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IMNTRODUCTION

Modification of interplanetary trajectories by gravitational pertur-
bation of intermediats pianets is not a new concept; Hohmann (1) studied
ballistic round trip trajectories to Mars and Venus almost fifty years ago.
More recantly, investigators (2,3.4,5) have realized that a significant
change in vehicle heliocantric kinetic energy results from a midcourse
planetary encounter. Under favorable geometrical conditions this energy
can be utilizad in reducing the launch 2nergy and, consequently, the launch
vehicle size required to fly a given payioad to the final target planat.

Tn some cases round-trip trajectories are also possible; the energy change
at the target planets baing used to modify the trajectory for the return
leg. A very important application of tne midcourse planetary encounter
maneuver is in reducing total trip time to the target. This has had an
especially profound effect on mission planning for unmanned exploration

af the outer solar system. For example, as compared to a diract ballis-
tic flight, travel time to the vicinity of Neptune can be reduced by a
factor of four by first passing the planet Jupiter (5). The latter planet,
which due to its large mass can produce a very large energy change, plays
an important role in several very interesting mission dasigns (4,5). Trip
time to all of the outer planets can be significantly reduced by use of
the Jupiter "swing-by" and an incredible "grand tour" mission passing Jupi-
ter, Saturn, Uranus, and Meptune is possiblie every 175 years; the next op-
portunity is in the 1976-1979 time period (5). The Jupiter encounter is
also capable of .modifying the spacecraft trajectory into an out-of-the
ecliptic mission, a solar probe mission, or 2 galactic probe trajactory.
The latter missions would all require prohibitively large Taunch energy

if flown directly from the earth; the midcourse planetary encounter at
Jupiter reduces both required launch energy and the trip time in most
cases.

t is apparent that use of the midcourse planstary encounter (or
"swing-by" method as it will be referred to in what follows) to shape a
trajectory will play an increasingly important role in space mission de-
sign and it is essential that the mission analyst understand the mechanics
of the technique and the potential appiications. Thus, it is the purpose
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of this paper to: (1) clarify the theory of the planet swing-by mancuver
and to indicate the mission design procadures which it requires and (2] to
outline the basic applications. In the latter regard, a brief suryey is
given of swing-by missions which have already been studied in detail, and
several new mission possibilities are suggasted. In particular, the so0s-
sibility of fast round-trip reconnaissance missions to the outer pianasts
is evaluated. Also, optimum usage of a Jupiter swing-by in a solayr sys-
tem escape mission is explored, and the efrect on galactic probe perform-
ance is evaluated.

MECHANICS OF THE MIDCOURSE PLANETARY ENCOUNTER ENERGY CHANGE

The mechanism by which the heliocentric energy of the space vehicle
is changed by the gravitational perturbation during the passage of an
intermediate planet is readily understood in terms of basic principies.
To the spacecraft, the planet represents a force field moving relative
to an inertial heliocentric coordinate system. The work done by this
moving force changes the heliocentric kinetic energy as will now be
demonstrated.

Let the heliocentric positions of the planet and the probe be des-
ignated by p and B respectively and the position of the probe relative
to the planet by r as shown in Figure 1. Thus

R

o+ r (1)

and the work done on the spacecraft by the planetary gravitational force

is
0 0
w=f Fp-dR=f Fp~ (do + dr) (2)
i i

Limits i and o refer to incoming and outgoing points on the sphere of in-
fluence. One may write the differential displacement vector in the form

“dR = (%%)dt + dr (3)

where.dp/dt = vp = vp ﬁ, is the velocity of the planet relative to the sun
and P is a uni% vector tangent to the planets' orbit in the direction of
motion. The perturbing gravitational force is

Foa_brl ()

where r is the planet-to-probe distance. The part of the work integral
due to relative motion
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is zero if it is assumed that there is no sensible influence on the planst's

orbit due to passage of the probe. Introducing an angular positicn coovdi-
nate 8 as shown in Figure 2, the work integral becomes

w=f Py Sy (G de— (5)

21
where 6 is measured in the-plane of the encounter hyperbola from the axis -
as indicated in the figure. 6j and 6y refer to the angular position of
points on the sphere of influence intersected by the incoming and outgcing
hyperbo]1c asymptotes. Now the angular rate for a hyperbolic trajectory
is

de _h__ [uale-1)]* (6)

t 2 2

r r
where
h = angular momentum per unit mass of probe
relative to the planet

u = gravitational constant of planet
a = semi major axis of hyperbola
e = eccentricity of hyperbola

From the Vis Viva integral, the relative speed at any point is
v =[u(2/r + 1/2)1%

Thus, the incoming and out901ng relative speeds at the sphere of influence
are

where v is the hyperbo]1c excess speed. Thus, a = ufuhz and the eccen-
tricity may be written in terms of the deflection angle y as defined in
Figure 2:

e = sec(EEQJ = csc /2
Thus

de t(w/2
o= ucotly) (7)

h




p is given by

v = cos (I - 0) (8)

where I and 0 are unit vectors pointing along the incoming and outgsing
asymptotes as shown in Figure 2. Choosing a coordinate system aligned
with the axis of the encounter hyperboia, cne may._write.the unit veciors
i and j defining a right-handad set in terms of I and 0 as 7ollows:

( A -~ - - -~
o219 (9)
[1-0] Y2(7 - cos v)
‘ - - - -
- < A I1+0
|1+0|  Y2{1 + cos u)
o

In this system, the probe position is
¥ = (rcos 8)i + (r sin 8)3

Thus, the work integral becomes

(v/2+n/2) o2 L
W= [- =5 v, 22— tan y/2] P - (=28 8(1-0) (10)
= P ¥ v2(1 - cos y)
-(w/2+m/2)
, sin e(f+6) 1de
v2(1 + cos y)
Performing the integration
W= 2v \’h TD\ g (6_f) tan /2 S'ii"l(lb/? + 11'/2) (-I-[)
P v2(1 - cos ¢)
= Yo%h P . (0-1I)

and if one neglects the change in |r| during the passage through the sphere
of influence as compared to the change in |p| the increment of vehicle
heliocentric total energy is equal to the work done by the moving gravita-
tional perturbation. Thus
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AE = W = Yp¥h P - (0-1)

which is the most useful form for swing-by performance caicuiations.
It is convenient to define a characteristic energy (c.f. Reference §)

E* = 2 \Jpvh {13}

which represents the largest theoretically possible energy change; this
corresponds -to a-point mass planet with vehicle passage at the center
point and y = 180°. A1l of the geometrical aspects of the encounter are
encompassed in an energy change index f such that the energy increment is

AE = fE* (14)

f is a number between -1 and 1 as given by
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(15)

For the point mass planet, f = 1 if the probe approaches in the -P direc-
tion (opposite to direction of heliocentric motion of the planet), and

f = -1 if the probe approaches in the direction of the planet, passes in-
finitely close and executes a 180° deflection. Of course, |f| < 1 always

due to the finite size of the planet so E* can never be achieved in practice.

The actual value of f depends on the direction of the approach asymptote
and the total deflection angle ¢ at the planet. The latter depends, of
course, on the gravitational parameter u, the distance of closest approach,
and asymptotic approach speed:

2
1 Yh

“ho -1
[]-% 5 (d + rp)]

v = 2 sin (16)

where rp = radius of planet at point of closest approach and d = distance
from planet surface (or atmospheric radius depending on definition of rp}.
The maximum allowable deflection corresponds to a flight path grazing a
forbidden sphere of radius Rp = d + rp where d is a minimum approach dis-
tance chosen to allow for guidance errors.

The geometrical interactions contained in (15) are readily interpre-
ted graphically as illustrated in Figure 3. The vector I along the ap-
proach asymptote and P (unit vector in direction of planets' motion) are
fixed by the orbital elements of the incoming trajectory and by the ar-
rival date. A convenient reference angle between these two vectors is
the approach angle £ defined by
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£ = cos” (-P - I) (17)

5pr a given I and P, the value of f and the departure asymptote are set by
. The ougoing asymptote may lie anywhere in a cone with semi-vertex angle
equal to the maximum deflection angle.defined above (see Figure 3). It is
useful to represent the.direction of.C in terms of the angle ¢ batween the
planes formed by I and 0 and I and P as shown in the figure. Thus, in
terms of these parameters, the energy change index is

f=2%[cos £ (1 - cos ¥) + sin £(sin ¢ cos z)] (18)

where ¥ < ¢ max is set by the asymptotic speed and distance of clesest ap-
proach as already indicated. For a given value of direction of approach
(angle £), the optimum energy gain is attained by adjusting the point of
closest passage to bring 0 as close to the direction of P as possible.
This is accomplished by passing "behind" the planet as illustrated in Fig-
ure 4. Thus /

cos £ + 1 :
2 £ wmax)

Tmax ~ < (19)

gain cos £ - cos (y . + &)

2 g < (x - wmax)

\

Maximum decrease in heliocentric energy is accomplished by passing in
front of the planet as shown in Figure 4. The corresponding values of
f are

/
cos £ - 1 .
2 s £ Ymax
Fmax = 4 (20)
loss cos £ - cos (wmax - €)
2 > ll’max
\

Equations (19) and (20) are useful in checking actual values of f in
conic trajectory runs against attainable values. In such computations, £
and ¢ are fixed by constraints imposed by launch date and launch energy.
Trajectory optimization is accomplished by varying these quantities and
blanketing the launch opportunity of interest with a sufficiently fine
grid of trajectories that optimum points may be determined graphically
(c.f. References 4, 5, 6, 7). It is also of interest to determine what
energy change could be accomplished in a given situation if control of all
parameters were possible. This control might be available for example by
use of low-thrust propulsion on the pre-midcourse encounter trajectory to
optimize the encounter geometry. For a given v, there is a maximum value
for the deflection angle ¢, and this deflection must be used to optimize
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AE. Thus, assuming £ can be controlled, f(and thus AE) is maximum iT P is
made coincident with the axis of the vector 0-1 (see Figures 2 and 3;; f is
minimum if P is opposite to (0-1) and cos-1 (0- 1) = . Note that ths
maximum and minimum values differ only in sign. Thus, ¥or a given hyper-
bolic approach speed, the optimum energy change results if approach znais
equals the optimum value

max - (23)

e ALE
g ""2+ 2 /

opt

where the upper sign-corresponds to energy gain; lower sign corresponds to
energy loss. Values of energy change index corresponding to the optimum
approach geometry are

T = €500 5% max) (22)

where the same sign convention obtains. Finally, for a given Vh? the op-
timum energy change is

AEopt = = (vauh)fhpt (23)

This relation is plotted vs vp in Figure 5 for all planets of the solar sys-
tem. Note that AEypt increases with vy only up to a certain critical hyper-
bolic approach speeg after which there is a performance decline. This is
because ypay decreases rapidly with v, after the critical point is reached,
negating the linear increase in E* with vp. The E* curve for Jupiter is
shown on Figure 5 for comparison.

Assuming that not only approach angle, but also hyperbolic speed may
be controlled, it is of interest to determine analytically the optimum ap-
proach speed and corresponding global optimum energy change. Manipulating
Equation (23)

¥
= o (_Mmax
AEOpt = 2upuh sin ( > )
but
Ymax " -1 ( u )
2 p + vhz Rp

where Ry = d + rp is the minimum allowable passage distance from the center
of the p]anet %hus for any Vo
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ﬁEopt " __”_E_Zﬁ_ (24)

which clearly shows the dependence on vh. For a given planet (up and p
fixed), this expression has a stationary point at

CVp)eriT =Jé%§ (25)

Thus, the global optimum energy change results when vy is equal to a crit-
ical value which depends only on the physical characteristics of the en-
counter planet. It is interesting to note that this critical speed is just
the circular satellite velocity of the planet at an altitude equal to the
minimum allowable approach distance. We may now summarize the conditions
for global optimum energy change:

4 l"JIT@\X
fGLOBAL = + sin ( > )“h=(“h)0pt =+ 1/2 (26)
OPTIMUM
< u
ARgrogaL = * Vp /R
OPTIMUM P
\
The approach angle required to achieve this energy change is thus
e | _ /60° energy gain
tgropa =z *sin T(1/2) = {1200 energy 1oss (27)
OPTIMUM

GLOBAL . .
The values of (vp)opt and AEygrqyoy are given in Table 1 for all planets
of the solar system except Pluto whose physical parameter are not well
known. AEgkgﬁgtM for Jupiter exceeds that for any other planet by at
least a factor of two. It is interesting that Venus, not Saturn (the
second most massive planet) is second best resulting mainly from the
high vp value due to its proximity to the sun. Jupiter's immense poten-
tial ag results, of course, from its large mass and relatively high den-
sity. It is of interest to note that aE%k??ﬁbM for Jupiter is about five
times larger than the kinetic energy imparted to the spacecraft by the
launch vehicle to achieve an Earth-Jupiter trajectory. Thus, a truly in-
credible energy boost is available in a Jupiter swing-by maneuver. In
what follows, some of the potential application of this energy boost are
discussed.




APPLICATIONS OF THE SWING-BY MANEUVER

In this section the applications of the above theory are discussed.
Several important mission concepts which have been studied extensively
are first briefly summarized. Two new potential applications using Jupi-
ter swing-by energy are then presented: (1) Optimum usage of Jupiter en-
counter in a.galactic probe mission and (2) Possibility of round-trip per-
formance in Jupiter swing-by missions to the outer planets.

Applications of the planetary swing-by method are conveniently cate-
gorized as follows: (1) Use of encounter energy to decrease required trip
time and/or required launch energy, (2) Use of encounter energy to shape
flight path as in a round-trip mission. The second mission type was the
first to be studied extensively (1,2,3,4,8,9) and the reader is referred
to the many published accounts for detailed discussions of trajectory
characteristics. The most interesting round-trip mission applications in-
volve manned reconnaissance of Venus and Mars.

The next decade abounds in useful mission possibilities of the first
type. Of considerable potential are the Earth-Venus-Mercury opportunities
(4,7,8,9,10). These trajectories utilize the loss of heliocentric energy
resulting from passage behind Venus to reduce the launch energy at Earth
required to reach Mercury. A similar application of the potent Venus
swing-by energy is useful in solar probe missions (11). Jupiter domi-
nates the field in potential applications as already indicated. Of con-
siderable interest (5,12,13) are missions to the outer solar system us-
ing heliocentric energy gained in Jovian encounters. In these trajec-
tories, the primary use of the Jovian energy boost is in reduction of
required time of flight. Table 2 shows the effect on trip time to each
of the outer planets and the optimum Taunch dates for such missions.

In each case the swing-by results are compared to minimum energy balli-
stic results, and the trajectory figures are based on the minimum bal-
listic launch energy to the target planet. A rare mission opportunity
(available every 175 years) is the "grand tour" which allows passage

of each of the outer planets (Jupiter, Saturn, Uranus, and Neptune) in
a single flight (5). Payload on any of the missions just discussed can
be enhanced through the use of optimized low-thrust electric propulsion.
The combination of solar-electric propulsion with the Jupiter swing-by
method was discussed by Flandro (6), and it was shown that payload is
typically tripled as compared to the purely ballistic swing-by trajec-
tories. Figure 6 shows the flight path for an optimized solar electric
Earth-Jupiter-Saturn mission. The trajectory first loops in toward the
sun, as is typical of solar electric vehicles, to optimize usage of
available solar energy flux. Minovitch (10) has suggested use of Jupi-
ter swing-by in solar probe, out-of-the-ecliptic and deep-space missions.

In studying the list of proposed swing-by missions, one notices
that the most useful trajectories all involve either Jupiter or Venus
encounters, and that these are the planets most able to impart a sig-
nificant encounter energy change. Useful swing-by maneuvers at other
planets are quite rare due to the Timited energy gain available. For
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example Martian encounters are applied mainly in round-trip missions, and

in many such trajectories the swingby energy must be supplemented by a
propulsion maneuver. Minovitch has examined use of gravitational pertur-
bations of the Earth itself (14), and in particular assessed the possibility
suggested earlier by Roy (15) of an out-of-the-ecliptic trajectory utiliz-
ing energy gained when the space vehicle re-encounters the Earth. The in-
itial results indicated that no significant performance gains could be
achieved in this manner. E

Formidable energy is required for galactic probe missions to extra-
solar space, and it is of interest to assess—the potential—application
of the Jupiter encounter maneuver in such missions. Minovitch (10) point-
ed out that any Earth-Jupiter trajectory can be made hyperbolic relative
to the sun by a close Jovian encounter. The optimum usage of the poten-
tial energy gain has not been previously discussed. The conditions for
an optimum encounter were established in a foregoing section of the pres-
ent paper and these can be used to assess the maximum usage of the Jovian
gravitational energy boost. It is assumed that the Earth-Jupiter leg of
the trajectory can be controlled such that optimum hyperbolic encounter
velocity and approach angle are obtained. It is clear that such control
can be achieved through use of electric propulsion devices, but no attempt
is made here to establish the corresponding Earth-Jupiter flight path on
vehicle performance and payload figures; we wish only to establish the
maximum possible effect on galactic probe performance. Using Equations
(26) and (27) one finds that the optimum hyperbolic approach velocity at
Jupiter is (vp)opt = 42.5 km/sec and that if Jupiter is approached at this
speed in the ecliptic plane with £ = 60°, the global optimum energy in-
crease of

gg’

2

AE = 555(km/sec)

GLOBAL
OPTIMUM

is achieved. Heliocentric velocity vector.of the spacecraft in polar co-
ordinates before encounter is v; = (36,9) er - (8.2) e (km/sec) where e
is nearly coincident with unit vector P in the direction of Jupiter's _
heliocentric motion; post-encounter velocity is vg = (36.9)ér + (34.3)e,
(km/sec). Notice that only the tangential velocity is altered in an op-
timum encounter, and that the trajectory deflection angle is 60° relative
to the planet and 55.5° relative to the sun. Thus, the vehicle must
achieve a significant (already hyperbolic) radial speed before encount-
er. The heliocentric speeds before and after encounter are 37.8 km/sec
and 50.4 km/sec respectively. The increase in vehicle speed due to
Jupiter swing-by is 12.6 km/sec; a percentage velocity increase of ex-
actly 33.3 per cent. The resulting hyperbolic orbit has eccentricity

e = 9.34 and hyperbolic excess speed relative to the sum of ve = 46.9
km/sec. Since the Jupiter encounter and solar escape phases of such a
high-energy trajectory take place in a relatively short time, one may
readily estimate performance by assuming constant interstellar cruise
speed equal to vo. For example, a ten-year flight would take the probe
1.48 - 1010 km or about 100 astronomical units into interstellar space.
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This assumes unpowered flight after Jupiter encounter, and it is useful to
compare this performance with that of a similar vehicle withoutthe Jovian
energy boost. Thus, without close passage of Jupiter the same vehicle
would achieve a hyperbolic excess speed of only 32.9 km/sec and would re-
quire over 14 years to reach the same distance from the sun.

The interest in missions to the outer planets via the Jupiter encoun-
ter has prompted investigation into the possible refinements. It would be
quite useful to bring the payload from such a mission closer to the Earth
for date retrieval after the final target planet is reached. This is pos-
sible if geometrical conditions at the target required for the necessary
modification of the trajectory do not degrade the data collection process.
One must also investigate the representative approach geometry and hyper-
bolic speeds to determine the availability of the necessary energy incre-
ment. Table 3 summarizes this data for a typical set of Jupiter swing-by
trajectories to Saturn, Uranus, and Neptune. Both low and moderately high
launch energy trajectories are represented. Notice that a round-trip tra-
jectory or one with perihelion distance less than the orbital radius of
the target planet requires that the available maximum encounter deflection
angle ymax be greater in magnitude than the approach angle €. If Ymax 1S
less than g, the post-encounter orbit is either hyperbolic or elliptical
(with probe moving toward aphelion after encounter). If ypax is greater
than £, the radial post-encounter heliocentric velocity is negative and
it is possible to enter an elliptical return orbit (with probe moving to-
ward perihelion). Since Umax decreases rapidly with approach speed Vh s
round-trip Jupiter swing-by trajectories to the outer planets are only
possible for the lower launch energies as indicated in Table 3. This, of
course, results from the strong dependence of vy at the target on launch
energy. Thus, the penalty for return of the probe toward the Earth's or-
bit is the increased flight time characteristic of the lower energy tra-
jectories. For example, for the Earth-Jupiter-Saturn trajectories of
Table 3, time-of-flight to Saturn is 3.6 years for the lower launch en-
ergy with the possibility for direct return to the inner solar system;
for the high launch energy trajectory, the flight time is reduced to 2.3
years, but the perihelion of the post-encounter orbit is 4 A.U. The mis-
sion designer must perform a tradeoff between the outgoing and incoming
trajectory characteristics to optimize the overal] mission profile. 0b-
viously one must also give due attention to the many other design con-
straints such as Saturn ring system constraints, occulation zones, in-
strumentation and communications look-angles, and so on. It is signif-
icant, however, that the designer has the option to return the vehicle
to the vicinity of the Earth after the final planetary encounter.

CONCLUDING REMARKS

It is evident that application of the midcourse planet encounter
maneuver or swing-by technique will play an important role in space
exploration. The improvements in payload and reduced trip time are
truly significant as well as the greatly increased design flexibility
afforded the mission analyst. Combination of this method with other
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advanced mission techniques such as use of Tow thrust electric propulsion
will make planetary exploration truly practical. It has been shown (6)
that the combination of low thrust solar electric propulsion with Jupiter
or Venus swing-by will allow unmanned exploration of the entire solar
system utilizing launch vehicles of very modest size. The ultimate
feasibility of advanced missions of the types suggested will depend large-
ly on improvements in guidance accuracy, system reliability, and Earth-
based communications and tracking networks.
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TABLE 1

OPTIMUM ENCOUNTER APPROACH SPEEDS

AND ENERGY INCREMENTS

PLANET (vplopt (KM/seC)  AEq s (km/sec)?
opt
Mercury 2.94 140
Venus 7.23 254
Earth 7.91 236
Mars 3.60 87
Jupiter 42 .52 555
Saturn 25.63 246
Uranus 15.05 102
Neptune 16.59 90
TABLE 2

COMPARISON OF DIRECT AND SWING-BY TRAJECTORIES

TO THE QUTER PLANETS

Minimum Trip Time
Energy

Trip

with Jupiter
Swing-by and

Minimum Time Minimum Bal-

Launch Optimum Launch Without 1istic Launch
Target Energy Date with Swing-by  Energy
Planet (km2/sec?) Jupiter Swing-by (years) (years)
Saturn 109 5 October 1978 6.1 3.0
Uranus 126 9 October 1978 16.0 5.5
Neptune 135 11 November 1979 30.7 7.4
Pluto 135 8 Septembar 1977 45.7 Ll

15



TABLE 3

EFFECT OF LAUNCH ENERGY ON POST-ENCOUNTER TRAJECTORIES

WITH MAXIMUM HELIOCENTRIC ENERGY LOSS

Hyperbolic | Approach Post- Eccentricity] Peri-
Excess Angle at| . Max. Encoun- Post- of Post- helion o
Speed Terminal |Deflection ter Encounter] encounter |post en-
Launch |at Terminal| Planet Angle | Radial Tangential orbit counter
Launch Energy Planet £ Ymax_ [Velocity Velocity, orbit
Mission Date (km/sec)| (km/sec) (deg) (geg) (km/sec) (km/sec) £ A.U.
3 October 1978 100 9.72 83.2 122 - 6.09 2.07 .97 .22
Earth-Jupiter-
Saturn '
11 October 1978 150 19.53 100.0 76 7.93 - 8.26 .76 4,02
19 October 1978 100 6.11 69.8 120 - 4.69 2.87 .87 1.85
Earth-Jupiter-
Uranus
11 October 1978 130 19.99 91.7. 46 14.31 - 7.17 2.24 6.72
22 November 1980 110 7.67 69.2 117 - 5.69 0.26 .99 .03
Earth-Jdupiter-
Neptune
26 November 1980 150 19.82 86.6 52 11.25 -10.89 5.16 19,7

91
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