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In recent years, many studies of interplanetary trajectories have described the use of a

close approach to an intermediate planet to obtain savings in fuel or time in transfers to a
target planet. A logical extension of this technique is the use of the target planet’s moon(s)
to save fuel upon arrival at the planet. This paper investigates the use of the four large moons
of Jupiter to effect a transfer of a spacecraft from a hyperbolic approach orbit to an elliptic
orbit about Jupiter. Itisfound that, for typical high-thrust trajectories from earth, at most
approximately half the necessary energy change at Jupiter can be accomplished by a moon
flyby. If the incoming energy is reduced somewhat using a low thrust trajectory then the
flyby is sufficient to effect capture. The sensitivity of the energy change to timing and aim-
ing errors for one-moon encounters is investigated, and several two-moon encounters are
considered. The formulas derived and the techniques used are sufficiently general that they
could also be applied to similar investigations of the use of the moons of other planets, such

as those of Saturn and Neptune.

Nomenclature

A the angle between the spacecraft’s velocity vector with re-

spect to Jupiter as it approaches the moon and
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A* = the angle between V;s* and Vsu* (0° < Because Jupiter is the nearest of the large planets, flights

A4* £ 180°) _ _ . whose objective is to go into orbit around the planet would

¥ = thil 2{1%6 llf)ge(;oz&;een Vis* and Vyu* (0° < certainly be of great interest. Jupiter is extremely massive
< SO hat the f red oW

Ao — the angle of approach A which produces the which indicates that the fuel required to enter a low-altitude

largest energy decrease for a constant
initial energy

a = semimajor axis of an orbit; it is taken as
positive for elliptic and negative for
hyperbolic orbits

E = the initial energy of the spacecraft with re-
spect to Jupiter

AE,A|7| = changes in the energy and the magnitude of
the velocity vector resulting from a moon
encounter

M = 7r,/rm = the ratio of the distance of closest

approach to the moon and the moon’s
radius, i.e., the miss ratio

Q = the angle between the moon’s velocity vec-

tor with respect to Jupiter and the space-
craft’s asymptotic direction of approach
to the moon (see Fig. 1)

4,95 = Jupiter central angle from pericenter of the
spacecraft orbit to the moon’s position
and its nominal value

the moon’s orbital radius

V.V, = the circular and parabolic speeds at the sur-

face of the moon

= the spacecraft velocity vector with respect
to the moon as it approaches and departs
respectively from the sphere of influence
of the moon _

the magnitude of Vo or Ve

the velocity of the moon with respect to
Jupiter

the velocity of the satellite with respect to
Jupiter as it approaches and departs from
the moon, respectively

the veitors obtained by projecting Vs,
V'1s, and Vyur onto the spacecraft’s orbi-
tal plane about the moon

Vis*,Vss*,Viu* = the magnitudes of Vss*, Viss*/, and Vry*

@ = the ratio of the spacecraft’s velocity at the

moon’s orpital distance from Jupiter to
the circular velocity at that distance

8 = the angle betwezn the moon’s orbital plane
and the plane of the satellite’s hyperbola
about th> moon

the distance from the moon to the space-
craft hyperbolic approach asymptote (see
Fig. 2)

eccentricity

the angle between 77 and the plane of the
spacecraft’s hyperbolic orbit about the
moon (see Fig. 3)

the gravitational constants for the moon
and Jupiter, respectively

¥, Vmax = the angle between V., and 7. (see Fig. 2);

Ymax 18 the maximum value » can have
without the spacecraft colliding with the
moon’s surface
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@ = the half angle between the asymptotes of a
hyperbola
Bmin = the smallest value of ¢ for which the space-

craft does not collide with the moon

Introduction

ANY gravity-assisted trajectories have been suggested
which use the close approach of an intermediate planet
to perturb a trajectory going between the earth and a target
planet. Considerable savings in fuel and/or time can result
from using such a trajectory.!=* In fact, a proposed gravity-
assisted mission passes by Jupiter, Saturn, Uranus, and Nep-
tune and requires only 8.9 years to complete, while a direct
flight to Neptune requires 30 years.? A logical extension of
this technique is to use a flyby of a planet’s moon(s) to effect
capture of the vehicle by the planet.

orbit is considerable. Among its many moons there are four
massive ones with diameters comparable to that of Mercury
and masses up to one-half that of Mercury. A flyby of one
of these moons might not only decrease the minimum propul-
sion requirements significantly but would also afford observa-
tion of the moon itself. Since it is sometimes suggested that
these moons might be used as landing sites, observation of
them might well be of interest.

A simplified model is used to approximate the maximum
possible energy change obtainable in a flyby as a function of
the approach energy for each of the four large moons. If the
energy change is sufficient to decrease the space vehicle’s
energy below the zero parabolic energy level, capture is ac-
complished. The sensitivity of the energy change to vari-
ations in the angle of approach and the distance of closest ap-
proach to the moon is also investigated, but little attention is
given to the trajectories required to obtain the energy change.
None of these results in a final eircular orbit, but because of
the large energy decrease required to orbit at low altitudes, the
most desirable final orbit is considered to be highly elliptic to
afford close observation of the planet at pericenter without
requiring too large an energy loss. Constraints due to pos-
sible radiation belts have been ignored.s

The moons’ orbits are considered to be circular and co-
planar, and all gravitational forces are assumed to obey a
perfect inverse square law. The values used for the surface
parabolic speed of each moon, its mean distance to Jupiter in
planetary radii, and the mass and radius of Jupiter come from
Ref. 6.

Analytical Background

During a flyby, the energy, relative to Jupiter, of the moon
and spacecraft combination is conserved and energy is ex-
changed between the two. To investigate the change in
energy of the vehicle, the vector diagrams shown in Fig. 1 are
useful (see Ref. 7 for a similar approach). The vector Vg
(Fig. 1a) is the velocity the space vehicle has with respect to
Jupiter at the moon’s orbital radius from Jupiter if the gravi-
tational attraction of the moon is not considered. We sub-
tract the vector velocity of the moon with respect to Jupiter
V 72¢ to obtain the vector V,. The sphere of influence of the
moon is considered to be negligibly small compared with the
moon’s orbital radius, yet large enough that it can be con-

Fig. 1 Vector
diagram of the
velocities before

and after a moon
flyby.

a ) ENERGY LOSS

b} ENERGY GAIN
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Yim
Fig. 2 Moon en-
MOON ~ counter in a co-
N x  ordinate system
m +] fixed to the major

axis of the hyperbola
(Coplanar case).

sidered at infinity with respect to the moon (Using the
formula from Ref. 8, with an obvious correction, the sphere of
influence of Ganymede is 0.347 Jupiter radii compared with
an orbital radius of 15 Jupiter radii.) Under these assump-
tions Vs is the velocity of the satellite with respect to Jupiter
as it enters the moon’s sphere of influence, and the direction
of Ve, is the direction of the hyperbolic approach asymptote
to the moon while its magnitude is the velocity of approach at
mfinity with respect to the moon. The effect of the hyper-
bolic encounter is to rotate the vector ¥, through » degrees
from the inbound asymptote to the outbound asymptote, and
its magnitude remains unchanged. After performing this
rotation and calling the new vector Ve, we obtain the new
Ve]omty with respect to Jupiter as the spacecraft leaves the
moon’s sphere of influence from V’;s = Vi + Ve,. This
defines the new orbit of the space vehicle and determines its
new energy and angular momentum.

The magnitude of the angle » is limited by the finite size of
the moon. Using the conservation of angular momentum
and energy, we obtain the perpendicular distance from the
moon to an asymptote A = rJl1 + (V,/V.)¥/M]v2
From Fig. 2, we see that sing = A/(r, — a). The energy of
the vehicle with respect to the moon is V,2/2 = —u,/2a.
Thus, we can write

¢ = cosTH1/(1 4+ 2M(V../V %] 1

Knowing ¢, we obtain » = 180° — 2¢.

By adding » to the angle @ (Fig. 1a) we obtain a decrease in
energy, which corresponds to a hyperbolic trajectory that
crosses the moon’'s orbit ahead of the moon. If » is subtracted
from @ (Fig. 1b), the energy of the vehicle increases, and the
spacecraft crosses the moon’s orbit behind the moon. Gen-
erally, we want » to be as large as possible (¥max) in order to
maximize the energy change. This is accomplished by letting
M approach 1 so that the spacecraft comes arbitrarily close
to the moon’s surface. However, Fig. 1a shows that if vy
4+ @ > 180°, the final velocity is minimized and the energy
change maximized when » = 180° — @ (which can be ob-
tained by using a miss ratio larger than 1). Then V'ys, Vi,
and V=, are all colinear and the magnitude of the velocity
after an encounter is V’'ys = |Vyx — Vo|. Similarly for
energy addition if vmsx > @, the best value of v is v = @,
which gives V'/ys = Vsur + V.. These special cases oceur
for energy subtraction when the approach velocity Vs is
smaller than the moon’s velocity and the approach angle
is small, and for energy addition when the approach velocity is
larger than the moon’s velocity and the approach angle
is small.

Since spacecraft performance is often considered in terms
of a AV budget, it is of interest to examine the maximum
possible change in the magnitude of the velocity vector A|V]

which can occur in a moon flyby. To do this, we first con-
sider the maximum magmtude of the vector change in the
velocity |AV| which we recognize as an upper bound for A[7].
From trigonometric considerations, ’AV{ = 2V. cosg.
Maximizing with respect to V. after using Eq. (1) gives
max |AV| = V,/(M)¥2, which oceurs when V., = V,/(M) 2 and
¢ = v = 60°. Examining Figs. 1a and 1b, we see that unless
Vo/(M)V2 >V 55, there will exist a vector Vs such that the
angles 4 and A’ are equal and Vs becomes colinear with
V';s. Then, all of the |[AV| can be realized as A]V|, so that
the maximum possible change in the magnitude of the
vector 1s

max AV = Vo/ (M) 2)
[Ve.d

When M = 1, the result is that the maximum velocity change
obtainable from a flyby is equal to the circular velocity at the
surface of the moon, and is obtained when V., equals the cir-
cular velocity. For Ganymede, the largest moon of Jupiter,
the circular velocity is 2.0 km/sec. However, this A|P|
occurs at an approach energy well below the range of interest
and more realistic values lie between 0.5 and 0.7 km/sec.
The approach energy which gives the maximum A|V| can be
determined by simple trigonometrie considerations.?

For purposes of the present study, the change of energy is of
greater interest than that of velocity. To find max AE, we
use Fig. 2, which defines an z, y coordinate system in the
plane of motion of the space vehicle with the z axis fixed along
the semimajor axis of the hyperbola. Temporarily we con-
sider the velocity of the moon with respect to Jupiter Vs to
lie in the zy plane at an angle ¢ from the z axis.

We write the components of Vi, V«,, and Ve, along the
z and y axes in terms of Vyu, Vo, ¥, and ¢. Then using
VJS = VJ\I + le, ‘ys = VJM + Vw;, and

AE = 3[(V's)? = (V9)?] 3)
we obtain

AE = —2V 4V, cosy cos¢ (C))

Considering AE as a function of ¢ and V., and using Eq. (1),
we obtain the maximum possible energy change!

max AE = :l:VJch/(M)l/z (5)

¥, Vol
which occurs at V., = V,/(M)'2 and ¢ = 60° as in the case
of maximum A|V|. Since ¢ = 0° for energy subtraction, @ -
= ¢ = 60°. For energy addition, with y = 180°,Q = ¢ —
Gmin = 120°. Note that Vg and V’;s are not colinear.
Note also that the maximum energy change can never occur
for a value of » which is not equal t0 ¥m.x. The maximum
change occurs when

E = 3[(1/M)V2 + Vs £ (1/M)2V V] — ps/rou (6)
A = cos™Vss? + V2 — A/MYV2/(2V 1V su)]

where, as in the following equations, the upper sign when there

Fig. 3 Modifica-
tion of Fig. 2
when the moon’s
veloeity vector
makes an angle
n with the satel-
lite’s plane of
motion near the
moon.
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is a choice is used in the case of energy subtraction and the
lower sign for energy addition (note that this is not the energy
at which A|V} s maximized).

We now consider the problem of finding the energy change
that results for any given initial energy E and approach angle
A, using Eq. (4). For energy subtraction ¢ = ¢ — @, and
for energy addition ¥ = ¢ + Q. When the best value of »
iS N0t Vmasx, then for energy subtraction 2¢mi, < @ and for
energy addition rmin > Q. We write sin@ = (Vss/Vo) sind,
cosQ = (Vs cosd — Vin)/Va, and sing = 2(Ve/V,) [M +
M%V,/V,)2]¥2% cos¢. Combining these results, we obtain

— 2V ull + 2M(V./V)2"2{ Vs cosd — Vi £
2V s SinA [M(V o/ V)2 + M2(V./V )42}
when 2{1 + 2M(V,/V,)2]72 — 1<
AE = +(Vss cosA — Viu)/Va )
%(VJM + Vm)z - %VvJS2
when 2[1 + 2M(V./V,)?]2 — 1 >
+(Vysc084A — Vin)/Ve

with Vo, = (Vs + Vou? — 2VisVisu cosd)¥2  The de-
parture angle is given by

A = COS—X{(V,]M2 + Vis? + 2AF — Vm2) X
2V (Vs + 2AE)V2]1}

Knowledge of AE, A’, and the position of the moon at the
time of the encounter completely determines the resulting
orbit around Jupiter (actually, there are two possible orbits
depending on whether the satellite approaches the moon from
outside or inside the moon’s orbital radius). It is interesting
to note that the amount of energy addition possible in a
swingby starting from a given initial trajectory is in general
different from the amount of energy subtraction possible
starting from the same trajectory, a fact which is obvious
from Fig. 1.

Equation (7) assumes that all spacecraft motion takes place
in the moon’s orbital plane. It is easy to generalize the
equation to the case where the moon’s velocity vector Vi
makes an angle  with the satellite’s plane of motion within
the moon’s sphere of influence. The out-of-plane component
of Vs is unaffected by an encounter with a moon, which im-
plies that Eq. (7) will still hold if Vs, Vs, and A are re-
placed by Vsu*, Vis*, and A*, the values given by a projec-
tion of Vi and Vs onto the zy plane. Figure 3 shows the
geometry involved.

The projected values are determined from

Vaiu* = Vi cosy, Vis* = (Vys? — Viy? sin?n)V?
A* = cos™ (Vs cosAd — Vi sinty) X ©)

[cosn(Vys® — Viu? Sinzﬂ)m]_l}

Energy Change Related to Initial Energy,
Miss Ratio, and Approach Angle

Since no analytical expression was found to determine the
maximum energy decrease obtainable for a given initial
energy, a computer program was written which uses a numeri-
cal search technique to determine the maximum energy
change and the corresponding optimum angle of approach
Aope. TFigure 4 gives TiT AE vs E for the four large moons.
[Note that Eq. (7) and Fig. 1 indicate that whenever M is
constrained to be greater than or equal to some constant, the
TA] AE will oceur when M equals that constant. Thus, each
point on Fig. 4 occurs for M = 1.] The maximum point of
each of the curves is given by Eq. (5), and the energy at which
it oceurs is given by Eq. (6). The point at which each curve
gives zero energy change corresponds to the potential energy
at the moon’s orbital radius; it is the minimum energy, a
space vehicle can have and be at the moon’s orbital distance
rom Jupiter.
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Fig. 4 Maximum possible specific energy decrease (miss
ratio M = 1) for the four large moons as a function of the
initial specific energy.

The space vehicle’s energy with respect to Jupiter after a
Hohmann transfer from earth (assuming circular coplanar
orbits) is approximately 16 km?/sec?. For a faster transfer,
the energy would be higher, and if a low-thrust trajectory is
used, the energy could be much lower. Additional informa-
tion concerning low-thrust trajectories to Jupiter is given in
Ref. 10. Thus the energy range of greatest interest is roughly
between E = 0 and 20 km?2/sec?. The most desirable final
orbit is perhaps a highly elliptical orbit with a reasonably short
period. If the period of the orbit is taken as 60 days, the re-
quired final energy is —14.35 km?/sec? with a semimajor axis
of 63.14 Jupiter radii. A period of 100 days gives an energy
of —10.21 km?/sec? and semimajor axis of 88.76 Jupiter radii;
if we relax the requirement to a period of 360 days, the final
orbit has an energy of —4.35 km?/sec? and a semimajor axis
of 208.48 Jupiter radii. Thus, an energy loss of at least 20
km?2/sec?, and possibly much more, is necessary for a high-
thrust approach trajectory.

For the energy range of interest, Fig. 4 indicates that
Ganymede gives the largest energy change. Obviously, on a
high-thrust trajectory a no-impulse capture resulting from a
moon flyby is impossible. Therefore, either some chemical
retrothrust must be applied or a low-thrust trajectory must
be used. Below an incoming energy of about 9.8 km?/sec?
no-impulse captures can be accomplished by an optimal en-
counter, but the approach energy must be below approxi-
mately 6.0 km?/sec? before the period of the final orbit is
shorter than one year. _

The changes in the magnitude of the velocity vector for
initial energies of interest may vary from A|V| = 0.72 km/sec
for E = 0 km?/sec? to A|V| = 0.54 km/sec for E = 20 km?/
sec?. The importance of such a free-velocity change depends
on the particular rocket used. Note that the same energy
changes could be produced by chemical impulses of A|V| =
0.18 km/sec and A|V| = 0.15 km/sec, respectively, if the im-
pulses were made near the surface of Jupiter (ignoring the
atmosphere).

The above assumes that M is constrained only to be greater
than unity. Since in practice this would never be attempted,
and because aiming errors would cause M to deviate from any
chosen nominal value, it is important to consider how much
AE is degraded by variations in M. Tigure 5 gives T3] AE
vs E for Ganymede using M > 1.0, 1.25, 1.5, 1.75, and 2.0.
As shown in Eq. (5), the height of the peaks of these curves is
proportional to the inverse square root of M {and the peaks
move to lower energies with increasing M, as predicted by
Eq. (6)]. However, in the region £ = 0 to £ = 20 km?/sec?
the values seem to vary approximately inversely with M.

Each point in Figs. 4 and 5 results from a particular opti-
mum approach angle A.,.. Figure 6 gives Aoy as a function
of E for Ganymede. This angle—which is the magnitude of
the flight path angle since the moon’s orbit is taken to be
circular—and AFE determine the two possible approach tra-
jectories that can be used to accomplish the flyby. Obvi-
ously, AE may also be degraded by variations in the approach
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Fig. 5 Maximum possible specific energy decrease for
‘Ganymede, with various miss ratios, as a function of the
initial specific energy.

angle A from the optimum angle. Figure 7 indicates the
sensitivity of AF to A for different energies of approach.
The reverse curvature observed at low energies and small ap-
proach angles occurs when v > wymax. In the energy range
E = 0, 20 km?/sec? deviations of %5° from A, cause only
about 0.3 or 0.4 kin?/sec? change in AE. It is important to
note that the optimum approach angle changes only slightly
with M in the energy range £ = 0, 20 km?/sec? as shown in
Fig. 6. Thus, deviations in A from 4., will be nearly inde-
pendent of deviations in M from a nominal value.

Energy Change Related to Timing
and Aiming Errors

The variation in AE with approach angle A can be given in
a more intuitive form by relating the approach angle to the
time of arrival at the moon’s radius. We define a nominal
trajectory with the approach angle A.,. which defines a
nominal approach asymptote for the approach to Jupiter. If
the spacecraft arrives at the nominal point on Jupiter’s sphere
of influence but not at the nominal time, corrections for the
change in the position of the moon must be made. We as-
sume that the spacecraft makes these corrections perfectly.
With the assumption that the sphere of influence of Jupiter is
infinitely far from Jupiter, an infinitesimal velocity increment
can change the approach asymptote to any desired asymptote
parallel to the nominal one, as shown in Fig. 8.

We use the fact that the semilatus rectum is equal to the
square of the specific angular momentum divided by the
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gravitational constant for Jupiter to give the angle of ap-
proach for any energy and eccentricity,

A = cos7[a(e? — 1)/(ryua?)]V? 9

where « is the ratio of the spacecraft’s velocity at the moon’s
orbital radius from Jupiter to the circular velocity at that
radius.

We now determine the eccentricity as a function of the time
of arrival. Since the moon’s orbit is circular and the direction
of the perpendicular to the approach asymptote remains fixed
by assumption, we can write ¥ = Yn + wsuAf, where Yy is
the nominal angle ¢ (defined in Fig. 8), wsx is the angular
velocity of the moon in its orbit, and Af is the deviation in
time of arrival at the moon’s radius from the nominal time of
arrival. Simple trigonometry shows that the semiminor axis
of the hyperbola equals the perpendicular distance to the
asymptote. Combining this with sing = A/ae yields the
result cos¢ = 1/e. Using this result and the fact that ¢ =
¥ — (¢ — 90°) (see Fig. 8), we can write the polar equation
of the orbit at the moon’s orbital radius as

row = a(e€ — 1)/{1 + e cos[y — cos™(1/€) + 90°]}

This is quadratic in (e — 1)¥2, and we obtain the angle of
approach as a function of time

A = cos(rsa cosy(t) + {rsu? cos?y(t) +
da ron[l — sing(®) 1}/ [2alarsx) V2]~ (10)

¥~ can be found from ¥n = gnv + ¢dx — 90° after getting gn
from the orbit equation, and using Eq. (9) to get the nominal
eccentricity, which determines the nominal ¢ = ¢x.

The energy change as a function of time is determined from
Eqgs. (7) and (10), which were used in two example flybys of
Ganymede with miss ratios of 1.0 and 1.5, and initial energies
of 5 km?/sec? relative to Jupiter. This energy could occur
after a low-thrust transfer from earth. The results of these
calculations appear in Fig. 9. Note that times for which the
energy change is greater than 5 km?/sec? result in capture,

MODIFIED APPROACH ASYMPTOTE
af

¥ NOMINAL
¥y APPROACH
ASYMPTOTE
b
. MODIFIED
MOON'S ORBIT POSITION OF
: MOON
JUPITER
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Fig. 8 Modification of approach asymptote for changes in
time of arrival,
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although the resulting orbits may have extremely long periods.
Thus, for M = 1, we have two capture windows for arrival of
the spacecraft at Jupiter that are approximately 2.4 days
wide, while, for M = 1.5, these windows are reduced to ap-
proximately 1.4 days. For times between —0.72 day and
+2.4 days, the trajectories encounter the moon before reach-
ing the pericenter of the approach orbit. For all other times,
pericenter is reached before the moon flyby. Of course, if it
is discovered in an actual flight that the time of arrival at
Ganymede’s orbital radius will produce too small an energy
change, it is possible that an improvement could be made by
adjusting the trajectory to fly by a different moon.

The variation of AE with miss ratio M and angle » can also
be given in a more intuitive form which establishes the degra-
dation in AE due to aiming errors. Since it would be difficult
to show this in general, encounters with Ganymede were con-
sidered with an initial energy of 5 km?/sec? and a near-opti-
mum approach angle of 19.656°. In Fig. 10, we look toward
the moon in a direction parallel to the nominal approach
asymptote, which is at the collision radius in front of the
moon and in its orbital plane. We assume that any aiming
errors will result in approach asymptotes that are displaced
from but parallel to the nominal one. Thus any point in Fig.
10 defines an approach asymptote, and the spacecraft’s orbit
about the moon resulting from that asymptote will be in the
plane determined by that point and the center of the moon,
with its normal in the plane of the figure. The moon’s orbit
plane is represented by the horizontal line, and the moon’s
velocity has a component to the right. Thus, in general,
energy decreases are obtained for asymptotes to the right of
the moon, and increases are obtained for asymptotes to the
left.

Figure 10 was obtained from the following considerations.
It is a simple matter to relate the miss ratio to the radial dis-
tance between the moon and the asymptote A. Since A is
equal to the semiminor axis of the hyperbola, we can relate it
to eccentricity. We use the energy equation to relate the
semimajor axis to V. and combine these results to get the
pericenter distance as a function of V.., A (in moon radii), V5,

M = 3(Vo/V)H[L + 4A%Vo/V)4 P2 — 1} (11)

Let us designate the angle between the moon’s orbital plane
and the plane of the satellite orbit within the sphere of influ-
ence of the moon as 8. Simple trigonometry shows that siny
= sin@Q sinB. - We use this in Eq. (8) to obtain Vg5, Vyu, and
A projected onto the orbital plane. These results and Eq.
(11) when used in the first part of Eq. (7) yields the energy
change for asymptote (A,8). [We use the first part of Eq.
(7) since M is not variable]. The sign of the last term in
brackets in- Eq. (7) is taken as positive if |§| < 90° and nega-
tiveif | 8] > 90°. The total energy change is found to become
zero at B = =£90° only if V,u is perpendicular to V..
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Fig.9 Angle of approach and specific energy decrease as a
function of deviations in time of arrival at Ganymede’s
orbital radius (initial energy 5 km?/sec?).
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COLLISION RADIUS

Fig.10 Locus of approach asymptotes giving equal energy

change for a Ganymede flyby. Approach angle 4 =

19.656°; initial energy, with respect to Jupiter, 5 km?/sec?;
collision radius = 1.087 moon radii.

Figure 10 shows the locus of all asymptotes that result in
the same energy change. The moon’s radius and the col-
lison radius are also indicated. Energy changes for asymp-
totes within the collision radius are calculated assuming no
collision occurs; they are included only to indicate the over-all
behavior of the loci. This graph gives a good indication of
the significance of aiming errors. Obviously, vertical dis-
placements of the asymptote about the optimum have much
less effect on the energy change than horizontal displacements.

Two-Moon Encounters

The energy changes obtainable in a one-moon encounter
are not as large as might be needed; as a result, several two-
moon encounters were considered. Of course, the timing and
aiming problems become much more severe for these cases.
The only methods of adjusting for deviations in time of
arrival (and hence in the separation angle between the moons)
is to adjust the miss ratio of the first moon or introduce some
rocket thrust. As shown in Table 1, the change in the flight
path angle as a result of an encounter with a moon is on the
order of 2°-4°. Thus, correcting for time-of-arrival errors by
varying M has severe limitations, and of course increases in
M degrade the total energy change.

Two-moon encounters can be classified into four types.
The satellite can encounter the outermost moon first. Then
it can encounter the second moon at either of two places, since
the orbit resulting from the first encounter must intersect the
second moon’s orbit at two points (unless the two points hap-
pen to coincide). An encounter at either of these positions
will give the same energy change, although sensitivity prob-
lems will be different. Also, the satellite can encounter the
innermost moon first, at either of two points, and then the
outermost moon. Again the energy change will be the same.

Fig. 11 Example
of two-moon en-
counter for initial
specific energy 5
km?/sec?, Gany-
mede-Callisto.

APPROACH
TRAJECTORY
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Fig. 12 Maximum possible specific energy decrease for
various two-moon encounters assuming the moons are
oriented as needed.

An example trajectory for an optimal encounter using an
initial energy of 5 km?/sec?is shown in Fig. 11. The changes
in the orbits resulting from the swingbys are shown in Table
1 for both Ganymede-Callisto and Callisto-Ganymede en-
counters. The maximum possible energy changes (M > 1
for each moon) for different approach energies are given in
Fig. 12 (the corresponding optimum angles of approach are
given in Ref. 9). For each initial energy and approach
angle, a given angular relationship between the two moons is
implied. Because the periods of revolution of the moons are
rather short, the required angular relationship may be found
fairly frequently. It is more difficult to find an opportunity
to effect the required approach angle to the first moon when
the angular relationship between the moons is correct.

Conclusions

The energy change obtainable from a moon encounter con-
stitutes at most less than half the necessary energy change
for high-thrust approach trajectories according to the sim-
plified model used. This energy change may not be suffi-
ciently large to justify the use of a moon swingby (unless, of
course, one of the mission objectives is observation of a
moon). However, for the low-thrust case, these flybys are
considerably more interesting. The guidance problems asso-
ciated with a swingby are probably more easily handled by
low-thrust vehicles, and since for these vehicles it is more diffi-
cult to create significant velocity changes close to the surface
of Jupiter, the free-velocity change from a moon, in terms of
resulting energy change, becomes correspondingly more im-
portant. Furthermore, the relaxation of the required velocity
endpoint conditions for low-thrust trajectories may allow
significantly increased payloads or shorter flight times.

The energy change is found to vary significantly with vari-
ations in the time of arrival. Arriving three-fourths of a day
ahead of the nominal time in Fig. 9 cuts the energy change to
less than one-fourth its nominal value. The arrival windows
for the case considered are 2.4 days for a miss ratio M = 1

J. SPACECRAFT

Table 1 Orbit changes from two-moon encounters

T r peri-
(Earth a center
E, A, solar  (Jupiter (Jupiter

Ttem km?/sec? deg days) radii) radii)

Ganymede-Callisto
Initial orbit

approaching

Ganymede 5.00 18.25 @ —181.2 13.58
After Ganymede —5.32 21.65 265.64 170.2 12.87
Approaching

Callisto 44.50
After Callisto —10.33 46.60 98.24 87.7 11.32

Callisto-Ganymede
Initial orbit

approaching

Callisto 5.0 42.0 © —181.2 15.02
After Callisto 0.14 44.03 o —6645.0 13.66
Approaching

Ganymede 17.42
After Ganymede —10.76 21.02 92.35 84.2 12.89

@ Orbital period.

and 1.4 days for a miss'ratio of 1.5. Encounters with I, or
Europa will have shorter arrival windows for the same ap-
proach energy due to their shorter orbital periods and smaller
energy changes.

Trajectories which use gravity assist from two moons give
much larger energy changes, but capture is still not accom-
plised for a high-thrust approach trajectory. Of course, they
present much more difficult timing and aiming problems.
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