the gravity-assist bahg Af is the included angle

betweerV., andrg, for escape cases an¥l = andrg, for capture cases, wher@<0Af <
180

The semi-major axis of the hyperbola can be found fronmthgnitude oV, as

a=—/|V.[f (AL)
From the conic equation
A2
-_ad-e) (A2)
# 1+ecosf,
Rearranging Eq. (A2) gives
r r
e +(ﬁcosfgaJe+(ﬁ— 1} =( (A3)
a a

To solve Eg. (A3) for the eccentriciey we need to find an expression fasf , in terms
of e and other known quantities. First, we find the tmenaaly at infinity as

f, =cos' ¢ 1k) for outgoing

) (A4)
=-cos' ¢ 1£) for incomin
Therefore for the escape (outgoing) hyperbola we have
cosf,=-1/k sinf, =Je?-1/e (A5)
and for the capture (incoming) hyperbola we have
cosf,=—-1/k sinf, = ~Jet-1/e (A6)

Let k = codf , wheredf (0°< Af < 180) is the difference in true anomaly at infinity and
at the encounter location, (as mentioned earlier). The cosine and singl bfan be
computed as

k=cosAf =V, [, / (||Vm|| E‘]Jrga ) for outgoing A7)
=-V, l]ga/("Vw” E‘]Jrga ) for incomin
sinAf =+/1-k? (A8)

" We referV . pianet out (fOr €scape) an¥ pianetin (for capture) a¥.,, from now on.
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From Fig. A-1, we note that depending on the directibthe orbitAf can be defined as
Af =f, -1, or Af =f, - f,. Foran outgoing (escape) hyperbola, we refer to ah orb

as “Case 1" whed = f_ -f_ and “Case 2" whedf = f - f . For an incoming
(capture) hyperbola, we use “Case 1" wheh=f -f_ +2m and “Case 2" when
Af =1, —f,.

Using the trigonometric addition formula, the cosineted true anomaly atg, can be
found as

cosf, = cosf, zAf F cod, ca¥f + sify oii (A9)
Subsitute Egs. (A5)—(A8) into Eq. (A9) gives
cosf, =—k/ex1-k*+e’ - Je (A10)

where the = sign refers to Case 1 (+ sign) and Casesi@if) orbits, respectively.
Subsitute Eq. (A10) into Eq. (A3) obtains

&+ (ke VIRV 1)+ (-3 = 0 (AL1)

wheref = rga/a < 0. Simplify and rearrange results in

e —ki +f-1+7vJ1-k®vJ/e?’-1=0

(A12)
& —f(k-1)-1F P2 (1-k* We?- 1= C
sincev/F2 =—f. Let A=F2(1-k?), B=r(k-1), Eq. (A12) becomes
& -B-1=+/AJe*-1 (A13)

We note that boti\ andB are> 0 since the definition df from Eq. (A7) gurantees that
-1<k< 1. Squaring both sides of Eq. (A13) gives a quadeafi@tion fore®:

e' —(A+2B+ 2’ + (A+ B+B*+ 1)= ( (Al4)

Solutions for Eq. (A14) are

& =(A/2+B+1)+\ A%/ 4+ AB (A15)
€ = (A/2+B+1)-,/A’/4+ AB (A16)
=(A+2B+B°+1)/¢’
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where the second expression of Eq. (A16) can have lastteracy (compared with the
first expression) in numerical computations. SiA&,é4+ AB= 0, real solutions fore®

always exist. We also notice from Egs. (A15) and (Ab&} & ande > 1 (i.e. not an

ellipse). Subsituting Egs. (A15) and (A16) back . EA13), we can confirm thag
corresponds to the plus sign asdorresponds to the minus sign of Eq. (A13).

Therefore, for the outgoing (escape) hyperbola we have

Case le=e, f, =cos’(-1/g)- cos'(k) (A17)

=cos'(-1/g,)+ cos'(k) (A18)

ga

Case 2e=g, f,

and for the incoming (capture) hyperbola we obtain

Case le=e, f, =-cos'(-1/g)+ cos'(k) (A19)
Case 2e=e, f, =-cos*(-1/e,)~- cos' (k) (A20)

ga

The solutions from Eqgs. (A18) and (A20) are not alwalygsizally meaningful as we
shall see. We must check the validity of the sohdiin Eqgs. (A17)—(A20) for the
condition of-f_ < f_ <f_, or

cosf, > cod, =- fe (A21)

Subsitution of Eq. (A10) into Eq. (A21) yields tbendition for a valid solution a&
(1-k)£v1-k*Je?-1= C (A22)

Since -1< k < 1, Case 14 = e) solutions always satisfy Eq. (A22) while Case 2
solutions may or may not satisfy Eq. (A22) (depagdn the value of andk).

From V., andrg, the direction of the angular momentum vector @hhdefines the
direction of the orbital motion) can be found as

Outgoing Case 1h= ' wi/ Mo wiH (A23)
Outgoing Case 2h = vV, x rga/ vV, XT, (A24)
Incoming Case 1h=(=V, )xr,, /|(-V.)xra|=Ts <V, /|ra x| (A25)
Incoming Case 2h=r_, (V) ra x (V)| 2Va X 1 |V o %1 (A26)

whereh is the unit vector of the angular momentum. Friorand f (the unit vector of
r's), we can determine the orbital elemeint®, andw as follows:
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F=rg/|re (A27)
6 =hx f (A28)
cos =h, (A29)
sinQ =h /sini cosQ = -, / sir (A30)
sing=F,/sini, cosf =4,/ siri (A31)
w=0-f, (A32)

Whereﬁx,ﬁy,ﬁZ are theX,y, 2 components ofi; f,,8, are thez components of and
9, respectively. For the special case of equatonriait (i.e.i = 0° or 180), Q is set to an
arbitrary value (e.g.® and the anglé is computed from

wheni = @ (A33)

sin(Q+6) =¥,
f wheni = 180 (A34)

; cos(Q+6) =
sin(Q-6) =¥,

r’-\X
cos(Q-6) =T,

The velocity of the spacecraft (with respect to teatral body)Vs, can be computed
from the orbital elements of the hyperbolas as

VSC:[,uesin fga/\/,ua(l—e2 )}f+[y(1+e cosfga)/\/,ua (r€ ﬂé (A35)

The flyby v-infinity vector with respect to the gity-assist body (e.g. Titany/./ga can
be calculated from

Varga =Vee ™V (A36)
whereV g, is the velocity of the gravity-assist body (relatito the central body). For a
feasible flyby (at the gravity-assist body), thegmi¢ude ofV.,ga computed from Eg.

(A36) should match with the incominy {}4.|| (€.9. for the Cassini spacecral|fitanl|
is around 5.50 km/s).
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