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Chapter 2

The Origin of Gravity-Propelled
Interplanetary Space Travel’

Richard L. Dowling,’ William J. Kosmann,*
Michael A. Minovitch  and Rex W. Ridenoure'’

Introduction

Using the gravitational influence of an easy-to-reach nearby planet to cata-
pult a free-fall space vehicle to a more distant planet, that would ordinarily
require substantial rocket propulsion using traditional direct-transfer trajectories,
has had a significant effect on the methods and pace of planetary exploration.
Moreover, by utilizing a series of such trajectory-changing planetary encounters,
it is possible for a free-fall vehicle to travel to many different planets without
requiring any onboard rocket propulsion. This innovation, which is usually
called “gravity-assisted” or “swing-by” trajectory, represented the key propul-
sion breakthrough that opened up the entire Solar System to exploration using
relatively small, chemically propelled launch vehicles. The Mariner 10 Earth-

" Presented at the Twenty-Fourth History Symposium of the International Academy of

Astronautics, Dresden, Germany, 1990.
+Spm:rc Media, Hollywood, California, U.S.A.
1 The Astronautics Company, Pasadena, California, U.S.A.
** Phaser Telepropulsion Inc., Los Angeles, California, U.S.A.
T Ecliptic Astronautics Company, Pasadena, California, U.S.A.
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Venus-Mercury Spacecraft, the Pioneer 10 and 11, the Voyager 1 and 2, the low
launch energy Galileo mission to Jupiter, and the Ulysses mission to the Sun
were made possible by this innovation. This “gravity-propulsion” concept origi-
nated in 1961 in the mind of an American, Dr. Michael A. Minovitch, then a
graduate mathematics student from the University of California, who had no
prior experience in astrodynamics. It represented a complete break with tradi-
tional ideas about space travel.

Prior to this innovation, it was taken for granted that the rocket engine
represented the basic, and for all practical purposes, the only means for propel-
ling a space vehicle through the Solar System. Access to the planets was re-
stricted by the fundamental limitations of chemical rocket propulsion. The fa-
mous Hohmann Trajectory was universally accepted as the minimum energy
and, thus, the optimal path for traveling to the planets. But using this minimum
energy trajectory for traveling to the most distant planets requires extremely
long trip times—another limitation. Leading astrodynamicists suggested a vari-
ety of large and exotic propulsion systems to overcome these obstacles and ex-
tend a space vehicle’s reach—but not by far, and by no means cheaply.

Meanwhile, leading theorists continued to struggle with the adaptation and
refinement of special trajectory problem formulations, such as the relatively
straightforward Two-Body Problem and the quite difficult Restricted Three-
Body Problem. Many researchers in the 1950s were attempting to apply new
digital computing techniques to these problems, with mixed results. Concur-
rently, G. Crocco, Harry O. Ruppe, D. F. Lawden, Krafft Ehricke, R. H. Battin
and others investigated the complicating effects of planetary gravitational pertur-
bations. They extended the early work of Yu. V. Kondratyuk and A. F. Tsander
from Russia and Walter Hohmann from Germany, but they reached the same
basic conclusion that Hohmann’s trajectory was still the minimum-energy trajec-
tory for traveling to the planets, and they supported this belief with numerous
mathematical demonstrations. Planetary gravitational perturbations were gener-
ally regarded as annoying disturbances, and the common method for dealing
with them was to resist their effects—often by onboard rocket propulsion. Con-
quering nature by brute force—huge launch vehicles equipped with exotic nu-
clear upper stages— seemed to be the only way to reach the most distant plan-
ets.

Using elegant vector techniques that he developed for studying three-di-
mensional astrodynamic problems, Minovitch combined them with the computa-
tional power of a digital computer to obtain the first numerical solution to the
famous unsolved Restricted Three-Body Problem. This vector formulation re-
moved many of the complicated scalar equations and enabled him to focus on
the underlying physics of the problem. Minovitch discovered that a large amount
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of orbital energy can be interchanged between a free-fall interplanetary space
vehicle and a passing planet via gravitational interactions, and that these effects
can be used serially to propel the vehicle around the entire Solar System indefi-
nitely, with radical trajectory changes relative to the Sun, without any rocket
propulsion. This gravity propulsion concept represented a quantum leap in space
travel.

This paper is the first in a series describing the details of this discovery,
Minovitch’s early work in developing it, and showing how the various NASA
gravity-propelled missions originated from it.

The concept of gravity-propelled interplanetary space travel—referred to
herein as gravity propulsion—involves launching a space vehicle on a transfer
trajectory (typically a low-energy, near-Hohmann path) to some nearby initial
planet, and then using the gravitational influence of that planet to catapult the
vehicle to a more distant planet or region, without rocket propulsion to reduce
the launch energy ordinarily required to reach the distant planet, using a conven-
tional direct-transfer Hohmann trajectory. By utilizing a series of such planetary
encounters, it is possible, in principle, to propel a vehicle from planet to planet
anywhere around the Solar System.

After the vehicle is injected onto the initial transfer trajectory to the first
planet on its tour, no further rocket propulsion is required to effect major trajec-
tory changes. In the theoretical formulation of this concept, onboard vehicle pro-
pulsion was assumed to be absent or inhibited, and thus the vehicle was consid-
ered to be on a free-fall trajectory at all times, flinging from planet to planet. In
practice, some onboard propulsion is required for guidance to perform minor
course corrections and perhaps attitude control functions.

Physically, the essence of gravity propulsion is that the space vehicle and
the planet exchange orbital energy during their encounter—the planet loses a
little and the vehicle gains the same amount, or vice versa. Which body gains or
loses depends on the geometry of the encounter. During these encounters, the
vehicle’s trajectory can be radically bent by the gravitational influence of the
planet; such paths are commonly called “gravity-assisted” or “swing-by” trajec-
tories. Indeed, the change in the vehicle’s velocity with respect to the Sun—one
key effect of gravity propulsion—is directly proportional to the magnitude of
this bending angle. The force F acting on the vehicle follows from Newton’s
Law of Gravity

F=G™2 (1

7

where mj and m2 denote the mass of the planet and vehicle respectively, r2 is
the distance between their centers of mass, and G is equal to the universal gravi-
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tational constant. Thus, the more massive the vehicle, the larger the propulsive
force.

The development of the gravity propulsion concept represents one of the
most significant advances in the field of astronautics. It enables the exploration
of any planet or region in the Solar System with relatively small launch vehicles
and conventional chemical rocket propulsion, primarily because it significantly
reduces the launch energy requirements of most missions. Gravity propulsion
employs intermediate planets as a propulsive means for getting to target planets,
greatly increasing available launch windows for many types of ambitious mis-
sions. Consequently, it offers the possibility of exploring many different planets
with the same vehicle. Finally, it enables missions with much shorter trip times
than comparable missions using chemical propulsion and conventional direct-
transfer Hohmann trajectories.

The Foundation of Astronautics Prior to 1961

Prior to the innovation of gravity-propelled trajectories, it was taken for
granted that the rocket engine, operating on the well-known reaction principle of
Newton’s Third Law of Motion, represented the basic, and for all practical pur-
poses, the only means for propelling an interplanetary space vehicle through the
Solar System. In fact, this traditional concept was taken as one of the most
fundamental axioms of space travel. As a result, only a relatively small portion
of the Solar System near the ecliptic plane could be explored by space vehicles
using conventional chemical rocket propulsion. More distant regions, out to the
orbits of Neptune and Pluto, for example, would require many decades of travel
time and were therefore considered inaccessible with chemical rocket propul-
sion.

It was also assumed (and proven mathematically) that the minimum-en-
ergy transfer trajectory to another planet was an elliptical path tangent to the
launch planet’s orbit at departure and tangent to the target planet’s orbit at arri-
val. This ideal “optimal trajectory,” illustrated in Figure 1, became known as the
“Hohmann Trajectory,” in honor of Walter Hohmann, a German architect who
discovered these trajectories in 1925. Prior to the innovation of gravity-propelled
trajectories, this minimum-energy transfer trajectory represented another funda-
mental axiom of space travel.l-19

A Hohmann Earth-Neptune trajectory illustrated in Figure 2, which re-
quires a one-way trip time of about 31 years, highlights the main disadvantage
of Hohmann trajectories: they require very long trip times (in fact, they result in
maximum trip times when the heliocentric transfer angle is less than or equal to
180°).
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QRBIT OF
EARTH

ORBIT OF
MARS

Figure 1 Classical Hohmann minimum-energy trajectories from Earth to
Venus and Mars.

ORBT OF URANUS —— ORBIT OF MNEPTUNE \
CHNIT OF JUPIER \
: — ORBIT OF SATURN \
ORT OF EARTH

Figure 2 Hohmann minimum-energy trajectory to Neptune
(trip time = 31 years, Ve = 12 km/sec).

Regions of the Solar System near the Sun and out of the ecliptic plane
required so much launch energy that they were considered to be impossible to
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reach with conventional chemical rocket propulsion. This holds even when using
enormous launch vehicles, such as the Novas, Super Novas and Sea Dragons
designed during the early 1960s (Figure 3). It was believed that the only practi-
cal method for propelling a space vehicle into these hard-to-reach regions
(which represented over 95% of the Solar System) was by means of very exotic
propulsion systems, such as electric propulsion.20-2% All of these advanced pro-
pulsion systems were based on the traditional reaction principle.
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LAUNCH THRUST (i) 130 M 12 M 7.5 M 15 M 4DDK 400 K
LAUNCH WEIGHT (i) 100 M 10 M 6.2 M 1LoM 300K 300K

Figure 3  Proposed launch vehicle designs of the early 1960s based on
Hohmann trajectories and brute-force rocket power (from Refer-
ence 32).

This, in brief, was the technical foundation of astronautics upon which the
plans for the United States’ interplanetary space program were based at the be-
ginning of the 1960s.30-48 The Soviet Union was operating under a quite similar
theoretical foundation, though technically its program was based on more capa-
ble launch vehicles. Since this foundation was itself based on decades of re-
search,4? there was no expectation that anything would change.

Of the many considerations involved in interplanetary space travel, trajec-
tory design is the most important. Trajectories determine launch velocities, and
launch velocities, together with vehicle mass, determine launch energies. Trajec-
tories also determine the launch windows required for traveling to other planets.
Trajectory determination and analysis is a process that relies heavily on theoreti-
cal knowledge and procedures. This body of knowledge rests upon the principles
of celestial mechanics, and ultimately upon a branch of theoretical physics
called analytical mechanics.
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Since the mass of the Sun is so much greater than any planet, the trajec-
tory of a free-fall vehicle moving through interplanetary space is essentially an
exact conic path, unless it is close to a perturbing planet. This is because the
solution of the differential equations of motion of a body moving under the
gravitational influence of a single massive body is a conic section, such as an
ellipse. Thus, the orbits of all the planets moving around the Sun are essentially
constant elliptical paths; they represent the solution trajectories of the “Two-
Body Problem.”

Since the orbits of most of the planets in the Solar System are nearly
circular and co-planar, Hohmann and other early astrodynamicists incorporated
this fact into their analysis of rocket-propelled interplanetary trajectories.5? They
regarded an interplanetary trajectory as an arc of a constant elliptical path that is
co-planar with the orbits of the launch planet and the target planet. This co-pla-
nar, two-body assumption was maintained for several decades as standard prac-
tice in determining and analyzing interplanetary trajectories.

Many early investigators of space travel recognized that a non-stop, free-
fall, round-trip interplanetary trajectory to Mars or Venus would be useful as a
preliminary manned planetary reconnaissance mission, before undertaking an ac-
tual landing mission. Significant efforts and resources were expended in search
of these appealing cases. These trajectories were designed as constant elliptical
paths, and the goal was to ensure that when the vehicle approached the orbit of
the target planet, the planet would be relatively close; and when the vehicle
returned to Earth’s orbit, the Earth also would be relatively close.

Unfortunately, since the gravitational perturbations of the target planet
make a constant elliptical path impossible (the trajectory would depart from its
“ideal” elliptical path), the Earth would not be very close to the vehicle upon its
return. Thus, planetary gravitational perturbations were generally viewed as an-
noying disturbances that destroyed the constant elliptical paths so carefully cal-
culated by trajectory designers to produce the required planetary interceptions.

To circumvent this problem, Hohmann canceled out the perturbations
caused by the target planet by using onboard rocket propulsion (see pages 79-81
of Reference 50). The propulsive thrust of the vehicle’s rocket engine was de-
signed to be equal in magnitude but opposite in direction to the planet. This
method of canceling out planetary perturbations by using onboard rocket propul-
sion was adopted by other astrodynamicists and used up to the 1960s (see p.
1062 of Reference 7).

Another method suggested was simply not to allow the trajectory to pass
very close to the target planet (see page 1-32 of Reference 51). But since this
method degraded the viewing of the target planet, it was not very practical. (The
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objectives of non-stop round-trip missions called for a close pass by the target
planet to maximize the observational opportunities.)

There is a third possibility for circumventing this perturbation problem. In
principle, the approach trajectory could be designed to ensure that the planet’s
gravitational influence would change the return leg of the round-trip trajectory,
such that the vehicle returns to Earth automatically. Since this method does not
require the application of rocket propulsion to cancel out the perturbations, and
since it allows the vehicle to pass arbitrarily close to the target planet for good
viewing, one might ask why astrodynamicists did not automatically choose this
method over the other two. One fundamental reason is that designing such a
trajectory for an actual mission required a numerical technique for solving one
of the most difficult problems in Celestial Mechanics—the Restricted Three-
Body Problem 52-55

The Restricted Three-Body Problem involves finding the trajectory of a
body of negligible mass (such as a free-fall space vehicle), moving in a plane
under the simultaneous influence of two other bodies (Earth and Moon, for ex-
ample), that are themselves moving in the same plane under their mutual gravi-
tational influence. The problem is difficult, because there exists no closed-form
solution for it (i.e., the differential equations of motion are non-integrable).
From any given initial position and velocity, there is no general formula for
determining the position of the vehicle at any future time, which is exactly what
trajectory and mission designers want to know. The non-existence of closed-
form solutions was proven by Poincaré near the end of the 19th century.3¢

In the case of the Two-Body Problem (e.g., Earth and Moon alone, or
Earth and spacecraft alone), the trajectory of each body moving under the mu-
tual gravitational influences is exactly expressible as a simple quadratic function
that defines a conic section. But once a third body is introduced (the Sun, for
example), the trajectory of each body is extremely difficult to determine pre-
cisely.

Figure 4 illustrates this problem in the case of round-trip free-fall inter-
planetary trajectories. When a free-fall vehicle is moving close to the target
planet along a path AB, its motion is influenced by the gravitational fields of the
planet and the Sun acting simultaneously. The planet is moving with an essen-
tially constant velocity Vy, in its orbit around the Sun.

The essence of the Restricted Three-Body Problem involves precisely de-
termining the vehicle’s position and velocity vectors r,v with respect to the
perturbing planet as the vehicle passes by. For round-trips from Earth (shown in
Figure 4), the problem is to calculate the vehicle’s trajectory as it approaches the
planet at point A, passes around the planet along the path AB, and moves away
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'along interplanetary trajectory BC, which intercepts the Earth at point C. Find-
ing the precise path ABC proves to be quite difficult.

PERTLMBING PLAMET

INTERPLAMNETARY SPACE

SUM

Figure 4  Elements of the three-dimensional Restricted Three-Body Prob-
lem.

At the beginning of the 1960s, there was no general numerical solution for
precisely determining this path (i.e., for determining the vectors # and v at
point A). The theoretical foundation of celestial mechanics could not circumvent
this problem. But if one studies the technical development of space travel be-
tween 1925 and the early 1960s, it becomes clear that this theoretical impasse
was not regarded as a serious impediment. The engineering of space travel was
directed at developing more powerful and exotic rocket propulsion systems—all
based upon the reaction principle—in an attempt to conquer nature by brute
force rocket power.38-40 This was the general technical methodology for achiev-
ing interplanetary space travel.

Although the general Restricted Three-Body Problem was unsolvable up to
that point in time, the advent of high-speed digital computers in the 1950s intro-
duced a means that, in theory, could be used to obtain numerical (i.e., computer-
based) solutions to it with any desired accuracy. Since the differential equations
of motion were known, the exact numerical solution of the entire trajectory
ABC could, in principle, be obtained by a numerical integration and iteration
process known as “differential corrections.”57-59 This development can be re-
garded as an important technical achievement that enabled significant theoretical
advances in astronautics (and applied mathematics in general).

Since in principle the gravitational influences of all the major bodies in the
Solar System could be simultaneously incorporated into this algorithm, the result

71




S T By g DA R

|
:

could be more accurate than any theoretical solution of the Restricted Three-
Body Problem. Thus, by utilizing the sheer computational power of high-speed
electronic digital computers, the numerical solution of the Restricted Three-
Body Problem (or N-body Problem) was reduced to that of finding an analytic
method for determining a sufficiently accurate three-dimensional initial approxi-
mation (an intermediate orbit, i.e., the position and velocity vectors at point A in
Figure 4), that would converge to the exact solution during the numerical inte-
gration/iteration process. Fed the proper inputs, the computer would do all of the
hard, computation-intensive work.

Despite many determined efforts, at the beginning of the 1960s, a general
numerical solution of the Restricted Three-Body Problem (using computers and
initial approximations) did not exist. No one—American, Soviet, or European—
could solve it. But many tried.

One well-known and generally accepted approximate solution to the Re-
stricted Three-Body Problem used by astrodynamicists (in the early 1960s)
could be obtained by assuming that the perturbing minor body (planet) is fixed
relative to the major body (Sun). This simplification (due to Euler) is called the
“Two Fixed Force-Center Problem® (See also Sec. 203, page 145, Reference
53). Since the space vehicle spends a relatively short time in the vicinity of the
perturbing planet compared to the planet’s orbital period, this assumption ap-
peared to be a valid approximation of the real situation. As Euler discovered,
this simplification led to differential equations of motion that are integrable.
Hence, the approximate trajectory was expressible in closed-form (in terms of
elliptic functions). Although this simplification did enable the determination of
exact numerical solutions for round-trip lunar trajectories, it was not successful
in determining exact round-trip interplanetary trajectories; the latter are far more
difficult.®!

Essentially, this is due to the basic geometry of the situation: the inter-
planetary legs extend over distances many times greater than the arc AB in the
vicinity of the perturbing planet. Thus, unless the initial approximation of the
trajectory around the perturbing planet can be determined fairly accurately, (i.e.,
the position and velocity vectors at point A in Figure 4), a numerical integra-
tion/iteration process will not converge to the exact solution. The situation is
highly nonlinear and can be regarded as a mathematical example of chaos.62:63
Another important geometric complication in the interplanetary case was the
fact that the Restricted Three-Body Problem (and Euler’s simpler model) as-
sumed, trajectories were confined to a single plane, but the planets do not follow
this assumption. Applying this two-dimensional assumption to Earth-Moon
round-trip trajectories works well, but applying it to interplanetary trajectories
leads to failure. Consequently, the reason there was no general numerical
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method for determining precise interplanetary round-trip trajectories by the early
1960s was, because no analytic method existed that would generate a suffi-
ciently accurate initial approximation of a spacecraft’s approach trajectory at a
perturbing target planet. Without this approximation, the state-of-the-art numeri-
cal techniques could not converge.

There is one particular consequence of Euler’s Two Fixed Force-Center
Problem that should be emphasized. If the perturbing minor body is assumed to
be stationary with respect to the major body, then the orbital energy of a free-
fall vehicle relative to the major body cannot be changed by passing close to the
minor body, because orbital energy in this frame of reference is an exact invari-
ant and must therefore remain constant (see Sec. 5, page 88 of Reference 60). In
this theoretical framework, a spacecraft passing Mars, for example, would have
the same orbital energy with respect to the Sun after Mars’s closest approach as
it had before; at points along its trajectory of the same given radius from Mars
before and after closest approach (points A and B in Figure 4, for example), it
would have the same velocity with respect to the Sun. Likewise, the orbital
energy of Mars and its heliocentric velocity would remain at their pre-encounter
values.

The basic concept of gravity propulsion—which is contrary to this conclu-
sion—could not have been discovered within this basic theoretical framework of
the Two Fixed Force-Center Problem of celestial mechanics. By the 1950s and
early 1960s, the validity of this framework for determining approximate solu-
tions to selected cases (primarily lunar) of the Restricted Three-Body Problem
was a strong motivator for investigating the properties of motion in interplane-
tary space using the same technique.®* Thus, when the concept of gravity-pro-
pelled interplanetary space travel (Minovitch hadn’t named it gravity propulsion
yet) was originally proposed by Minovitch in 1961, there were more than a few
astrodynamicists who evidently believed such a concept was theoretically im-
possible, because it would violate the law of conservation of energy.

In 1959, Richard Battin developed the first mathematical technique for de-
termining three-dimensional conic approximations for the interplanetary legs of
round-trip free-fall trajectories to Mars.5 Basically, the method involved patch-
ing two elliptical trajectories together at the center of Mars, that had the same
approach and departing velocities relative to Mars, and that began and ended at
Earth. As was common practice at that time, Battin treated the perturbation of
Mars as occurring instantaneously when the vehicle crossed the Martian orbit
(page 557, Reference 65).

Although Battin was able to determine the eccentricity and semi-major
axis of a hyperbolic conic approximation of the encounter trajectory AB (refer
to Figure 4), a detailed three-dimensional determination of the encounter trajec-
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tory (with six orbital elements) was not found. But, as discussed above, the
encounter arc AB is the most important part of a round-trip free-fall trajectory,
and a complete initial approximation of it is required before an exact determina-
tion of the entire trajectory can be obtained by differential correction numerical
methods. However, Battin was directing his efforts primarily at determining ap-
proximate trip times, launch energies and distances of closest approach for in-
itial studies of three-dimensional round-trip missions to Mars. His work was not
explicitly targeted at formulating a numerical method for solving the Restricted
Three-Body Problem.

Battin also believed that the orbital energy of an interplanetary free-fall
trajectory should remain constant after passing a perturbing planet. This is sup-
ported by a description of his own numerical trajectory calculations, where he
indicates a change in orbital energy as a “curious fact” (paragraph 2, page 566,
Reference 65).

It should also be emphasized here that the problem of determining a grav-
ity-propelled trajectory involves solving the Restricted Three-Body Problem,
which had never been done prior to 1961. This is evident from Figure 4, where
the arc can be regarded as the gravity-propelled portion of such an interplanetary
trajectory (elliptical or hyperbolic), which catapults a free-fall vehicle without
rocket propulsion to a more distant third planet represented by point C (which is
not the launch planet). Point C could also represent some planet in a series of
gravity-propelled encounters. As illustrated in Figure 4, the two massive bodies
(Sun and planet) and one negligible-mass body (space vehicle) interact as as-
sumed in the formulation of the Restricted Three-Body Problem.

Thus, in the absence of a theoretical solution, investigations into the nature
of the gravity propulsion concept require a numerical solution of the Restricted
Three-Body Problem—an analytic method. It is clear, then, that this concept
could not have been explicitly formulated prior to obtaining this solution—the
three-body interactions are simply too complex and subtle to characterize and
quantify intuitively or by “back-of-the-envelope” means. And for mission design
purposes very precise trajectory solutions are required. The solution of this
problem was not available at the start of the 1960s and, moreover, it was re-
garded by astrodynamicists to be among the most difficult problems in celestial
mechanics.

As the previous discussion shows, a general propulsion concept that in-
volves propelling a vehicle around the Solar System with little or no rocket
propulsion, via planetary gravitational forces, was not even close to realization
in the minds of the professional astrodynamicists at the dawn of the 1960s. On
the contrary, since orbital energy was regarded by many as an invariant of mo-
tion, just the opposite was true. To be sure, many leaders in the field were fully

74




