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GRAVITY PROPULSION RESEARCH AT UCLA AND JPL 1962-1964

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

Abstract

This paper is the second in a series of IAF
papers describing the origin of Dr., Michael A.
Minovitch's invention of gravity-propelled space
travel, his early work in developing it, and how
the various NASA gravity-propelled missions origi-
nated from it. The first paper, entitled "The
Origin of Gravity-Propelled Interplanetary Space
Travel" (IAA-90-630), describes the origin of gra-
vity propulsion during the summer of 1961 within
the general engineering and theoretical framework
of astrodynamics as it existed at that time. This
paper covers the period from January 1962 through
September 1964 and describes the details of Mino-
vitch's gravity-propulsion research at UCLA and JPL
during this time.

Introduction

Prior to 1961, it was taken for granted that
the rocket engine, based on the reaction principle,
represented the only means for propelling a space
vehicle through the Solar System. These engines
were primarily liquid rocket engines developed
initially by Goddard in the United States and fur-
ther developed in Germany during World War II at
Peeneminde. Access to the planets was therefore re-
stricted by the inherent and well-known velocity
limitation of liquid rocket engines. The famous
Hohmann trajectory was universally accepted as the
minimum-energy and, thus, the optimal path for tra-
veling to the planets. But using this minimum-
energy trajectory for traveling to the most distant
planets requires unreasonably long trip times (se-
veral decades) and high launch energies. Trajec-
tories taking vehicles close to the Sun or out of
the ecliptic plane with a high inclination also re-
quire very high launch energy. As a result, only
a relatively small portion of the Solar System near
the ecliptic plane could be explored with space ve-
hicles. It was universally believed that explora-
tion of most of the Solar System would have to wait
until more exotic, high specific impulse nuclear
rocket propulsion and/or electric propulsion sys-
tems were developed. But because of severe tech-
nical problems, these advanced systems would become
available only in the distant future. Thus, for
all practical purposes, at the beginning of the
1960s, interplanetary exploration was limited es-
sentially to Venus and Mars.

In 1961, Dr. Michael A. Minovitch, then a gra-
duate mathematics and physics student from the Uni-
versity of California, Los Angeles (UCLA) working
at the Jet Propulsion Laboratory (JPL) as a tempo-
rary summer employee with no prior experience in
astrodynamics, formulated (on his own initiative)
the first numerical solution to the famous un-
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solved Restricted Three-Body Problem of celestial
mechanics, and used this solution to propose a
radically new method for propelling a space vehicle
throu%h the Solar System without reaction propul-
sion.” The method involved utilizing the gravita-
tional influence of an easy-to-reach nearby planet
to catapult a free-fall space vehicle to a more
distant planet -- a trip that would ordinarily re-
quire substantial rocket propulsion and/or trip
time using traditional direct-transfer trajecto-
ries. Moreover, Minovitch also recognized that by
utilizing a series of such trajectory-changing
planetary encounters, it is theoretically possible
for a free-fall vehicle to travel to many planets
without any onboard rocket propulsion (beyond that
required to reach the first planet and to correct
for minor trajectory errors). Since technical
problems prevented the development of nuclear and
electric propulsion, this innovation, which is
usually called "gravity-assisted" or "swing-by"
trajectories, represented the key propulsion break-
through that opened the entire Solar System to ex-
ploration using relatively small, chemically pro-
pelled launch vehicles. The Marinmer 10 Earth-
Venus-Mercury, 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 per-
pendicular to the ecliptic plane were made possible
by this innovation.

However, in 1961, many trajectory engineers
regarded Minovitch's concept -- space travel
around the Solar System without rocket propulsion--
a violation of the law of conservation of energy
and dismissed the idea as physically impossible.1
Minovitch, with a strong background in theoretical
physics, knew that the concept was not impossible
and in January 1962 began, on his own initiative
and independent of JPL, a large-scale research pro-
ject at UCLA to investigate the practical possi-
bilities.

The propulsion concept Minovitch envisioned
involved converting a small fraction of the or-
bital energies of a series of planets into propul-
sive thrust for a free-fall space vehicle relative
to the Sun by successive Three-Body gravitational
interactions. Consequently, unlike reaction pro-
pulsion, which required chemical and physical
laboratories to develop, Minovitch's concept of
"egravity propulsion' required a large computing
facility. At that time (January 1962), UCLA was
the only university in the western United States
that had a large IBM 7090 digital computer (one of
the rare "supercomputers' of that era). Minovitch
convinced UCLA's Department of Mathematics that
his concept of gravity propulsion was theoretically
possible, and the Department recommended funding
his proposed research project on the UCLA 7090 ma-
chine. By early April 1962, the results were so
encouraging that the University of California
granted Minovitch unlimited computer time on the
7090 machine with greatly increased funding. This
was the beginning of one of the most intense com=
putational research projects ever conducted at the



University of California. In June 1962, Minovitch
enlarged his research project to include two more
IBM 7090 machines at JPL. This quite unusual rela-
tionship between JPL, Minovitch, and UCLA lasted

from June 1962 through September 1964 and eventually

resulted in all of NASA's gravity-propelled inter-
planetary missions. It established a new under-
lying technical methodology for achieving interpla-
netary space travel throughout the entire Solar
System previously believed to be impossible without
exotic nuclear and/or electric propulsion.

This paper is the second in a series on the
historical development of gravity-propelled space
travel. The first paper1 presented a detailed ac-
count of the origin of gravity-propelled space
travel within the general engineering and theore-
tical framework of interplanetary space travel as
it existed at that time and covered the period from
spring of 1961 through December 1961. This paper
covers the two and a half years Dr. Minovitch
spent investigating his propulsion concept at UCLA
and JPL. It presents a detailed account of this
research from January 1962 through September 1964,
In some instances events occurring in 1965 are de-
scribed to continue the historical context of the
events in 1964. Numerous references to source ma-
terial are included to support the text. Direct
quotations from Dr. Minovitch are from a series of
recorded interviews conducted by Richard Dowling,
William Kosmann and Rex Ridenoure during the spring
of 1990 in Los Angeles, California.

Minovitch's Gravity-Propulsion
Research Project at UCLA

Although numerous books and articles have been
written on the effect gravity-propelled space travel
had on the history of interplanetary exploration,
nothing has ever been published describing the cru-
cial role that UCLA played in this development. To
understand this role, it is important to note that
UCLA was one of the few research centers that pio-
neered the early development of high-speed elec-
tronic computers and their use in numerical analy-
sis.

The UCLA Computing Facility

During the 1940s and 1950s, UCLA became one of
the world's leading research centers for numerical
research using high-speed electronic digital com-
puters. During the 1940s, UCLA's prestigious In-
stitute for Numerical Analysis, funded by the
National Bureau of Standards, owned and operated
one of the few General Electric Differential ana-
lyzers.?’? With the added support of the U.S. Air
Force and U.S. Navy, the Institute expanded its
basic research in the design and construction of
new high-speed electronic digital computers. This
research led to the creation of the SWAC (Standards
Western Automatic Computer) machine, which became
operational at UCLA in the early 1950s. At the
time of its dedication in August 1950, it was the
world's fastest electronic digital computer. *A

The Institute was located at the extreme nor-
thern part of the UCLA campus. The SWAC computer
was housed in a large wooden frame building that
also contained a library. This library, which con-
tained some of the most advanced books and journals
on mathematics and theoretical physics, was used
primarily by researchers using the SWAC computer.

Minovitch found this library ideal for his acade-
mic studies and used it during the latter part of
the 1950s. Although this library was not intended
for student use, the librarian recognized Mino-
vitch's attraction to mathematics and physics and
let him work there, often after closing hours.

The atmosphere in that small one-room library was
like that of a monastery.

Although Minovitch's academic interests were
in abstract mathematics (primarily differential
geometry) and theoretical physics, his proximity
to the SWAC computer and the Institute for Numeri-
cal Analysis induced him to take formal courses in
numerical analysis and in automatic digital compu-
ters. These courses, taken in 1957 when he was an
undergraduate, introduced Minovitch to numerical
methods for solving complex systems of differential
equations via integration/iteration techniques.
These courses played an important role in his study
of the Restricted Three-Body Problem in 1961 in
that he recognized that this problem could be
solved by these techniques by utilizing a high-
speed digital computer if a sufficiently accurate
initial approximation could be determined that
would converge to the real solution.

Toward the end of the 1950s, a much larger
IBM 709 computer was installed. A new research
center at UCLA was created around this computer
called the Western Data Processing Center (WDPC).
It was attached to UCLA's School of Business Admin-
istration and functioned as a cooperative data pro-
cessing research center involving many colleges
and universities in the western United States.®
In 1960, the 709 computer was replaced by what was
then the world's most powerful commercial digital
computer -- the IBM 7090. This multimillion-dollar
computer was so large and required so much air-
conditioning that its installation usually required
a specially-designed building. It represented a
quantum-leap in computer power and was regarded as
the "supercomputer" of that era.’ A special build-
ing was constructed at UCLA to house it.

At that time (1960) the Institute for Numeri-
cal Analysis became an adjunct of UCLA's Department
of Mathematics. However, a separate Department of
Computer Sciences was created under the direction
of Professor Charles Tompkins. Professor Tompkins,
who was a principal member of the Institute for
Numerical Analysis, became Director of Numerical
Analysis Research at UCLA. The UCLA Computing
Facility, also under the overall direction of Pro-
fessor Tompkins, operated the IBM 7090 computer
for WDPC. Actual operational control of the com-
puter was directed by Professor Frederick Hollan-
der.

Initial Research at UCLA

Having failed to interest JPL in his concept
of gravity-propelled interplanetary space travel
because of a fundamental misunderstanding in the
law of conservation of energy, Minovitch decided
on his own initiative (without informing JPL) to
conduct the numerical investigation of gravity
propulsion himself using the UCLA IBM 7090 com-
puter. This decision to pursue research outside
his field was carefully considered because, at
that time (January 1962), Minovitch was pursuing
an extensive series of graduate courses in ad-
vanced mathematics and physics.® However, his



rough slide-rule calculations made during 1961 in-
dicated that the trajectory of a free-fall vehicle
relative to the Sun could be radically changed
without rocket propulsion by detouring around an
intermediate planet that was not the target planet.
These slide-rule calculations were directed at
determining whether or not the theoretical concept
of multiplanet gravity-propelled interplanetary
space travel had any chance of being physically
realizable taking into consideration the actual
mass and radii of the various planets. These cal-
culations indicated that, under certain conditions,
the theoretical concept could become physically
realizable (i.e., the required distances of closest
approach to the planets' centers could be greater
than their radii). Therefore, in January 1962, it
was apparent to Minovitch that his concept offered
the real possibility of exploring the entire Solar
System with relatively small launch vehicles using
conventional chemical rocket propulsion. This was
a significant scientific discovery of major pro-
portions because at that time such a possibility
was believed to be an absolute physical impossi-
bility.!

The other important consideration that in-
fluenced Minovitch's decision to pursue this re-
search was more academic. The engineering feasi-
bility of gravity-propelled interplanetary space
travel rested on developing a valid numerical so-
lution to the Restricted Three-Body Problem. But
in January 1962, such a solution did not exist and
was considered to be one of the most difficult
problems of celestial mechanics.'’? However,
Minovitch knew that his vector methods of finding
an approximate solution to this problem that he
developed in 1961 must be fairly close to the
actual solution. Thus, since the differential
equations of motion of a body moving through the
Solar System under the influence of all the major
planets acting simultaneously are known exactly,
Minovitch realized that by applying methods of
integration/iteration differential corrections,
the system of Three-Body Problems could be solved
to any accuracy desired. The raw computational
power of a high-speed digital computer would make
this possible. Each successive critical planetary
approach trajectory designed to propel the vehicle
to the next planetary intercept could therefore
be determined to any desired accuracy. Minovitch
wanted to know if this were actually the case. If
it were, his work alsc represented an important
contribution to celestial mechanics -- the first
numerical solution to the famous unsolved Re-
stricted Three-Body Problem.

For these reasons, Minovitch decided to ini-
tiate a numerical investigation of his concept of
gravity-propelled space travel at UCLA simul-
taneously with his formal academic studies. Since
this investigation involved the construction of a
very large computer program and the numerical pro-
cessing of this program on a high-speed digital
computer, Minovitch had to convince the UCLA Com-
puting Facility of the scientific merit of his
concept of gravity-propelled space travel and his
proposed research project.

Although it was possible, in principle, for
students to gain access to UCLA's 7090 computer,
access was not automatic. Students who were
granted access were usually conducting research
on a dissertation project under the overall direc-

tion of a faculty member. The research Minovitch
wanted to conduct was not related to any disserta-
tion project and was not known to any faculty mem-
ber. 1In fact, it was not even related to his formal
academic curriculum., At that time, gravity-
propelled space travel (i.e., gravity propulsion)
was an entirely new idea in physics, mathematics,
and celestial mechanics. There were no "experts"
in this field because the field itself did not
exist. It was so new that many professional tra-
jectory engineers believed the basic concept itself
was a violation of a law of physics.®

Minovitch also felt that even if he were
granted time on the 7090 computer, it would not be
sufficient to conduct the type of investigation he
was contemplating. At that time, UCLA was the only
university in the western United States that had a
large digital computer. WDPC was organized to
share this computer with about seventy leading uni-
versities and colleges (such as Stanford, Caltech,
UC Berkeley, etc.). There were many faculty mem-
bers and other researchers from each of these uni-
versities who had important research projects re-
quiring computer analysis on the UCLA 7090 machine.®
For example, essentially all computer analysis of
nuclear physics experiments conducted by the giant
accelerators at the UC Berkeley Lawrence Laboratory
was done on the UCLA 7090 computer. Thus, the de-
mand for computer time on the UCLA 7090 was very
great., All of this was on Minovitch's mind when he
discussed his proposed research project with Fred-
erick Hollander in January 1962.

Hollander expressed sincere interest in and
was intrigued with Minovitch's concept of gravity-
propelled space travel. Having had some experience
in astronomical calculations prior to coming to
UCLA, Hollander did not object to Minovitch's idea
of propelling a space vehicle from planet to planet
around the entire Solar System using the orbital
energy of passing planets to effect trajectory
changes instead of onboard rocket propulsion. Mino-
vitch also described his efforts to interest JPL in
this concept and how it was rejected on fundamental
grounds. Trajectory research for space travel was
the proper domain for JPL, but Hollander evidently
realized that Minovitch's concept of space travel
went beyond the standard engineering of trajectory
determination and into a new and unfamiliar area
intimately connected with the unsolved Three-Body
Problem,

Despite his interest, Hollander did not have
the mathematical expertise to evaluate the merits
of Minovitch's proposed solution.!? He understood
that the propulsion concept Minovitch was proposing
was useless without a valid solution to the Re-
stricted Three-Body Problem, but he also knew that
no such solution existed. Thus, he was apprehen-
sive about granting Minovitch access to the UCLA
7090 to calculate trajectories that are supposed
to be unsolvable (i.e., noncomputable). Hollander
knew that there was one applied mathematician,
Professor Peter Henrici, in UCLA's Department of
Mathematics who was familiar with the Three-Body
Problem and qualified to evaluate Minovitch's pro-
posed solution. Hollander told Minovitch that if
he could get Henrici to evaluate the basic sound-
ness of his solution and recommend computer time
on the 7090 under his sponsorship within the
Department of Mathematics, then he (Hollander)
would urge the facility director, Dr. Tompkins,



to approve Minovitch's application for computer
time.

January 1962 Meeting with Professor Peter Henrici

Minovitch understood Hollander's position and
the condition he laid down for gaining access to
the UCLA 7090 computer. But Minovitch was not com-
fortable about meeting this condition. The fron-
tiers of scientific research are frequently accom-
panied with undesirable personal jealousies, egos,
and professional rivalries which stem from basic
human emotion that can seriously impede scientific
progress. 1f the stakes are high -- if the impli-
cations of the scientific discoveries are of a
revolutionary nature -- these undesirable human as-
pects can be intense. Thus, Minovitch was not look-
ing forward to meeting a professor of mathematics
who evidently spent part of his professional career
working on the unsolved Three-Body Problem (and
Poincaré's proof of its analytic insolvability?!)
and essentially telling him that he (Minovitch), a
mere graduate student, working in the field for
only three weeks, believed that he had developed
the first numerical solution for not only this
problem, but a much more difficult system of Three-
Body FProblems.

In contemplating the meeting with Henrici,
Minovitch decided to rely on the strength of his
mathematical formulation and emphasize the fact
that the numerical solution of any system of dif-
ferential equations could, in principle, be obtained
by differential iteration techniques where each
iterant is obtained by a detailed numerical inte-
gration process. Since Henrici himself taught
these techniques in his graduate courses and semi-
nars on the numerical solution of systems of dif-
ferential equations, and was familiar with the
enormous computational power of a high-speed digi-
tal computer, Minovitch felt that there was a good
chance to win his support. But the crux of the
problem was obtaining a system of differential cor-
rection integration/iteration processes (with six
independent variables) that simultaneously con-
verged to a solution. In the case of the Re-
stricted Three-Body Problem, the initial approxi-
mation had to be very close to the actual solution
to ensure convergence (see page 4, ref. 1). Mino-
vitch had to convince Henrici that the vector
methods he developed during the summer of 1961,
incorporating a moving sphere of influence, and his
method of decoupling the Three-Body Problem into a
system of Two-Body Problems would provide a suffi-
ciently accurate initial approximation that would
converge to the exact solution. Minovitch recalls
the meeting with Henrici in January 1962 in his
office in Royce Hall:

"Henrici was intrigued with my idea of
gravity-propelled space travel from the
beginning of our conversation. I de-
scribed how I invented the concept while
working at JPL during the summer of 1961
and showed him a copy of my August 23,
1961 paper [10]. I described my ex-
perience with [Victor] Clarke during
December 1961 and his rejection of the
concept on fundamental grounds. Henrici
said that my concept did not violate any
law of physics but it required the solu-
tion of the unsolved Restricted Three-
Body Problem. I described the vector
methods I developed for representing

conic trajectories in three-

dimensional space and how I used these
methods, together with Tisserand's
sphere of influence, to obtain an ap-
proximate solution by patching the
asymptotes of each hyperbolic en-
counter trajectory to the pre-

encounter and post-encounter legs

to obtain a smooth continuous tra-
jectory from planet to planet around

the Solar System from start to finish.

I described why conventional rocket-
propelled space travel is so difficult
by describing the exponential nature

of the rocket equation, and how my
method of space travel could, by cir-
cumventing rocket propulsion, lead to

a significant breakthrough in the ex-
ploration of the Solar System. I told
him I wanted to investigate this problem
on the UCLA 7090 because it was not going
to be investigated at JPL and because I
believed it represented a solution to the
unsolved Restricted Three-Body Problem.
Without any hesitation, Henrici signed
my application for computing time and

he wished me good luck with the project.
The meeting was over in about fifteen
minutes."

Minovitch took the signed application'? to the
UCLA Computing Facility office and Hollander signed
it on January 17, 1962. The next day, Minovitch
received official notification that his application
was approved for 14 hours of 7090 time and was
given the project designation MA-11,%'2

Constructing the Computer Program

The research project Minovitch began in Jan-
uary 1962 involved advanced celestial mechanics
and applied mathematics. But Minovitch had little
expertise in either of these fields. His only ex-
perience in FORTRAN programming was a small amount
he picked up at JPL during two weeks in December
using a very small IBM 1620 computer with the help
of Helen Ling (who is still at JPL). But Mino-
vitch was so convinced that he was onto something
very important that he simply decided to proceed
on a "learn-as-you-go" basis. Thus, he began his
research project by enrolling in a one-week ac-
celerated course in FORTRAN programming at WDPC.

One of the most basic and important aspects
of his research project would involve calculating
accurate planetary position vectors. This required
an accurate planetary ephemeris (a numerical table
of each planet's position vector over time). Mino-
vitch wanted accuracy in his trajectory calcula-
tions because he viewed his analysis as generating
actual realizable numerical solutions to the Re-
stricted Three-Body Problem. His propulsion con-
cept could be utilized only if the corresponding
N-Body solution trajectories (i.e., the actual tra-
jectories that would result in the real Solar Sys-
tem where all the mass bodies exert gravitational
forces on the vehicle simultaneously and con-
tinuously) were calculable from his patched-conic
approximations. Initially, he planned to accom-
plish this by calculating the time a vehicle
enters a sphere of influence and the corresponding
position and velocity vectors. This data would
then be sufficient to begin an integration/
iteration differential correction process using



the differential equations of motion corresponding
to all of the major bodies in the Solar System ex-
erting gravitational forces on the vehicle simul-
taneously that would converge (hopefully) to the
exact vectors (approach trajectory) in the real
N-Body case that would be required to gravita-
tionally catapult the vehicle to the next planet

in the encounter sequence. Finding an initial ap-
proximation to these vectors that would converge to
the actual N-Body vectors was equilavent to finding
a numerical solution to the N-Body Problem. This
is what Minovitch believed his patched-conic tra-
jectory calculations would do and why he needed an
accurate ephemeris.

During the summer of 1961, Minovitch learned
that JPL was using a high-accuracy British plane-
tary ephemeris for all their interplanetary trajec-
tory calculations. This ephemeris was given in a
book?? published in England. Before leaving JPL in
September 1961, Minovitch wrote the publisher for a
personal copy of this book, which arrived on De-
cember 13, 1961. The hook listed the heliocentric
equatorial coordinates x, y, z of each planet at
regular time inctervals from 1960 through 1980.
After completing the FORTRAN programming course,
Minovitch set out to actually keypunch onto data
cards the entire planetary ephemeris of all nine
planets given in this book. This was a very ted-
ious and difficult process. He had no experience
in typing or keypunching, and every number had to
be error-free. Each data card had a six digit
Julian Date (a numerical equivalent of calendar
date), three x, y, z, position coordinates, and an
integer n that identified the planet (one through
nine). The result was a hand-made planetary ephe-
meris consisting of about 4,000 data cards. These
data cards were transferred onto an input data tape
(ephemeris tape) and fed into the 7090 core along
with the FORTRAN gravity propulsion computer pro-
gram. The computer program was designed with a
subroutine that would use the planetary ephemeris
data to calculate the position and velocity vec-
tors of any planet at any time between 1960 and
1980. It took Minovitch approximately two weeks
of keypunching to construct this ephemeris.

[he vector techniques Minovitch developed for
solving the Restricted Three-Body Problem were
based upon representing a conic trajectory in

hree-dimensional space by two orthogonal vectors
e and h instead of the usual six orbital element
scalar representation. The details are given in
his 1961 paper.’ However, that paper used a com-
plicated method for calculating the e vector of a
trajegtory passing between two given position vec-
tors Ry and Rz corresponding to possible inter-
planetary legs. Shortly after that 1961 paper was
written, Minovitch developed a simple equation to
galculage the e vector from a linear combination of
R1 and R; with some auxiliary equatiogs Ecr+deter—
mining the scalar coefficients (e = aR; + BR3z).
This formulation made the analysis more elegant
and was incorporated into the FORTRAN program. The
basic computer code that he developed for the pro-
gram closely followed his 1961 paper.'’

The computer programl“ was designed to calcu-
late gravity-propelled interplanetary trajectory
profiles of the general form Pg - P; - P2 - . . .

- P (2 <n < 9) where Py denotes the launch planet.
Anynplanét P, (i=1, 2, . , n) in any en-
counter sequéence could be any of the nine planets

in the Solar System, Mercury to Pluto. The number

of different planetary encounter sequences in a two-
planet, gravity-propelled trajectory Py - Pb - P;
is equal to 9° = 9x9x9 = 729. There are 9'° differ-
ent planetary encounter sequences for gravity-pro-
pelled trajectories having nine planetary encounters
Pp -Py -P2-...=-Pg . Thus, the computer pro-
gram was capable of determining a total of 9 + 9“ 4
. .+ 9% = 3,922,633,349 different gravity-pro-
pelled trajectory profiles (having launch and en-
counter dates within the 1960-1980 planetary ephe-
meris).

Fig. 1 is a reproduction of the first two pages
of Minovitch's UCLA 7090 gravity-propelled multi-
planet trajectory program. The trajectory profile
matrix NP(I,J) defined the planetary encounter se-
quence for the J'th mission. For example, if the
trajectory profile of the third mission were Earth-
Venus-Mars-Jupiter-Saturn-Pluto, the third row vec-
tor of the mission matrix input data would be NP(I,3)
= (3,2,4,5,6,9), where the planets are represented
by the usual integers 1 through 9. The program had
the capability of analyzing up to ten different tra-
jectory profiles for each run (J = 1 to 10).

The underlying principle of gravity-propelled
interplanetary space travel involves launching a
vehicle to the first planet P; with low launch en-
ergy via conventional rocket propulsion and then
propelling the vehicle around the Solar System with-
out rocket propulsion via the gravitational forces
generated by each successive planetary encounter.
Thus, the launch dates To must be confined to the
various launch windows for conventional transfer
Py - P, trajectories which represent the first leg
of gravity-propelled multiplanet trajectories. In
January 1962, Minovitch did not know where these
various launch windows were during the twenty-year
1960-1980 time period. Therefore, he also con-
structed a separate direct-transfer trajectory com-
puter program to determine these launch windows.

The general methodology Minovitch initially
planned for his research project involved first de-
termining the various Pp - P; launch windows via the
direct-transfer program and then sweeeping through
each Py - P; launch window with the more complicated
gravity-propelled computer program to investigate
various gravity-propelled trajectories of the gen-
eral form Py - P; - , . . P_ where 2 $ng 9. But
there was one important aspgct in this plan that
was completely unknown to Minovitch. Since he had
no previous programming experience with the 7090
machine, he had no idea how long it would take to
compute a gravity-propelled trajectory assuming
that the program worked properly (without hanging-up
in any infinite loop). For example, he didn't know
whether it would require 3 seconds, 30 seconds, or
300 seconds to calculate an n = 3 type trajectory.
If the calculation took a long time, the time re-
quired to conduct even a rough numerical investi-
gation would be astronomical due to the vast number
of possible encounter sequences. He concluded that
it would be prudent to devise a method whereby
planetary encounter sequences could be inspected
visually before any extensive numerical computa-
tions were made. Those encounter sequences that
appeared to require negative distances of closest
approach were eliminated from the numerical in-
vestigaticn. Consequently, Minovitch constructed a
large collection of diagrams illustrating relative
planetary positions corresponding to each year from
1965 to 1980.'° Trajectory profiles with planetary
encounter sequences requiring retrograde
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post-encounter legs P, - P were identified from
these diagrams and elﬁminatgd from the numerical
investigation.

With the aid of his diagrams, Minovitch iden-
tified approximately 200 different planetary en-
counter sequences that appeared to be good candi-
dates for realizable gravity-propelled multiplanet
trajectory profiles. Among those 200 candidates
were Earth-Venus-Mercury trajectories (one of which
was used in the Mariner 10 mission); Earth-Venus-
Mars trajectories; Earth-Venus-Mars-Earth trajec-
tories (which became known as the ''Venus swingby
mode" for round-trip missions to Mars); Earth-
Jupiter-P; trajectories where P; = Saturn, Uranus,
Neptune, or Pluto (which were used in the Pioneer
and Voyager 1 missions); Earth-Jupiter-Saturn-
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Fig. 1 Reproduction of the first two pages of
Minovitch's UCLA gravity-propelled 7090
FORTRAN computer program. The input mis-
sion matrix NP(10,10) defined the plane-
tary encounter sequences. Listing made
March 1962, Research Project MA-11, UCLA
Computing Facility.

Fig, 2 Reproduction from one page of Minovitch's
1962 UCLA research notebooks showing the
relative positions of the outer planets on
January 1, 1977 which he used for visually
identifying possible gravity-propelled
multiplanet encounter sequences prior to
the numerical investigation. The heavy
dots indicate the planetary positions of
Jupiter, Saturn, Uranus, Neptune and Pluto
moving in their respective orbits.

Fig. 2, taken from a page of one of Minovitch's
UCLA research notebooks, illustrates the relative
positions of the outer planets corresponding to
January 1, 1977.'% A Total of 34 such diagrams were
constructed (17 involving the inner planets and
17 involving the outer planets). Fig. 3, another
reproduction from the same notebook, shows a por-
tion of the numerous planetary encounter sequences
for gravity-propelled multiplanet trajectories that
appeared to be reasonable based on the planetary



configuration diagrams.15 Those sequences that

appeared to be realizable (having positive dis-
tances of closest approach) were identified with
stars (*). The particular planetary encounter
sequence described by the series 3-5-6-7-8 corres-
ponds to the Voyager 2 mission launched in 1977.
The diagrams and the possible planetary encounter
sequences identified therefrom were constructed
during February 1962, prior to the numerical
investigation.
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Fig. 3 Reproduction from the same notebook shown
in Fig. 2 illustrating a small fraction
of the numerous planetary encounter se-
quences for gravity-propelled space travel.
Minoviteh identified those sequences from
the planetary configuration diagrams that
appeared to be realizable (having positive
distances of closest approach) with stars
(*). Minovitch identified approximately
200 possible encounter sequences in Feb-
ruary 1962,

Constructing the gravity-propelled trajectory
program was very difficult because of its size and
complexity. At that time, the average FORTRAN
program constructed by beginning programmers was
about 20 to 50 lines long. Minovitch's program
was about 1,000 lines long with many branching
subroutines. The process of getting the program
running on the computer and "debugging" it took
several weeks. The standard procedure involved sub-
mitting one run at WDPC with a maximum time limit
of about ten minutes and studying the results the
next day. Corrections would be made and the pro-
gram would be resubmitted for another run. This
one-test-run-per-day process was too time consuming
for Minovitch, so in addition to these regular one-
a-day runs, he took advantage of a special one-hour
time slot between 12 midnight and 1:00 AM during
which time more than one run was allowed. Thus,
by using this time period, three or four test runs
could be made each night in addition to the regular

daytime runs, But these night test runs were
limited to only five minutes of computer time. Un-
fortunately, Minovitch's program was so large that
the various FORTRAN system compilers used by the
7090 for transforming the program's FORTRAN code
into machine language for execution required almost
five minutes. Consequently, every time Minovitch
submitted his program for debugging, nearly five
minutes of valuable 7090 computer time was expended
on FORTRAN compiling before any program execution
was reached. This was very frustrating because
program execution during these test runs was essen-
tial to check various parts of the program.

One particulary vexing problem that caused the
program to hang-up in an infinite loop for no ap-
parent reason was due to round-off errors. At that
time, the IBM 7090 performed numerical calculations
with seven-digit accuracy, but the accumulated ef-
fect of round-off errors introduced unexpected nu-
merical instabilities that were difficult to iden-
tify. These problems were not very well understood
in the basic design of digital computers at that
time and very little literature was written about
it. Since the computer's arithmetic operations
were supposed to operate with an accuracy of seven
significant digits, Minovitch assumed that he could
obtain this accuracy in solving the various equa-
tions. In practice, however, only six figure accu-
racy could be obtained. It took a long time to
understand this problem and to build the necessary
logic to avoid infinite loops caused by round-off
errors. Since Minovitch required the highest
possible accuracy to obtain converging differential
correction iterations for solving the Three-Body
Problems, he was pushing the computer to its ulti-
mate operational limits.

All of this work -- including learning FORTRAN
programming on the IBM 7090, constructing the direct
transfer program, constructing the gravity-
propelled trajectory program, constructing the
planetary ephemeris, and identifying the 200 pos-—
sible gravity-propelled trajectory profiles --
consumed approximately two and a half months.
during this time, Minovitch was simultaneously
taking a full load of advanced graduate courses in
mathematics and physics.) Unfortunately, at the end
of that time, Minovitch had used up nearly all of
14 hours of IBM 7090 computing time that was ori-
ginally allocated by WDPC to conduct the research
under project MA-11.!® However, many interesting
realizable gravity-propelled trajectory profiles
were uncovered during this debugging and testing
period that he knew would have important conse-
quences for exploring the Solar System. Among these
realizable profiles were Earth-Venus-Mercury tra-
jectories; Earth-Venus-Mars trajectories (which had
the potential of doubling the frequency of launch
windows for missions to Mars); Earth-Venus-Mars-
Earth trajectories (which could be used for non-stop
manned reconnaissance missions to both Venus and
Mars); and Earth-Jupiter-Saturn trajectories.

(And

But in March 1962, Minovitch was primarily con-
cerned with debugging the trajectory programs and
eliminating the unexpected infinite loops. These
isolated examples of gravity-propelled trajectories
had relatively high launch energies. In order to
demonstrate that the concept of gravity-propelled
interplanetary space travel was not just an in-
teresting theoretical curiosity of celestial bil-
liards, but rather a fundamentally new and powerful
propulsion concept that could provide an inexpensive



means for exploring the entire Solar System, Mino-
vitch had to find gravity-propelled trajectories
with very low launch energies and an abundance of
launch windows. However, by this time, he had
gained enough experience using the 7090 computer
to determine that the numerical computation of
each n = 2 type gravity-propelled trajectory cor-
responding to a given launch date T and time of
closest approach T; at P; would require about 40
to 50 seconds of computing time. (This minimum
computing time rapidly increased when n increased
because the post-encounter trajectories were not
unique for any encounter sequence and initial
values for Ty and T;). Consequently, this made it
impossible to numerically determine the best en-
counter sequences Pg - P - P2 - . . - Pn for
gravity-propelled trajectories corresponding to
each Py to P; launch window spanning the time
period 1965-1980. This situation would require
an enormous amount of computing time and an ex-
tended planetary ephemeris because multiplanet
missions involving the outer planets require trip
times of a decade or more.

Increasing Support From UCLA -- Unlimited Computing

Time

Near the end of March Minovitch explained to
Hollander that he was running out of computing
time’® and requested more time to continue the in-
vestigation. He showed Hollander some of the
gravity-propelled trajectories he discovered and
explained how the existence of these trajectories,
and the propulsion concept behind them, altered the
prevailing technical principles of interplanetary
space travel which were based upon reaction pro-
pulsion and Hohmann transfer trajectories believed
to be the two unchangeable pillars of interplane-
tary space travel. More computing time would un-
doubtedly uncover many more gravity-propelled tra-
jectories. Minovitch described various encounter
sequences and the vast number of different en-
counter sequences that could be used to explore
the entire Solar System. The continued computa-
tional investigation was important in order to
identify those encounter sequences having low
launch energy and positive distances of closest
approach. Hollander was intrigued with the possi-
bility of exploring many planets in the Solar
System with only one vehicle without any rocket
propulsion beyond that required to reach the first
planet and realized the potential revolutionary
impact the concept had for planetary exploration.
The possibility that Minovitch had numerically
solved the Restricted Three-Body Problem and went
on to use his solution to transform the basic
theory of rocket-propelled interplanetary space
travel into a gravity-propelled multiplanet celes-
tial ballet around the entire Solar System --
using the Solar System's own orbital energy for
propulsion -- was evident. Talks with Henrici may
have also convinced Hollander that Minovitch may
have indeed solved the Restricted Three-Body
Problem and, if he did, his concept of gravity-
propelled interplanetary space travel would really
be possible. Hollander told Minovitch that it
might be possible to obtain a special research
status usually reserved for UCLA faculty members
who needed extensive computer time, but the de-
cision could only be made by the Director of WDPC.

The decision came on April 2, 1962. Minovitch
was given a special "stand-by" classification that
would enable his programs to be run on a time-

available basis, usually late at night, But most
importantly, he was given access to the IBM 7090
computer without any time limitations -- a most un-
usual privilege for a third-year graduate student.
Minovitch was also given the unusual privilege of
having his name listed as the "principal investi-
gator" -- a title usually reserved for faculty
members from UCLA or other universities. The re-
search project was given a Computing Facility iden-
tification number, CF - 09.'7 The fact that the
UCLA Computing Facility was, at that time, being
used by UCLA and 70 other leading universities --
with hundreds of research projects using the same
computer -- demonstrates the high regard the faci-
lity had for Minovitch's concept of gravity-
propelled interplanetary space travel and the nu-
merical investigation of it.

Beginning the Systematic Numerical Investigation
At UCLA

Since the number of possible planetary en-
counter sequences Pg - Py - P2 = . . ., = Pn is so
enormous (nearly four billion) the gravity-propelled
trajectory program was designed to numerically ana-
lyze up to ten different encounter sequences for
each run. Each encounter sequence could begin at
any planet Py (usually Earth) and could have as
many as nine planetary encounters with any of the
nine planets in any order. Each encounter sequence
covered a given range of launch dates and first
planetary encounter dates that spanned a P; - P;
launch window identified by the one-way trajectory
program. Consequently, if the time increments be-
tween successive launch dates Ty and successive
arrival dates T, were small (e.g., two days),
hundreds of trajectories would be calculated for
each encounter sequence. Therefore, the input tra-
jectory profile mission matrix NP(I,J) for each
computer run could keep the program running for
several hours.

When the research project was given the special
CF-09 "stand-by'" classification, the program was
modified to take advantage of a special feature in
the IBM 7090 system that enabled a program to be
interruptable. By depressing certain switches on
the computer's control console, the entire core
could be dumped onto a special "save tape." When
the next block of computing time became available,
this save taP€ would be fed back into the com-
puter's core and the computations would continue
as though no interruption had occurred. The output
data was recorded on two different output tapes
printed at the end of each run. One output tape
was used for recording only a few key trajectory
parameters (such as launch energy, trip times for
each leg, distances of closest approach etc.) while
the second output tape was used for recording many
trajectory parameters such as position and velocity
vectors and orbital vectors entering each planetary
sphere of influence. These parameters were needed
for calculating the exact trajectories via an in-
tegration/iteration process corresponding to the
real Solar System where the vehicle's motion is
influenced by the gravitational fields of many
planets acting simultaneously.

The direct-transfer programls was designed to
calculate transfer trajectories for up to ten dif-
ferent Pyg - P; profiles (e.g., Earth-Venus,
Earth-Mars, Mars-Venus, Earth-Jupiter, etec.) for
each run. The input data covered a given range of
launch dates and arrival dates for each trajectory



profile. The program was designed to determine

the launch windows and specific launch dates T, and
arrival dates T; corresponding to the minimum en-
ergy trajectories in each window for each profile.
This program was also designed to be interruptable.

Meeting With Clarke, April 7, 1962 At JPL

Although Minovitch was given essentially un-
limited access to the UCLA 7090 computer, there was
a minor problem involving computer paper. Due to
a complicated arrangement at UCLA's Computing Fa-
cility, the funding for computer paper was separate
from that used for operating the computer. The
research project did not provide for the paper,
which was then $10 per box. Since Minovitch was
preparing such a huge computational research pro-
ject, he decided to investigate the possibility of
obtaining this paper from JPL without cost.
Shortly after April 2, 1962, heqcalled Victor Clarke
(head of JPL's trajectory group ), told him about
his UCLA research project, and inquired whether
JPL could give him some of their computer paper.
Clarke was surprised to hear about the UCLA re-
search project but said that JPL could supply the
paper. A meeting was arranged which took place at
JPL on Saturday afternoon April 7, 1962 in a con-
ference room on the second floor of Building 202.
Minovitch recalls this meeting with Clarke:

"When we met that Saturday afternoon, I
described my 7090 gravity-propelled tra-
jectory program that I constructed at
UCLA and various technical aspects, such
as its versatility in computing a gravity-
propelled trajectory profile with any
planetary encounter sequence Py - P} -
Py - . =P (2 <n<09) and the fact
that I had keybunched the entire British
planetary ephemeris book [13] onto data
cards. At that time JPL was using the
same book for their planetary ephemeris
because it was then the most accurate
planetary ephemeris available. Clarke
indicated that JPL might be willing to
buy my program and asked me how much
money I wanted for it. This question
took me somewhat by surprise. Clarke
evidently failed to understand that I
was conducting a serious and large-scale
research project at UCLA on a new con-
cept for propelling a space vehicle
around the Solar System -- a concept
that I invented at JPL the previous sum-
mer, and which he had rejected as viocla-
ting the law of conservation of energy
[1]. Possible monetary gain had no bear-
ing on my motivation for conducting the
research. Although I was still a gra-
duate student, I was doing what I de-
voted my entire life to -- pure scien-
tific research. However, without men-
tioning it, I also felt that since he
was now offering to buy the program,

he must have convinced himself since

our last meeting in December 1961 that
my ideas about space travel did not
violate any law of physics. I ex-
plained to him that I was not interested
in selling the program, but, like any
other scientist, I was interested in
preserving my claim on the propulsion
concept it was based on and recognition
for any possible benefits that might

result from it, It was implicity clear
that in the context of the conversation
with Clarke that I would never have any
problems regarding propriety. My per-
sonal relationship with Clarke was very
cordial at that time, so the thought of
asking him to sign a formal document de-
scribing the circumstances and origin of
my concept of space travel and my UCLA
research project never entered my mind.
At that time, he may have believed that
although my propulsion concept might be
theoretically possible, it would most
likely be an impractical substitute for
onboard rocket propulsion, and that the
required planetary approach guidance
would be impossible to achieve."

The JPL Tests That Confirmed Minovitch's Numerical
Solution Of The Unsolved Restricted N-Body Problem
_0Of Celestial Mechanics

There was another reason why Minovitch de-
cided to contact JPL in early April 1962. Before
beginning his large-scale research project at
UCLA, he wanted to know if his anmalytical methods
really did represent a valid numerical solution
to the Restricted Three-Body Problem. At that
time, JPL had a high-precision trajectory inte-
grating computer program incorporating the dif-
ferential equations of motion corresponding to the
real Solar System where all of the major bodies
influence the motion of a free-fall space vehicle
continuously and simultaneously.lg If the position
and velocity vectors of a free-fall vehicle were
known at any time, this program was capable of
determining its exact position and velocity vectors
at any future time by a numerical integration pro-
cess. Minovitch asked Clarke if this JPL inte-
grating program could be used in a numerical dif-
ferential correction integration/iteration process
to determine whether his gravity-propelled tra-
jectory program was capable of determining suffi-
ciently accurate approximate encounter trajectories
that would converge to the exact trajectories re-
quired to gravitationally catapult a free-fall
vehicle to each successive planet in the encounter
sequence. Clarke indicated that this could be
done and indicated that Gene Bollman, a JPL tra-
jectory analyst in Clarke's group, could perform
the test if Minovitch provided a gravity-propelled
sample trajectory.

Minovitch left JPL that Saturday afternoon
with three boxes of computer paper and an under-
standing that JPL would supply his UCLA research
project with all the paper he needed. (Many sub-
sequent boxes of computer paper were delivered to
WDPC via JPL delivery vans.)

When Minovitch contacted Bollman about the
test, Bollman indicated that the actual numerical
iteration process would also involve two encounter
parameters (B+T) and (B+*R) for each planetary en-—
counter.?’ Minovitch modified his prograle to
calculate these parameters and mailed Bollman two
gravity-propelled trajectories of the form Earth-
Venus-Mars-Earth for the tests. The iteration
generated very rapid convergence to the exact tra-
jectories. The tests were a tremendous SUCCess.

The exact encounter trajectories would have
been impossible to calculate at that time without
using Minovitch's conic approximations as a



starting point from which to begin the converging
integration/iteration process.” When Minovitch re-
ceived the good news from Bollman, he knew that he
had in fact developed not only the first numerical
solution to the unsolved Restricted Three-Body
Problem and the more difficult N-Body Problem, but
also a solution to the much more difficult problem
of determining gravity-propelled trajectories that
would catapult a free-fall spzce vehicle around the
Solar System from one planet to another, having
essentially any number of planetary encounters,
without any rocket propulsion. (This was a system
of N-Body Problems.) The solution represented a
significant achievement in celestial mechanics.

But Minovitch did not publish this historic
achievement, nor did he seek any recognition for
it. His daily course studies and the ongoing
gravity-propulsion research kept him very busy.
But he knew that his work had now penetrated the
frontiers of a major field of scientific research,
celestial mechanics, and that he was working in
uncharted territory. Hollander was very pleased
to hear about the successful tests and increased
the UCLA support by giving Minovitch a room in the
WDPC building to use for his research project.

Increasing The Scope Of The Numerical Investigation

After the successful tests at JPL, Minovitch
turned his attention to mapping out a long-term
systematic numerical investigation of his concept
of gravity-propelled interplanetary space travel.
He initially confined the numerical investigation
to trajectories with launch dates within the 1965-
1974 time period in order to uncover those trajec-
tories that could be used for exploring the Solar
System in the near term. (This time period was also
imposed by the ephemeris limitations which had the
effect of making 1980 the upper bound for all pla-
netary encounter dates T, (see ref. l4). Unfor-
tunately, it was ap arené from the planetary con-
figuration diagrams ® that the most favorable tra-
jectory profiles having multiplanet encounter se-
quences involving the outer planets (such as Earth-
Jupiter-Saturn-Pluto; Earth-Jupiter-Saturn-Uranus-
Neptune; etc.) would have launch dates Ty outside
this launch interval [with encounter dates T
(i =1,2, * * * n) beyond 1980] and would require
an extended planetary ephemeris. However, this
situation did not make it impossible to calculate
some trajectory profiles involving the outer
plarets with the 1960-1980 ephemeris.

Much of Minovitch's earliest gravity-propelled
trajectory calculations involved the outer planets
because these planets had the greatest mass and
generated the most spectacular gravity-propelled
trajectory changes relative to the Sun. In early
April, after obtaining unlimited computer time for
his research project,he used several hours comput-
ing Earth-Jupiter launch windows?? with his direct-
transfer program13 and used these windows to cal-
culate numerous gravity-propelled multiplanet tra-
jectories of the form Earth-Jupiter-Saturn; Earth-
Jupiter-Mercury; Earth-Jupiter-Venus; Earth-Jupiter-
Earth; and Earth-Jupiter-Mars. These preliminary
computer calculations using Jupiter as the primary
propulsion planet were then compared with earlier
slide-rule calculations. The determination of
distances of closest approach was an important
parameter. They were very large, which indicated
that Jupiter could be used for obtaining unusual
post-encounter trajectories such as solar escape,

10

solar impact, or out-of=-ecliptic trajectories pre-
viously designed with direct-transfer trajec-
tories. But many encounter sequences such as
Earth-Jupiter-Uranus or Earth-Jupiter-Saturn-
Uranus-Pluto, etc., went beyond the limits of the
British ephemeris and produced no numerical results.

Figs. 4 and 5 are reproductions of some of
Minovitch's early direct-transfer trajectory cal-
culations to Saturn®® and Pluto?® respectively that
he made in April 1962 for comparison with gravity-
propelled multiplanet trajectories involving the
outer planets that ended at these planets (such as
Earth—Jupiter-Saturn and Earth-Jupiter- P; - * * *

- Pluto where the intermediate propulsion
p&aﬁets P = 2,3, » » + , n-1) = Saturn, Uranus
or Neptune) Unfortunately. the encounter dates
corresponding to the gravity-propelled multiplanet
trajectory profiles to Pluto went beyond the range

of the British planetary ephemeris and could not
be numerically computed.
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Fig. 4 Reproduction of some of Minovitch's direct-
transfer Earth-Saturn trajectory calcula-
tions that he used for comparison with
Earth-Jupiter-Saturn gravity-propelled tra-
jectories, Listing made April 1962,
Research Project CF-09 , UCLA Computing
Facility.
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Fig. 5 Reproduction of some of Minovitch's direct-

transfer Earth-Pluto trajectory calcula-
tions that he made for comparison with
various Earth - Jupiter - P, - « =«
Pluto gravity-propelled tra}ectories.
Listing made April 1962, Research Project
CF-09 , UCLA Computing Facility.

Minovitch did not view this situation as a
serious impediment to his overall research project
because the Earth-Jupiter launch windows for
gravity-propelled multiplanet trajectories involv-
ing the outer planets occurred after 1975, which,
in 1962, looked a long way off. Most of the real
excitement that gripped the world at the dawn of
interplanetary space travel sprang from the possi-
bility of a manned landing mission to Mars2® and



that susg a mission would discover life on that
planet,

Venus And Exploring The Inner Solar System

At the beginning of 1962, serious plans were
being proposed for carrying out a manned mission
to Mars after the Apollo lunar landing missions.?®
But these plans were all based on classical direct-
transfer trajectories, which made manned missions
to Mars extremely difficult. For example, if the
departing and returning trajectories are based on
near-Hohmann minimum energy transfer trajectories,
which (on the average) are 258 days long, the re-
quired stay-time on Mars before returning to Earth
would be about 455 days. This is because the Mars-
Earth launch windows occur about 60 days before the
Earth-Mars launch windows, and these launch win-
dows are separated by 780-day intervals. This fact
was discovered by Hohmann in the mid-1920s and was
accepted at the beginning of the 1960s as an un-
avoidable consequence of basic planetary motion
which could not be circumvented. Qutoing directly
from page 392 of the famous Willy Ley book??
"There is no other way out but to linger on or near
Mars until Mars is ahead of the Earth, which means,
of course, until the Earth is behind by having com-
pleted more than one full revolution around the
Sun. This waiting period is unfortunately rather
long; it amounts to 455 days. Thus, the round trip
to Mars requires 258 + 455 + 258 = 971 days or
about two years and eight months."

Since manned interplanetary missions this long
were believed to be beyond human endurance, the
transfer trajectories had to be far from Hohmann
with very high launch energies.

Fig. 6 describes the classical manned landing
mission to Mars using minimum energy Earth-Mars
departing and Mars-Earth returning Hohmann transfer
trajectories and illustrates the reason for the
long stay-time on Mars. Fig. 7 describes an ex-
ample of high-energy Earth-Mars and Mars-Earth
transfer trajectories used to reduce the total trip
time for manned landing missions to Mars. At the
beginning of the 1960s, high-energy transfer tra-
jectories were regarded as unavoidable for manned
missions to Mars.®’

1. EARTH DEPARTURE
2. MARS ARRIVAL
3. MARS DEPARTURE
4. EARTH ARRIVAL
Fig. 6 Classical manned landing mission to Mars

using Hohmann transfer trajectories il-
lustrating the resulting 455-day stay-
over on Mars.

EARTH DEPARTURE

1
2. MARS ARRIVAL
3. MARS DEPARTURE
4. EARTH ARRIVAL
Fig. 7 Example of classical high-energy transfer

trajectories used for reducing the total
trip times for manned landing missions to
Mars.

Since the injection payloads are very high for
manned missions to Mars, the launch vehicles re-
quired to meet the high-encrgy requirements of the
transfer trajectories were enormous, even when em-
ploying high specific impulse nuclear-propelled
upper stages. These launch vehicles were called
"Super Novas'" and "Sea Dragons." ™ The underlying
technical methodology behind these designs was
based upon meeting the energy requirements by brute
force rocket power. Minovitch believed that his
concept of gravity propulsion could play a key role
in making a manned mission to Mars possible because
it had the potential of changing the underlying
astrodynamic principles of space travel that made
such missions so difficult.

For example, instead of traveling to Mars on
the usual direct transfer Hohmann Earth-Mars trajec-
tory, Minovitch believed Mars could be reached via
an indirect gravity-propelled trajectory of the form
Earth-Venus-Mars where the Earth-Venus leg was a
near-minimum-energy Hohmann trajectory. The gravi-
tational field of Venus would then propel the ve-
hicle beyond the Earth's orbit to the orbit of Mars.
The vehicle could intercept Mars at a time close to
the Mars-Earth launch window for low-energy return
trajectories back to Earth. Thus, by employing
gravity-propelled trajectories, the traditional 455
day-long waiting period on Mars could be completely
eliminated while still employing near-Hohmann
minimum-energy launch trajectories -- a feat pre-
viously believed to be physically impossible. At
that time, the possibility of launching a vehicle
to Mars from Earth with an asymptotic velocity rela-
tive to the Sun that is less than the Earth's or-
bital velocity was considered a physical impossi-
bility and was described as such in numerous books
and technical articles.?®

The Earth-Venus-Mars trajectories had the po-
tential of doubling the frequency of launch windows
required for traveling to Mars, and Mars-Venus-Earth
trajectories had the potential of doubling the fre-
quency of launch windows required for traveling from
Mars to Earth. At that time, launch windows corres-
ponding to trips from one planet to another planet
were believed to be unchangeable and determined by
the relative orbital motion of the launch planet and
target planet around the Sun.

At the beginning of 1962 it was generally be-
lieved that a manned landing mission to Mars should



be preceded by a manned non-stop reconnaissance
mission employing a free-fall (ballistic) trajec-
tory. These round-trip trajectories were numeri-
cally determined and analyzed in several major
studies’®? ?? that uncovered the basic characteris-
tics (i.e., launch energies, trip times, launch
windows, etc.) needed for mission planning. Battin
found that realizable minimum launch energy Earth-
Mars-Earth trajectories required total trip times
of about 1,100 days (three years) with launch
hyperbolic excess velocities v_ = 3.87 km/sec.
Unfortunately, these trip times were too long for
manned missions. At that time it was believed
that the only way the trip time could be reduced
was by employing higher energy launch trajectories.
Johnson and Smith32 showed that by increasing v,
to 8.69 km/sec, the total trip time could be de-
creased to about 500 days which was believed to be
acceptable for manned missions. The regglts of
this research were confirmed by Gedeon.”® All of
these studies took into consideration the gravi-
tational influence of Mars.

il

In 1956, Crocco’" discovered an unusual con-

gtant elliptical path that would, if it were not
for the planetary perturbations, take a free-fall
space vehicle from Earth, past the orbits of both
Mars and Venus just as these planets arrived, and
return it to Earth in a period of exactly one year
(see pages 11-12 of ref. 1). Crocco recognized
that the gravitational perturbations of Mars and
Venus would influence the trajectory. In parti-
cular, they would destroy the constant resonant
characteristic of the trajectory required to
achieve the desired planetary intercepts. To
solve this perturbation problem, Crocco used the
Venus perturbation to cancel out the effect of the
Mars perturbation and therefore obtain a final tra-
jectory very close to his "ideal" unperturbed con-
stant elliptical path.

What was considered to be a crucial ingredient
in Crocco's multiplanet trajectory -- which made it
realizable -- was the fact that the mass of Venus
is considerably larger than the mass of Mars. This
made it possible for Crocco to use his underlying
analytical design methodology to make the trajec-
tory realizable, i.e., to use the greater pertur-
pbational effect of Venus to "correct" the weak
disturbing perturbational effect of Mars so that
the trajectory would return to Earth. If Venus
were intercepted before Mars in the perliminary
constant eliiptical path, it would be impossible
to use the effect of Mars to cancel the disturbing
effect of a close passage of Venus to enable the
vehicle to return to Earth close to the preliminary
constant elliptical path. The corrective power of
Mars to obtain realizable round-trip trajectories
by utilizing its gravitational influence was known
to be fairly weak (see bottom of page 563, ref. 31).

The use of a target planet's gravitational
influence to obtain a round-trip free-return tra-
jectory close to a precalculated unperturbed ellip-
tical path was a standard analytical technique at
that time even though the actual trajectory could
not be determined since it required a numerical
solution of the unsolved Restricted Three-Body
Problem.”? Thus, with this underlying analytical
framework, Mars had to be intercepted before Venus
in round-trip free-fall non-stop multiplanet re-
connalssance trajectories. Unfortunately, the re-
quired launch hyperbolic excess velocity was 11.70
kmfacu.’h This multiplanet trajectory was also
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investigated by other researchers who confirmed the
basic astrodynamic analysis and characteristics.?’

The underlying analytical technique in deter-
mining round-trip non-stop trajectories (single-
planet or multiplanet) close to predetermined con-
stant elliptical paths which was accepted without
question, was a result of viewing planetary gra-
vitational perturbations as annoying disturbances
that tended to destroy purely Keplerian orbits.
This methodology was accepted primarily because per-
turbations significantly increased the analytical
complexity and involved the unsolved Restricted
Three-Body Problem.

In early 1962 NASA initiated a study project
for early manned exploration missions to Mars. :
Since Crocco's multiplanet trajectory had a trip
time of about one year and required a launch velo-
city close to the short trip time minimum-energy
Earth-Mars-Earth trajectories identified by Johnson
and Srnith,32 it was viewed as a prime candidate for
a possible precursor reconnaissance mission prior
to a landing mission. But the launch velocities
were so high that nuclear propulsion was an absolute
necessity. % This study became known as Project
EMPIRE®’ (Early Manned Planetary-Interplanetary
Roundtrip Expeditions).

To comprehend how Minovitch's concept of gra-

vity propulsion affected manned interplanetary

space travel, it is useful to compare Crocco's con-
stant elliptical path Earth-Mars-Venus-Earth multi-
planet trajectory with Minovitch's gravity-propelled
Earth~Venus-Mars-Earth trajectory. Although the
trip times of the gravity-propelled trajectories

are a little longer, the launch energies (vi. or C3)
are only one-tenth that of Crocco's trajectories.

Gravity propulsion could also be used for sig-
nificantly reducing the previously believed minimum
launch energy required to reach Mercury via tradi-
tional direct transfer Earth-Mercury Hohmann trajec-
tories.?® Minovitch believed that by employing
gravity-propelled trajectories of the form Earth-
Venus-Mercury, it would be possible to reach Mercury
with almost the same minimum launch energy required
to reach Venus via Earth-Venus Hohmann trajectories.
The Venus encounter could gravitationally decelerate
the vehicle several kilometers per second relative
to the Sun and reduce the perihelion distance in-
side the orbit of Mercury. The gravity-propelled
trajectory, therefore, had the potential of reducing
to one-third the previously believed minimum launch
energy required to reach Mercury (i.e., the C;
launch energy vi ).

It soon became apparent to Minovitch that even
the first phase of the research project, involving
the inner planets with launch dates in the 1965-
1974 time period, would require an enormous compu-
tational effort. In less than one mcnth, Minovitch's
WDPC office was almost completely full of trajec-
tory computations. He was using special three-ply
computer paper because he intended to send one com-
plete set of all gravity-propelled trajectories to
NASA Headquarters in Washington, D.C., and another
set to JPL. He intended to keep the third set at
UCLA where he planned to conduct the analysis. No
thought was given to personal financial gain or to
obtain funding from NASA to support his UCLA re-
search project. Minovitch knew that his work would
revolutionize interplanetary space travel and he
wanted to make the results of this work known to



NASA as soon as possible -- by-passing as much
bureaucracy as possible.

Discovering Low Launch Energy Gravity-Propelled
Trajectories And Changing The Principles Of
Interplanetary Space Travel

By the beginning of May, Minovitch had dis-

covered very low launch energy Earth-Venus-Mercury

trajectories, Earth-Venus-Mars trajectories, and
Earth-Venus-Mars-Earth trajectories. These were
tremendously exciting discoveries. He knew that
encounters with Jupiter and the other giant outer
planets could cause radical trajectory changes re
lative to the Sun because of their enormous mass.
Consequently, finding realizable gravity-propelle
trajectories involving these planets would be re-
latively easy. But at the beginning of the re-
search he did not know, for example, that Venus
would have sufficient mass to decelerate a free-

d

fall vehicle coming from Earth on a nearly minimum

energy Hohmann Earth-Venus initial transfer tra-
jectory (with a perihelion distance nearly equal
to that of Venus' orbit) such that it would lose
sufficient orbital energy to intercept Mercury.
Nor did he know that Venus could also accelerate
free-fall vehicle arriving on such a low-energy
trajectory (with an aphelion distance nearly equa
to that of Earth's orbit) such that it would gain
sufficient orbital energy to intercept Mars. The
distance of closest approach also had to be suf-
ficiently high above Venus' surface such that the
passing vehicle would not enter its atmosphere.
His rough theoretical slide rule calculations in-
dicated that close Venus passes could generate
substantial trajectory changes that would enable
a vehicle to intercept Mercury or Mars in certain
conditions, but he didn't know how often these
conditions would occur or how accurate his slide
rule approximations were.

It may be of interest to describe the detail
of how Minovitch discovered these trajectories.
Minovitch recalls the time he discovered very low

launch-energy Earth-Venus-Mercury gravity-propelled

trajectories for the 1970 Earth-Venus launch
window:

"By using my direct-transfer inter-
planetary trajectory program [18], I was
able to determine the Earth-Venus launch
window by calculating a narrow range of
launch dates Ty and trip times T; - To
such that any Earth-Venus transfer tra-
jectory having these launch dates and
trip times would automatically have a low
launch energy close to the absolute mini-
mum. I then made another computer run
with my gravity-propelled program [21]
and restricted the initial Earth-Venus
leg of the Earth-Venus-Mercury trajec-
tories to these launch dates and trip
times. Consequently, if a realizable
gravity-propelled trajectory, with posi-
tive distances of closest approach is
determined, the trajectory would auto-
matically have very low launch energy.
When the computer finds a realizable
gravity-propelled trajectory, a large
block of detailed trajectory data is
recorded onto one of the two output
tapes [the main output tape]. This

data contained many position and velo-
city vectors and the complete trajectory

a
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parameters (; and E orbital vectors)
corresponding to the heliocentric legs
and the critical orbital parameters of
the encounter trajectories. It also
contained a great deal of other impor-
tant information, such as distances of
closest approach, time in spheres of
influence, heliocentric velocity and
orbital energy changes, and planeto-
centric and heliocentric flight path
changes (deflection angles), etc.,
resulting from each planetary encounter.
All of this data required several inches
of magnetic tape, and when it was re-
corded, the recording process sounded
like a buzzer. When Gordon (the UCLA
night shift computer operator) started
the gravity-propelled trajectory pro-
gram at the beginning of the launch
window, several minutes went by without
any sound from the second output tape
drive. I knew this meant the encounter
trajectories at Venus required to de-
celerate the vehicle and send it onto a
post-encounter trajectory that would
intercept Mercury had negative distances
of closest approach and were therefore
unrealizable. When a new launch date
in the launch window was considered
during the computations, the first out-
put tape drive would make a single
clicking sound. Since I knew how many
different launch dates Tq would be con-
sidered by the computer [because it was
part of the input data], I could monitor
the progress of the computer calcula-
tions through the launch window. After
about one-fourth of the way through the
computer run, the second data tape moved
accompanied by the buzzing sound, indi-
cating that the computer found a reali-
zable low-launch-energy gravity-propelled
trajectory and was recorded on the main
output tape. About 40 seconds later,
the tape moved again, which meant that
the computer found another realizsble
low-launch-energy Earth-Venus-Mercury
trajectory corresponding to a slightly
different Earth-Venus initial transfer
trajectory. I think everyone in that
large IBM 7090 computing room at UCLA
that night sensed that something im-
portant was being calculated, because

I was very excited. The main output
tape kept moving intermittently at
about 40 second intervals for several
minutes, so that I knew that dozens

of beautiful low launch energy Earth-
Venus-Mercury gravity-propelled trajec-—
tories were being calculated. After
the computer run was completed, I
printed the output tapes and became
even more excited. Although the ini-
tial distances of closest approach

were very low (a few kilometers), they
increased to over 200 km altitudes --
well outside Venus' atmosphere. 1

knew that these low launch energy gra-
vity-propelled trajectories to Mercury
would some day be used by a reconnais-
sance vehicle to explore that planet.

I did not know when it would happen,
but I knew that it would because it re-
presented a means for sending a vehicle



to Mercury with less than one-third the
launch energy that was previously as-
sumed to be the absolute minimum re-
quired to reach that planet since the
early days of space travel. [See

Ref. 38.] The discoveries of low-launch-
energy Earth-Venus-Mars and Earth-Venus-
Mars-Earth gravity-propelled trajectories
occurred in the same way and at about the
same time [April - May 1962]. I was then
living in a campus dormitory at UCLA
Dykstra Hall, so I was able to spend a
great deal of time at the UCLA Computing
Facility, especially late at night when
most of my long computer runs were made."

The Earth-Venus-Mercury mission did take place
eleven years later using a relatively small Atlas/
Centaur launch vehicle. Known as Mariner 10 Earth-
Venus-Mercury, it was NASA's first multiplanet
gravity-propelled mission. Each new discovery con-
vinced Minovitch that his concept of gravity-
propelled interplanetary space travel would have a
major impact on the future exploration of the
Solar System, because it would literally change the
underlying astrodynamic and propulsion principles.

Using the Computers at JFL

During the meeting with Clarke on April 7,
1962, Minovitch noticed that JPL was installing
another IBM 7090 digital computer. He began think-
ing about the possibility of using the two JPL 7090
computers (on a time-available basis) during the
coming summer to accelerate his UCLA research pro-
ject. Minovitch discussed the possibility with
Clarke and other JPL officials, and they said that
this would be possible. Since everyone working at
JPL must have a supervisor for record purposes, he
requested that Dr. William Melbourne be listed as
his supervisor when he returned.’® At that time,
Melbourne headed a small group in JPL's Section 312
(Systems Analysis Section) working on low-thrust
trajectories for electrically-propelled vehicles"’
and other theoretical projects. (This was the
group that Minovitch wanted to join the previous
summer.l) But neither Melbourne, Clarke, nor anyone
else at JPL had any direct connection with Mino-
vitch's research. They were all very busy with
their own research projects (NASA research projects)
and Minovitch was left on his own to direct and
conduct his gravity propulsion research independent
of any JPL project. The only reason he returned
to JPL that summer was to use their 7090 computers
to speed up his ongoing UCLA research project, and
almost everyone in the Systems Analysis Section at
that time knew it.

Minovitch's research project was very notice-
able at JPL in June 1962, and people were literally
bumping into it. By May, Minovitch had completely
filled his UCLA office with trajectory computations
that he stored in many boxes stacked on top of each
other on desks and on the floor that nearly reached
the ceiling. There was very little room to stand,
and sitting down was almost impossible. He called
JPL and the{ sent over a delivery van to pick up
thé boxes."® They were delivered to Helen Ling's
IBM 1620 computer room on the second floor in
Building 202, which was centrally located in the
middle of the Systems Analysis Section. The pre-
sence of all those boxes of UCLA-generated tra-
jectory computations created quite a congestion.
Thus began a highly unusual working relationship
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involving Minovitch, UCLA, and JPL that ran from
June 1962 to September 1964 «- a type of relation-~

ship that probably never occurred before or since
that time.

June 1962 Meeting with Clarke

In early June 1962, Stanley Ross and a group
of nine other leading astrodynamicists from Lockheed
(including J. Breakwell and R, Gillespie) completed
an extensive analysis of interplanetary trajectories
for manned space travel."? This work contained a
numerical determination and analysis of non-stop
and stop-over round-trip trajectories to Venus and
Mars (Earth-Venus-Earth and Earth-Mars-Earth). It
essentially confirmed the results of the previous
studies,?? 3!

The Lockheed report also contained a deter-
mination and analysis of free-fall trajectories of
vehicles launched normal to the ecliptic plane.
These trajectories were considered important for
exploring regions of the Solar System above and
below the ecliptic plane (and for possible pre-
cursor manned interplanetary missions). The ana-
lysis concluded with a well known fact: reaching
regions of the Solar System far from the ecliptic
plane require enormous launch energy."?®”*"

The report ended with a graphical analysis of
multiplanet non-stop trajectories. A detailed
examination of this section of the report (Section
5) reveals how the leading trajectory researchers
at that time viewed non-stop free-fall round-trip
multiplanet trajectories, and why they were re-
garded as impractical without nuclear propulsion.
Quoting directly from page 5-1 of this report:“z
"At the outset, we are confronted with a paradox:
Low-energy transfers to Mars seldom dip appreciably
within the Earth's orbit while, on the other hand,
low-energy transfers to Venus rarely stray outside
the Earth's orbit. These contradictions make it
painfully apparent that the trips presently sought
will not likely be found among low-energy transfer
orbits. Nevertheless, the problem is worth con-
sidering not only as an interesting academic pastime,
but also because the velocity requirements required
in some cases may actually be attainable using pre-
sently envisioned nuclear power planets.'" Since
this conclusion confirmed all previous numerical
investigations of free-fall round-trip multiplanet
I:ra;’;ect‘:n.':l.es,!5"'5 it was concluded that such tra-
jectories required very high launch energy and that
this was also an unchangeable fact based upon the
unchangeable dynamics of planetary orbits (also see
pages 11, 12 of ref. 1).

It was taken for granted (as in all previous
investigations of non-stop free-fall multiplanet
trajectories) that these trajectories can be assumed
to be essentially constant elliptical paths with the
primary trajectory design consideration being placed
on timing to meet the required planetary intercep-
tions. Crocco's original analysis was based on this
assumption and he demonstrated that as far as launch
energy was concerned, this assumption was valid.?®"
There was no expectation that anything would change.
In particular, the Lockheed study appeared to de-
monstrate (with mathematical certainty) that using
multiplanet trajectories would only result in
increasing the propulsion requirements for traveling
to another planet. With this theoretical framework,
the possibility of using multiplanet trajectories
for reducing the launch energies below the classical



Hohmann limit was a fundamental impossibility.

One of the earliest gravity-propelled trajec-
tory profiles that Minovitch investigated on the
UCLA 7090 computer was Earth-Venus-Mars-Earth.
This was the type of profile that he gave to Gene
Bollman for testing in April with JPL's high-
precision numerical integration interplanetary tra-
jectory program (which was used to verify that
Minovitch had indeed numerically solved the Re-
stricted Three-Body Problem). By June, at UCLA,
Minovitch had determined the minimum launch energy
corresponding to the 1970 launch window for this
particular profile. The minimum launch hyperbolic
excess velocity v_ was 3.26 km/sec, and the total
trip time was 622 days.

Since his gravity-propelled trajectories had
a C3 launch energy (v_ ) less than one-tenth the
required launch energy for Crocco's Earth-Mars-
Venus-Earth constant elliptical path trajec-
tory>*??%*%2 and about half the trip time of low-
launch-energy Earth-Mars-Earth trajectories that
were numerically analyzed by Battin’' and the group
of ten astrodynamicists at Lockheed,"? these
gravity-propelled trajectories represented a dis-
tinctly new discovery in astrodynamics. It was
believed that the combination of low launch energy
nor-stop round-trip trajectories to Mars and trip
times in the range of 400 to 600 days was an
astrodynamic impossibility. Thus, Minovitch's
gravity-propelled trajectories meant that inter-
planetary space travel to Mars would be much easier
than previously believed. The launch trajectories
were within the launch capability of the NOVA class
launch vehicles,“® and nuclear propulsion was un-
necessary. The concept of gravity-propelled tra-
jectories, therefore, changed the entire situation
for manned interplanetary space travel to Mars.

Minovitch disclosed these results to Clarke
when he arrived at JPL in June 1962 to use the JPL
computers. Minovitch recalls this meeting with
Clarke:

"In actuality, this meeting was really two
meetings. The first meeting occurred one
or two days before the second. In the
first meeting, I think I just walked into
his office and showed him the raw trajec-
tory calculations that I made at UCLA,
which had very low hyperbolic excess velo-
cities and total trip times a little over
600 days. Clarke was familiar with
Battin's analysis of Earth-Mars-Earth
trajectories [31] which required trip
times of over 1,000 days, so he realized
that the trajectories I showed him were
significant. The trajectories I gave to
Bollman to check in April required more
launch energy. But these trajectories

had resclly low launch energies [lower than
Battin's which were believed to be the
absolute minimum launch energies for
round-trip missions to Mars], and the dis-
tances of closest approach to Venus and
Mars were well outside the atsmosphere.
Clarke was very interested in these trajec-
tories because the implications for manned
round-trip interplanetary missions to both
Venus and Mars were obvious. When I came
to the second meeting at about eight
o'clock in the evening, Clarke was with
Jim Scott, the supervisor of JPL's pro-
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gramming group from the Computing Sec-
tion, He and Scott were looking at

that big Lockheed report [42]. I was
happy to see that report because it
essentially concluded that unless super-
sized launch vehicles are developed,
together with high specific impulse
nuclear propulsion, manned missions

to Mars would be impossible. It also
concluded that non-stop multiplanet
trajectories were impractical without
nuclear propulsion because they re-
quired very high launch energies.

That report clearly demonstrated the
novelty of my concept of gravity pro-
pulsion where multiplanet trajectories
are used to reduce the propulsion re-
quirements of space travel. But Clarke
was still skeptical in the beginning

and suspected that my computer program
might be generating erroneous planetary
position vectors. He and Scott spent
about half an hour checking my plane-
tary position vectors corresponding to
various Julian Dates against data known
to be correct. They found no errors.

I emphasized that the program was cor-
rect because it was checked by Bollman
in April. But these trajectories were
so different and made manned round-trip
interplanetary space travel so easy that
Clarke was almost unbelieving. I don't
think he was aware (or comfortable) with
the underlying gravity-propulsion ana-
lytic methodology that I used to calcu-
late my multiplanet trajectories based
upon Three-Body interactions. But after
the meeting was over, I'm sure both he
and Scott believed the trajectories were
accurate. Clarke told me that Ross and
Battin would be very surprised to see

my trajectories. It was obvious that he
was going to make my trajectories known
to these people and to many others in
NASA."

The method Clarke used to transmit Minovitch's
low launch energy, short trip time, Earth-Venus-
Mars-Earth trajectories to the Lockheed group was
explained to Minovitch in 1986 by Raoul Roth
(a trajectory programmer in Scott's programming
group® who did most of Clarke's trajectory pro-
gramming). Clarke not only transmitted some of
Minovitch's UCLA computer calculations, he actually
forwarded a duplicate copy of Minovitch's gravity-
propelled multiplanet trajectory program that he
used to calculate them.*’’“® At that time, there
was no other trajectory computer program like that
in existence, i.e., its design was contrary to the
underlying analytical methodology and procedures
used at that time for computing both one-way and
round-trip interplanetary trajctories. At that
time, all interplanetary one-way conic trajectory
computer programs were based upon direct-transfer
trajectories from a launch planet to a target
planet -- which was regarded as so basic, it was
never questioned. Minovitch's UCLA gravity-
propelled trajectory program was based upon in-
direct transfer trajectories where the gravita-
tional influence of an intermediate planet(s)
supply a large part of the propulsion requirements.
See, for example, refs. 1-19 of ref. 1. Thus,
when Clarke forwarded Minovitch's program to Lock-
heed, he was forwarding a new idea for space travel.



Minovitch feels that this is exactly what he
would have done if he were in Clarke's position at
that time. The implications of Minovitch's pro-
pulsion concept and his ability to calculate pre-
viously incalculable trajectories based upon Three-
Body gravitational interactions had enormous con-
sequences for the U.S. interplanetary space program.
But Clarke never directly informed minovitch of his
actions, nor was the application of Minovitch's
gravity-propelled trajectory program ever acknow-
ledged by the recipients at Lockheed. It should
be noted, however, that no one in the Lockheed
group claimed originality,“s but the inconsisten-
cies in the post- 1962 published accounts were
very evident.®?’%!

Direct Access to the JPL 7090 Computers

When Minovitch came to JPL to use their com-
puters at the beginning of the summer of 1962,
arrangements were made with Carl Theis, who then
headed JPL's computer operations, to run his pro-
grams on their two IBM 7090 computers on a time-
available basis, which was usually late at night
and during the weekends. Scheduling was done on
large blackboards mounted in each of the two 7090
computer centers (in Buildings 125 and 202). Every
time a large block of time was available, Minovitch
would appear with his computer programs and special
planetary ephemeris tape.

When Minovitch was working late at the UCLA
computing facility, he often studied the IBM 7090
operating manual and, by watching the computer
operator at that facility, he learned to operate
the 7090 system himself. When he came to JPL, he
demonstrated this ability to Carl Theis and the
unusual interruptable operating features of his
UCLA computer programs. Consequently, Theis gave
instructions to the regular computer operators to
simply turn the computer over to Minovitch when
his time slot appeared and to go home. This did
not make the operators very happy, but it reduced
JPL's operating budget. Minovitch preferred this
arrangement because the gravity-propelled trajectory
program was difficult to start, and it usually had
to be ended manually by dumping the core on a
special save-tape. This was not a standard operat-
ing procedure and, if not done carefully, resulted
in the loss of the core data on the save-tape. The
program required four tapes to operate: two data
output tapes, the special ephemeris tape, and a
save-tape.

As in the UCLA 7090 system, each of the two
JPL 7090 computers comprised about twenty-five
large refrigerator-size tape drives, a central con-
trol console, a large on -line printer, an on-line
card reader, and various subsystems such as high-
speed printers, 1401 processing systems, and very
large magnetic storage drums. The operating con-
sole was centrally located and resembled an upright
piano with a large keyboard of about 60 operating
keys. The console was equipped with about 200
small lights that flashed when various internal
processing systems were being used during program
execution. By studying the light patterns flash-
ing on the control console, Minovitch was able to
monitor the execution and determine if the program
was operating properly.

When Minovitch arrived at JPL in June, his
gravity-propelled trajectory program was still in
an experimental state and prone to becoming trapped
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in an infinite loop. By monitoring the flashing
lights, he was able to immediately determine when
the program hung up in an infinite loop. In most
cases, when this occurred, he would stop execution,
change the value of an "e-test" in the solution of
an equation, and restart the program with very
little down time. But some problems were more
serious and required changes in the basic FORTRAN
program, When these problems occurred at UCLA,

the operator would have to terminate program execu-
tion and the computer would be restarted with some-
one else's program. Thus, Minovitch was grateful

to JPL (particularly to Carl Theis) for letting him
have direct access to both of the five-million-
dollar IBM 7090 computers during most weeknights

and weekends, and many afternoons and evenings. On
many occasions, the computer runs at JPL would

begin at about 10 PM and continue without interrup-
tion to 6 or 7 AM the following morning. On many
occasions, Minovitch would arrange to transfer
several boxes of computer paper from JPL to his
office at WDPC while using both of the JPL computers.
He would deliver the new paper to WDPC and take pre-
viously printed paper back to JPL. Before the be-
ginning of each day shift, a crew of IBM 7090 system
specialists gave each of the two JPL 7090 computers
a series of tests to make sure these complex '"super
computers' were operating properly. Minovitch us-
ually operated the computers through the entire
night into the morning up to the arrival of the IBM
systems engineers.

Minovitch often used both of the JPL 7090 com-
puters simultaneously. He was also using the UCLA
7090 computer during this time. Consequently, with
the combined computational power of three giant IBM
7090 digital computers, his research project rapidly
grew to one of the most intense non-military com-
putational research projects conducted at that time.
Carl Theis and many of the computer operators in
Buildings 125 and 202 had Minovitch's home phone
number and his UCLA and JPL office phone numbers.

If an unexpected block of time became available,
Minovitch would be called, and he would use that
block of time for his trajectory calculations (day
or night). The use of the computers on a stand-by,
time-available basis essentially kept all three
computers operating around the clock, 24 hours a
day, seven days a week.

The launch of Mariner I to Venus on Friday
night July 22, 1962, was very exciting.®2’%3 A
loudspeaker had been set up in a large conference
room at JPL to monitor communications between JPL
and the launch control center at Cape Canaveral for
the benefit of JPL employees wishing to follow the
countdown. After about one hour had passed, a
message was received indicating that the spacecraft
had failed to achieve its pre-injection parking
orbit. Minovitch was deeply disappointed. However,
the failure rendered both of JPL's 7090s idle for
the weekend. He took advantage of the situation
by going on the machines less than one hour after
the failure. This was the beginning of one of his
longest uninterrupted computing periods. On one
of the machines, it lasted over 37 hours.

The input data that the computer program used
to compute gravity-propelled trajectories was:
(1) the trajectory profile mission matrix NP(I,J)
of integers defining the planetary encounter se-
quences PDj - Plj - sz - ese o Pnj (2<n<9;

j=1,2, *++, m £ 10) for m different mission



profiles; (2) a range of launch dates TOj ; and (3)
a range of first planetary encounter dates le. The

initial numerical investigation involved determin-
ing these trajectories for all possible Po - P3
launch windows within the ten-year time span 1965-
1974 where Py = launch planet (usually Earth). The
investigation proceeded in three steps.

The first step involved determining whether or
not the window contained any physically realizable
gravity-propelled trajectories corresponding to a
given trajectory profile under investigation. This
involved sweeping through each Py - Py launch win-
dow with a "course grid" of various launch dates
To and initial transfer times Ty - To. This grid
(Tg» T1 - Tg) was formed by starting with certain
initial values for Ty and T; - Ty at the beginning
of the window, and then incrementing T; - Ty by a
certain time interval (usually six-day intervals)
until a certain maximum value was reached. When
this happened, T; was incremented to a new date
and the process of incrementing T - T, was re-
peated, beginning with the initial value. Only
trajectories having positive distances of closest
approach, which corresponded to physically reali-
zable trajectories, were printed.

The second step in the numerical investigation
involved making another sweep through the window
using a finer grid size but only through that por-
tion of the window that generated physically reali-
zable trajectories. This second sweep usually had
a 2-day x l-day grid size.

The third sweep was essentially a repeat of
the second sweep but with a much finer grid size,
A 2.0-day x 0.2-day grid size was common for the
third sweep, but sometimes the third sweep had a
1.0-day x 0.l-day grid size. Consequently, if a
certain profile was possible for a certain window,
many hundreds of this trajectory type were calcu-
lated for this window. This enabled the rate of
change of distances of closest approach correspond-
ing to changes in Ty and T; - T¢ to be investigated
for a sensitivity analysis. Sometimes the maximum
distances of closest approach to the surface of a
planet (e.g., Venus or Mars) were only 200 km.
This is why the concept required a valid numerical
solution to the Restricted Three-Body Problem.
Errors of only 107 in the distances of closest ap-
proach to a planet's center could translate into
errors of several hundred kilometers in the dis-
tances of closest approach to the planet's surface
(making apparent physically realizable trajectories
unrealizable in actuality). The vast number of tra-
jectory calculations also made it possible to de-
termine the minimum launch energy trajectory for
each launch date in the various windows and the
corresponding absolute minimum launch energy tra-
jectory. Thus, it was possible to determine the
most favorable trajectories. But the most impor-
tant fact in the vast "catalogue" of trajectories
being computed was the ability to choose any one
in the catalogue and determine the corresponding
actual trajectory (by the converging differential
correction process) where the vehicle moved under
the influence of all the bodies in the Solar System
acting simultaneously. It was this fact that made
the concept an engineering possibility.

The sheer volume of the trajectory calcula-
tions was difficult to manage. Since all the cal-
culations were printed on three-ply paper, several

boxes were needed to print the output tapes after
each computer run. The printed output paper was
fed into a special machine called a "burster" that
separated the paper into individual sheets that
were accumulated in three different piles. The use
of three-ply paper often caused the machine to jam,
which made the page separation process hectic and
time-consuming.

The piles of individual pages were bound in
book form and labeled, identifying the particular
encounter sequence Py = P; = Py = *++ - the
first launch date, the last launch date, the time
increment ATy between successive launch dates Ty,
and the time increment AT; between successive ar-
rival dates T; at the first planet P;. The launch
dates Ty spanned a particular Py - Py launch window.
All of the printed output from the UCLA 7090 com-
puter was transported to JPL and also bound into
individual books using the same bursting machines.
These books were accumulated and stored along the
wall in one of the large Section 312 conference
rooms on the second floor of Building 202. The job
of separating the printed output paper into indivi-
dual sheets and binding them in book form was done
by Minovitch, usually late at night while making
long computer rums.

Minovitch's Uncompleted Theoretical Paper of
August 1962

Although Minovitch was extremely busy with his
computational investigation of gravity-propelled
trajectories during the summer of 1962, he spent
some time studying the theoretical aspects. Since
he recognized that his research was on a level of a
Ph.D. dissertation in mathematics or physics, he
spent some time deriving Lambert's equations using
the mathematical principles of Hamiltonian Mechanics.
But he did not have the necessary time to devote to
this and related theoretical research, and this
paper was never completed.5“

The Possible Gravity-Propelled Multiplanet Mission
of 1962

The launch of Mariner II to Venus on August 27
was highly successful, and the JPL computers were
used for telemetry analysis and orbit determination
for about a week. After a few days of tracking
following the launch, a fairly accurate preliminary
orbit was established. The time of closest ap-
proach to Venus was calculated to be December l4,
1962, 1700 hours GMT. Using this date as input to
his gravity-propelled program, Minovitch calculated
various encounter trajectories required at Venus to
achieve Earth-Venus-Mercury, Earth-Venus-Mars, and
Earth-Venus-Earth trajectories. Minovitch found
that an Earth-Venus-Mercury trajectory for Mariner
11 was not possible (it required a negative dis-
tance of closest approach with Venus' surface), but
the two other trajectory profiles were possible. He
gave this information to JPL's Mariner II trajectory
group, and these possibilities were seriously con-
sidered.®® Thus, the first multiplanet gravity-
propelled interplanetary mission could have taken
place eleven years before the 1973 Mariner 10
Earth-Venus-Mercury mission. However, the planetary
approach guidance system onboard Mariner 11 was not
sufficiently accurate to carry out these gravity-
propelled trajectcries with a sufficiently high

robability of success, and the required B-T and
*R approach parameters were never transmitted to
the Mariner II spacecraft.56



The JPL Extended High-Accuracy Planetary Ephemeris
Development Project

When Minovitch came to JPL to use their 7090
computers during the summer of 1962, he was given
an office in Building 202 (which he shared with
another person). He was also on the Section 312
Distribution List for all Interoffice Memorandums
and Technical Memorandums, etc. On one occasion,

a paper was left on his desk describing a high-
accuracy planetary ephemeris development project at
JPL involving a certain numerical integration method.
The project was being conducted in JPL's Computing
Section. Since Minovitch needed an extended ephe-
meris to conduct his outer planet gravity-propelled
trajectory investigation, he made some inquiries to
ascertain when the project would be completed. He
was told that the project would end sometime near
the end of 1962 or possible early 1963. Thus,
Minovitch became aware of the fact that JPL would
soon have a very accurate planetary ephemeris that
would extend at least 20 years beyond his ephemeris
which ended in 1980. This is just what he needed
to compute multiplanet gravity-propelled trajec-
tories involving the outer planets.

Manned Landing Mission to Mars Without Nuclear
Propulsicn

As described above, the classical manned land-
ing mission to Mars employing Hohmann minimum-energy
transfer trajectories requires a total trip time of
about 1,000 days. This long trip time was the re-
sult of having to wait 455 days on Mars (after
arriving) for the minimum-energy Hohmann return
Mars-Earth trajectory. This classical Hohmann mis-
sion profile is shown in Fig. 6. Since this mission
profile requires such a long trip time, it was con-
sidered to be beyond human endurance. It was
believed, without question, that the only possible
way to reduce this total trip time was to use high
energy departing and returning trajectories, ex-
amples of which are shown in Fig. 7 (also see ref.
30). Since the required launch energies were so
high, the launch vehicle(s) had to be enormous
(called Super-NBVA or Sea Dragon) and required high-
thrust nuclear-propelled upper stages.l Consequently,
the high cost to develop the huge launch vehicles
and high-thrust nuclear propulsion systems made a
manned landing mission to Mars essentially im-
possible. However, by employing his concept of
gravity propulsion, Minovitch designed a mission
profile that did not require enormous launch ve-
hicles and could be carried out without nuclear pro-
pulsion.

During the summer of 1962, Minovitch was able
to calculate several thousand gravity-propelled tra-
jectories of the form Earth-Venus-Mars and Earth-
Venus-Mars-Earth. By combining these trajectory
profiles, Minovitch designed a relatively short trip
time manned landing mission to Mars with a total
characteristic velocity (ZAV,;) much lower than the
conventional short trip time, high-energy trajec-
tories.?’ The design involved launching two differ-
ent space vehicles using two launch vehicles. One,
vehicle A, would be launched on a low energy non-
stop Earth-Venus-Mars-Earth round-trip trajectory.
This vehicle would be manned by a skileton crew of
one or two astronauts, but it would have room to
accomodate a crew of five or six astronauts. It
would be launched with an Apollo-type Earth re-entry
module with a thickened heat shield. Since the
required launch energy would be so low, this inter-

planetary space vehicle could be launched with a
single NOVA-class vehicle“® using conventional
chemical rocket propulsion for all stages.

The second interplanetary vehicle, B, would
be similar to A but would carry a small Mars land-
ing module instead of an Earth re-entry module.
Minovitch-viewed the design of this landing module
as similar to the Apollo lunar excursion module.
The crew of B would consist of three or four astro-
nauts with enough food for only about 300 days.
When B approached Mars, the crew would enter the
landing module, and the interplanetary vehicle
would be abandoned without attempting to decelerate
it by any retro propulsion. Thus, the total mass
would be relatively low. Consequently, since the
trajectory of vehicle B also would require rela-
tively little launch energy, it would be easily
within the launch capability of a single NOVA ve-
hicle with all-chemical propulsion.

The trajectories of A and B were designed to
allow the landing module of B to land on Mars a few
days before A made its closest approach to Mars.
The design strategy was such that the crew of B
would land on Mars via the landing module, explore
the surface of Mars for a few days (e.g., five or
ten days), launch off the surface when A would
begin its closest approach, and rendezvous with A.
The crew of B would transfer into A, and the excur-
sion module would be abandoned. The remaining
voyage would be completed in A and both crews would
return to Earth in the re-entry module.

Minovitch analyzed this mission profile for
two different launch windows. The first window
occurred in 1970 and required a total trip time of
about 650 days. The second launch window occurred
in 1972 and required a total trip time of only 500
days. Since a manned landing mission to Mars --
the principal target of space travel since Tsiol-
kovsky's writings -- was now a technical and econo-
mic possibility, Minovitch's ideas and research
project became very important.

Gravity-Propelled Interplanetary Mass Transportation
System

Another uniquely novel concept that Minovitch
envisioned as a direct consequence of his gravity-
propelled theory of interplanetary space travel was
a gravity-propelled "interplanetary mass transpor-
tation system" that could last forever. In this
concept, giant vehicles or space liners could be
launched from Earth with very low hyperbolic excess
velocity onto gravity-propelled trajectories having
an unlimited number of planetary encounters P, - P;
- P2 - P3 = *+++ ., Such vehicles could then be used
for shuttling passengers around the Solar System
from planet to planet at very low cost. Passengers
on one planet wishing to travel to another planet
could simply "catch a ride" on a passing vehicle
going to the desired planet via small transfer
modules. When approaching the destination planet,
the passengers could board the transfer modules,
which would leave the interplanetary shuttle as it
passed the destination planet, and then land on its
surface, while the interplanetary shuttle vehicle
was gravitationally propelled to the next planet
without rocket propulsion in an unending series of
planetary encounters. Since the propulsive forces
acting on a gravity-propelled vehicle increase auto-
matically with vehicle mass as prescribed by the
Newtonian equivalence principle (see page 15, ref.l),



the mass of the gravity-propelled shuttle vehicles
is of no consequence. Thus, they could be huge
rotating toroidal space liners capable of accomo-
dating thousands of passengers in a comfortable
earth~-like artificial gravity environment more
luxurious than the finest ocean liners. Since the
shuttle vehicles (space liners) would not require
any major onboard propulsion system and could be
maintained enroute, they could be used indefinitely
to transport an unlimited number of passengers
around the Solar System at very low cost.

Minovitch numerically determined many gravity-
propelled trajectories having up to eight succes-
sive planetary encounters with very low launch en-
ergy which would make repeated passes of Venus,

Mars and Earth that could be continued indefinitely.
However, the determination of these trajectories
required a significant amount of computer time.

For example, the determination of one realizable
trajectory having a series of eight planetary en-
counters required about ten minutes of 7090 time.
About 50 such trajectories were calculated to deter-
mine their characteristics. This concept of a
never-ending gravity-propelled interplanetary mass
transportation system moving continuously from
planet to planet around the Solar System became
known in the literature as the "cycling" concept.®’

End of Summer 1962

When the fall semester started in September,
Minovitch moved back to Dykstra Hall on the UCLA
campus and resumed his formal graduate studies in
mathematics and physics. As he did during the
spring semester, he continued his gravity propul-
sion research project simultaneously with his
formal academic studies. Although he had to divide
his time between his research and his academic
studies, the fact that the UCLA computer was close
to his residence at Dykstra Hall made it relatively
easy to continue the numerical investigation. His
access to the JPL computers also continued through-
out the entire project from June 1962 through Sep-
tember 1964. By October, he had reached the point
where only relatively short periods of computing
time were needed to complete the first phase of
his research project (involving the inner Solar
System).

December 1962 Meeting with Professor Michael Mel-
kanoff at the UCLA Computing Facility

By the end of November 1962, Minovitch had com-
pteted all of the computer calculations he needed
for his numerical investigation of gravity-
propelled multiplanet trajectories involving the
inner planets and started writing up the results
in a lengthy technical report. (This report would
not involve Jupiter or the outer Solar System as
Minovitch intended to include this planet in the
second phase of his research project where he ex-
pected to make use of JPL's extended ephemeris).
In early December 1962, he learned that the new
Chief of Computer Operations at WDPC was Dr.
Michael Melkanoff. Melkanoff (who was one of
Minovitch's undergraduate physics professors)
wanted to review Minovitch's CF-09 research pro-
ject at UCLA (with unlimited computing time) and
the unusual relationship between JPL and UCLA.
Melkanoff believed that since NASA and JPL would
be the direct beneficiaries of Minovitch's UCLA
research project, they should fund the project,
or at least, part of the project, instead of the
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University of California. By that time Minovitch

had already consumed over 150 hours cf 7090 computer
time at WDPC®® and the demand for 7090 computing
time was very high. (The number of universities and
colleges using the UCLA 7090 at this time was almost
100.) Minovitch was concerned that since the com-
putations for the first phase of the research pro-
ject were completed, Melkanoff would feel no reason
to continue the project (at significant cost to the
University of California). In the meeting with
Melkanoff, Minovitch explained the history of the
project, and the fact that JPL recognized its UCLA
origin and was only assisting Minovitch by contri-
buting additional computing time. At that time,

no one at JPL was working on the concept and no one
there was assigned to assist Minovitch. But in De-
cember 1962, Minovitch knew that his rocketless
propulsion concept would revolutionize space travel.
He expressed this belief to Melkanoff and showed him
some of the results of the computer calculations.

He explained the limitations of chemical rocket pro-
pulsion and the fact that the mass ratio of a
rocket-propelled vehicle increased exponentially
with propulsive AV (given by the rocket equation)
making high AV missions technically impossible with
chemical rocket propulsion. At that time, it was
commonly believed without question that this funda-
mental barrier to most of the Solar System could
only be circumvented by developing high specific
impulse nuclear propulsion and/or electric propul-
sion (ion propulsion), which was very expensive.sg—sn
Moreover, the much-publicized development of nuclear
and electric propulsion systems rested on assumed
future technical advances that did not have a solid
engineering basis. Thus, the root of the problem

of exploring the Solar System was not funding, but
rather basic engineering feasilibility. Minovitch
explained that his concept of gravity propulsion,

in contrast to nuclear and electric propulsion,
rested on solving a mathematical problem -- the
Restricted Three-Body Problem -- rather than on any
engineering problem. Minovitch explained that he
developed a practical numerical solution to this
problem at JPL during the summer of 1961 which was
verified at JPL in April 1962 by detailed numerical
integration/iteration tests. This solution provided
the basis for his concept of gravity propulsion and
his huge numerical research project. The solution
represented a new development in physics (analytical
mechanics) which had unforeseen consequences in
space travel which was being investigated by
Minovitch. Melkanoff, a professor of physics, un-
derstood that the unsolved Restricted Three-Body
Problem was one of the most famous problems in
classical physics and that the first numerical solu-
tion was an important achievement. Minovitch ex-
plained that it represented the key to exploring

the entire Solar System, At the end of the meeting,
Melkanoff was convinced that Minovitch's UCLA re-
search project was important and recommended con-
tinued UCLA support for the second phase with un-
limited access to the 7090 computer.ss

Sin¢ce JPL did not begin its own gravity pro-
pulsion research project in 1962, Melkanoff may have
felt that if UCLA terminated the project, Minovitch's
use of the JPL computers on weekends would be dis-
continued. One could speculate that Melkanoff,
being more familiar with the '"facts of life" of
research projects, may have seen a possible danger
to Minovitch's research at JPL from powerful vested
interest groups pushing electric propulsion.®?®
Those groups would not be very happy to see how
easy it would be to accomplish the "impossible'



high AV interplanetary missions with a computer
and a small planetary approach guidance system.

Completing the First Report

After completing the numerical calculations
for the inner planet trajectory investigation in
November 1962, it took Minovitch about three months
to analyze the data and write up up the results in
a lengthy 130-page report®® that contained 36 fig-
ures and 24 numerical tables. The preparation of
the report was done simultaneously with his academic
studies, course assignments, and final examinations.
The report contained a discussion of the concept,
a theoretical section that described his solution
to the Restricted Three-Body Problem, and a long
discussion involving the results of the numerical
investigation and various gravity-propelled tra-
jectory profiles that he discovered as a result of
this investigation. The theoretical section closely
followed his original 1961 paper.ln
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Flanetsry Configuration For Earth-Vemis-Mars 1970
(August 12 Trajsctary)

Figure 27

Fig. 8 Reproduction of Fig. 27 from Minovitch's
March 4, 1963 JPL report illustrating how
a vehicle can be sent to Mars with low
launch energy outside the classical Earth-
Mars launch window by using an Earth-Venus
launch window and gravity-propulsion re-

ceived from Venus.

The three most important gravity-propelled
trajectory profiles that he numerically calculated
and meticulously analyzed during this phase of his
numerical investigation were: (1) Earth-Venus-Mars
trajectories, which enable vehicles to be sent to
Mars with very low launch energy and with launch
dates far outside the classical direct-transfer
Earth-Mars launch windows; (2) Earth-Venus-Mars-
Earth non-stop round-trip reconnaissance trajec-
tories with launch energies below "minimum launch
energy" Earth-Mars-Earth round-trip trajectories’®®
and having one-half the trip time of Earth-Mars-
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Earth trajectories and included pas$ing Venus; and
(3) Earth-Venus-Mercury trajectories, which enabled
vehicles to be sent to Mercury with launch energies
one-third to one-fourth that of the classical Hoh-
mann "minimum-energy" direct-transfer Earth-Mercury
trajector:l.es.3 Figs., 8, 9, and 10, which corres-
pond to these trajectories, are reproductions of
Figs. 27, 34, and 23, respectively, taken from

this report.
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Plamstary Configurstion For Earth-Temms-Mars-Earth May 27, 1972

Mars sncounter

Figure 3
Fig. 9 Reproduction of Fig. 34 from Minovitch's
March 4, 1963 JPL report illustrating how
the concept of multiplanet gravity-
propulsion can be utilized to obtain short
trip time, low launch energy round-trip
non-stop reconnaissance trajectories for
manned interplanetary space travel.

The significance of these discoveries is pro-
found in the history of interplanetary space travel
because they (i.e., the concept of gravity propul-
sion) completely overturned the fundamental prin-
ciples based upon direct-transfer "minimum-energy"
Hohmann trajectories and reaction propulsion that
were believed to be the unchangeable foundation of
interplanetary space travel.

The numerical investigation also included the
determination and analysis of single-planet round-
trip trajectories to Venus and Mars of the form
Earth-Venus-Earth and Earth-Mars-Earth. The re-
sults of this analysis were also included in the
report which he used to demonstrate the advantages
of his gravity-propelled, low launch energy Earth-
Venus-Mars-Earth multiplanet round-trip trajectories.
The paper also contained a discussion of gravity-
propelled interplanetary transportation systems
having an unlimited series of planetary encounters
Po - Py = P2 = P3 = *+*+ that could be used for
transporting an unlimited number of passengers



around the Solar System.
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Flanetary Configuration For Earth-fems-Mercury 1973
(Mov L Trajectory)
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Fig. 10 Reproduction of Fig. 23 from Minovitch's
March 4, 1963 JPL report illustrating how
a vehicle can be sent to Mercury using
relatively little launch energy needed to
reach Venus, and gravity propulsion from
Venus.

Instruction for the 1962-63 fall semester at
UCLA ended January 12, 1963 and final examinations
ended on January 23, 1963. The spring semester
1963 started January 28, 1963. Minovitch, as usual,
started the spring semester by enrolling with an-
other full load of graduate courses in mathematics
and physics.®

JPL Technical Seminars February 4-5, 1963

There was a great deal of interest in Minovitch's
research project at JPL (but at that time, it may
have been primarily curiosity). He was invited to
present this research in a series of two technical
seminars. On Monday and Tuesday, February 4-5,

1963, Minovitch presented two one-hour technical
seminars on gravity-propelled interplanetary space
travel to the engineering staff of JPL's Systems
Analysis Section (Section 312).57

The first seminar was primarily theoretical
and directed at the overall concept of multiplanet
gravity-propelled space travel and the mathematical
techniques Minovitch developed for solving the
system of N-Body Problems corresponding to a
gravity-propelled trajectory generated by n plane-
tary encounters Po — P; - P2 - **+ - P . The
second seminar was devoted to presentiﬁg specific
examples of gravity-propelled trajectories dis-
covered by the numerical investigation involving
the inner planets and how they could be used for
reducting the propulsion requirements for both
manned and unmanned interplanetary space travel
through the inner Solar System. Minovitch recalls
the first seminar:

"Almost all the Section 312 Senior Staff
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Personnel were present for the first se-
minar. They included C.R. Gates, Tom
Hamilton, William Melbourne, Jack Lorell,
Harry Lass, Carl Salloway, and Vic Clarke.
Many other engineers also attended. Sam
Dallas, Gene Bollman, and William Kirhofer
were also present. 1 suppose about 30 or
40 came to the first seminar. I began by
presenting the general concept of gravity-
propelled interplanetary space travel as
I had done on pages 38 - 44 of my 1961
paper [10]. But I didn't refer to the
concept as "gravity propulsion" or "gra-
vity-propelled space travel." I think I
just called it "advanced space travel."

I presented some of my vector analysis
and wsed this analysis to prove that the
orbital energy of a free-fall vehicle can
be changed relative to the Sun by the
gravitational influence of a passing planet.
[Although this fact was known to most astro-
nomers, it was not common knowledge among
engineers in the early 1960s.*’%%] 1
described how it is possible to utilize
this effect as a propulsion concept to
catapult a vehicle all around the Solar
System with major trajectory changes re-
lative to the Sun without using any re-
action propulsion by gravitationally
bouncing from one planet to another pla-
net and illustrated the concept by

giving various encounter sequences

Earth = P} = Py = *++ = P,. I did not
restrict this discussion to the inner
planets and pointed put that because

of their great mass, the larger outer
planets would provide the most drama-

tic trajectory changes. I also pointed
out the fact that the concept required

a numerical solution to the "unsolved"
Restricted Three-Body Problem and
proceeded to show how I was able to

solve this problem by decoupling it

into a series of Two-Body Problems

and employing a purely vector repre-
sentation for conic orbits instead of

the usual six orbital element represen-
tation. Carl Pfeiffer [who at that

time was a recognized authoirty on
guidance and celestial mechanics] ob-
jected to my "turning off" the Sun's
gravitational influence when the ve-
hicle passes close to a planet. I
described more details about Tis-
serand's moving "sphere of influence"
that I used in the patched conic solu-
tion that was evidently not very well
known at JPL at that time. I mentiored
the fact that Bollman tested my solu-
tion in April 1962 using JPL's high
precision trajectory integration pro-
gram and that my analytical methods
actually represented a numerical solu-
tion to a system of N-Body Problems.

In retrospect, I don't think that very
many engineers at that meeting were

very excited about my ideas or recog-
nized the possibilities because only
about ten people came to the second
seminar. Maybe they just wanted to

see who that strange person was who

was consuming so much 7090 computer

time and wasn't even a regular JPL
employee., I didn't feel that they




recognized the mathematical celestial
ballet concept of interplanetary space
travel I envisioned that didn't require
a rocket engine. Perhaps this was be-
cause they were engineers and wanted

to explore the Solar System with brute
force rocket power. But I had a lot

of respect for those engineers because
they laid the foundation for our space
program. The only way that my propul-
sion concept could be used was via a
rocket-propelled escape maneuver from
Earth which those engineers were de-
veloping."

During the second seminar, Minovitch described
how the Earth-Venus-Mars, and Earth-Venus-Mars-Earth
gravity-propelled trajectory profiles could be used
to carry out a manned landing mission to Mars with
low launch energy for both the outbound and return
legs (as in the classical profile) but without re-
quiring a 455-day waiting period on Mars before the
launch back to Earth -- a feat previously believed
to be impossible. Moreover, since the total pro-
pulsion requirements were low, no nuclear propulsion
systems would be required, and the required launch
vehicles could be much smaller than the giant "Sea
Dragon" or "Super Nova'" vehicles previously be-
lieved to be r.c:r.p.l:f.red.Gr‘"-"n As a result, the overall
cost of a manned landing mission to Mars could be
significantly reduced. Since the most expensive
part in the standard plan for the manned Mars
mission appeared to be the development of super
launch vehicles and nuclear rocket propulsion, the
application of Minovitch's ideas would have pro-
bably reduced the mission cost to one-fourth the
expected cost. Minovitch believed that a cost re-
duction of this magnitude would make the mission
possible. If a manned landing mission were not
undertaken, he believed that his low launch energy
short trip-time Earth-Venus-Mars-Earth trajectories
could be used to at least carry out a manned non-
stop reconnaissance mission of both Venus and Mars.

Although Minovitch considered possible manned
missions to Mars the most important immediate ap-
plication of gravity-propelled trajectories, manned
missions were outside JPL's space exploration direc-
tive assigned by NASA. But Minovitch's research
was not being directed by JPL or NASA. His research
followed a course that he believed would result in
the greatest possible benefit to the United
States -- a manned mission to Mars in the 1970-75
time period made possible by substituting inexpen-
sive gravity propulsion for very expensive nuclear
propulsion. He believed that JPL could help him
make this possibility known to NASA so that it
could be taken into consideration when a final de-
cision was reached. However, Minovitch knew that
his concept of gravity-propelled space travel would
affect all interplanetary missions (manned and un-
manned) and that is why he constructed his computer
program to include encounter sequences involving
all of the planets in any order with up to nine
planetary encounters in any sequence.

The last gravity-propelled trajectory profile
that Minovitch discussed in the second JPL seminar
was Earth-Venus-Mercury (see Fig. 10). Many hun-
dreds of trajectories of this type were computed,
as Minovitch believed that this type would be the
first application of the concept. It enabled an
unmanned reconnaissance vehicle to reach Mercury
with the very low launch energy required to reach
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Venus -- a reduction of about one-third to one-
fourth of the previously believed minimum C; launch
energy corresponding to the classical Earth-Mercury
Hohmann trajectories. This reduction meant that
the mission could be carried out by a relatively
small launch vehicle such as the Atlas, instead of
the very expensive Saturn previously believed to be
required. Minovitch's extensive computer analysis
found that the best Earth-Venus launch windows for
this profile occurred in 1965, 1970, and 1973. The
1973 window was eventually used. The mission
became known as Mariner 10.

Minovitch concluded the seminar with a dis-
cussion of his concept of gravity-propelled inter-
planetary mass transportation systems.

Election to Life Membership in the National Physics
Honor Society Sigma Pi Sigma

When Professor J. Robert Oppenheimer was teach-
ing theoretical physics at the University of Cali-
fornia, Berkeley, during the 1930s, he started a
weekly Tuesday evening meeting of advanced graduate
students and faculty members from the physics de-
partment. It became known as the "Journal Club"
and was used as an informal meeting for physics
professors to present their most recent papers. A
similar "Journal Club" was started by UCLA's
Physics Department, and Minovitch usually attended
these meetings. Because of these weekly meetings
and the numerous graduate physics courses he was
taking at that time (1960-1964), physics professors
assumed that Minovitch was a regular graduate stu-
dent in physics. But he was formally enrolled as
a graduate student in mathematics.

During one of his many nights at WDPC, Mino-
vitch met one of his previous physics professors,
Dr. Harold Ticho. Professor Ticho was using the
UCLA 7090 computer to analyze data from a high-
energy nuclear physics experiment performed on one
of the accelerators at the University of California
Berkeley's Lawrence Laboratory. Since Minovitch
attended the weekly Journal Club meetings so often,
Ticho assumed that he was doing work on his Ph.D.
dissertation in physics and asked him about it.
Minovitch described his research project and the
fact that it was based on his numerical solution
to the famous Restricted Three-Body Problem. Ticho
believed that this problem was either unsolvable or
very difficult because of Poincaré's work and was
very impressed with Minovitch's accomplishment.
Minovitch described how the University of California
was supporting the research with an unlimited
amount of 7090 computer time, and that JPL was also
making available both of their 7090s. The fact
that Minovitch formulated a new concept for inter-
planetary space travel based on his solution to
this difficult problem and that he was using three
IBM 7090 computers to numerically investigate the
concept on his own initiative was very unusual for
a "student." The conversation didn't last more
than 15 minutes and Minovitch quickly forgot about
it.

A few weeks later, after one of the Tuesday
night Journal Club meetings, Minovitch was asked
to attend a Sigma Pi Sigma meeting that was just
starting in another room of the physics building.
At that time, Minovitch didn't know what the
Sigma Pi Sigma Society was, but he was told someone
was going to give a talk on physics. Minovitch
entered the room and sat near the back. After the



lecture was over, a physics professor stood up and
gave a short one-minute speech about the election
of a special graduate student to life membership in
the UCLA Chapter of the Natiomal Physics Honor So-
ciety of Physics Students, Sigma Pi Sigma. The
person nominated for life memberhip was Michael
Minovitch. Cake and ice cream were passed arcund
and Minovitch received some congratulations. He
was never told how he was elected to this honor so-
ciety, but it was evidently a result of his research
project and his meeting with Professor Ticho.

First Graduate Academy of the University of Cali-
fornia

Minovitch's concept of gravity-propelled inter-
planetary space travel and his large-scale numerical
investigation were also becoming known and discussed
in UCLA's Department of Mathematics and in the
School of Engineering. On several occasions, a ma-
thematics professor would ask Minovitch how his re-
search project was going and for some details about
his numerical solution to the Restricted Three-Body
Problem.

On March 21, 1963, Minovitch received an invi-
tation from the Chancellor of UCLA, Dr. Franklin D.
Murphy, to present his research in an annual aca-
demic meeting of all the University of California
campuses called the Graduate Academy, to be held
during the spring recess April 6-9, 1963.72 This
was a prestigious academic conference wherein each
University of California campus selects advanced
graduate students from various fields engaged in
exceptional Ph.D. research. Minovitch was selected
to represent UCLA in the Physical Sciences.’® The
program also included Classical Music and Ballet
performed in UCLA's large Royce Hall auditorium.

It was a beautiful festival and celebration of
scholarship, creativity, and the advancement of
knowledge. Since space travel was a new and fas-
cinating subject in those days, there was a lot of
interest in Minovitch's talk. Minovitch recalls
this occasion:

"I gave my presentaticn in a large audito-
rium in the Chemistry Building on April 8.
Since almost every seat was taken, there
must have been about 600 in the audience,
There was a large blackboard that I used
to draw the orbits of all the planets in
the Solar System to the approximate proper
scale. I explained the classical method
of space travel via direct-transfer Po -
P, Hohmann trajectories using brute force
rocket power and my concept of gravity-
propelled space travel Pg — Py = Py = =+
= Pas 1 recall illustrating the concept
on the blackboard with a long encounter
sequence that ended in a string of outer
planets. It may have had the form Earth-
Venus-Mercury-Venus-Earth-Mars-Jupiter-
Saturn-Uranus-Neptune. At that time I
was thinking about finding a trajectory
that encountered all of the planets in
the Solar System except Pluto. [Mino-
vitch knew from his planetary configura-
tion diagrams that since Neptune would

be leading Pluto for many years, a
sequence having a segment Neptune-Pluto
would be physically unrealizable.] I
explained that this concept required a
numerical solution to the unsolved Re-
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stricted Three-Body Problem and briefly
described my solution and how it was
verified at JPL. I ended by explaining
how I used this solution to construct a
large FORTRAN computer program to nu-
merically investigate this concept of
space travel on the UCLA 7090 computer
and the two 7090 computers at JPL.

After the session was over, while I was
walking out the door, a few individuals
met me, wanting to know more details
about the concept and my research pro-
ject. We talked for about a half an hour.
Many different planetary encounter se-
quences were mentioned involving the in-
ner planets and the outer planets. The
program ended with a beautiful ballet
performed in Royce Hall by students

with the musical score from Mussorgsky's
'Pictures at an Exhibition.' It was
very moving, and I will never forget
that academic festival."

Minovitch's paper was published in the Proceedings
of the first Graduate Academy of the University of
California.7s

First AIAA Western Region Student Conference

In early 1963, the American Rocket Society (ARS)
merged with the Institute of Aerospace Sciences (IAS)
to become the American Institute of Aeronautics and
Astronautics (AIAA)., Its first president was Dr.
William Pickering, who was also director of the Jet
Propulsion Laboratory.’® The student branch of the
IAS became the student branch of the AIAA. An annual
AIAA student conference was organized in six geo-
graphical regions of the United States where parti-
cipants presented their own technical papers based
on their original research. There were three basic
divisions: Undergraduate, Masters, and Ph.D. The
papers in each division were judged competitively
and three awards were given. The winning Ph.D.-
class paper of each region then competed for the
national award.

Since the AIAA Western Region Student Confer-
ence was a natural forum for Minovitch to present
his research, he was encouraged by UCLA's School of
Engineering to submit a paper. Minovitch accepted
this invitation and prepared a short paper. As in
the case of his UCLA paper,’" this paper was basi-
cally a shortened version of his March 4, 1963 JPL
report.65 On April 19, he was notified that the
paper was accepted as a Ph.D. category paper?s and
it was formally entered into the conference.’’ The
conference, held May 2-3 in the large Pan Pacific
Auditorium in Los Angeles, was attended by many
aerospace engineers and academicians. Minovitch
recalls this conference:

"I gave this talk on Friday morning May
3, 1963. The Pan Pacific Auditorium was
a very large place. I was extremely ner-
vous about speaking in front of such a
large audience. However, I knew that my
concept of gravity propulsion would have
a major impact on future interplanetary
space travel, and I was eager to explain
it to a large group of professional aero-
space engineers. There was a big model
of the first Wright Brothers 1903 Flyer
hanging from the ceiling and I became



very emotional. I felt the Wright Broth-
ers were sitting in that audience. I
looked up at that model and said that I
was going to present a new method for
space travel that would extend man's ex-
ploration of the Solar System beyond
what is currently believed to be pos-
sible. 1 said it in a way that was
sincere so I don't think it was inter-
preted as a casual boast but rather,

as a deep conviction. I described vari-
ous encounter sequences and explained
how a vehicle can be gravitationally
catapulted from planet to planet with
major trajectory changes relative to

the Sun without using any rocket pro-
pulsion. 1 also described how the con-
cept could be used to carry out a manned
landing mission to Mars with non-nuclear
NOVA launch vehicles. My presentation
was about 30 minutes long and received

a warm applause. After I gave the talk,
several engineers from some local aero-
space companies asked me for more de-
tails abtout the concept. We talked for
about half an hour. It was clear to
most of the engineers that Jupiter

would provide the most dramatic trajec-
tory changes and would be the primary
propulsion planet for opening up the
entire Solar System to exploration with
relatively small chemical launch ve-
hicles. Electric and nuclear propulsion
were no longer necessary to accomplish
these missions. At the end of the con-
ference, it was announced that my paper
won First Place [78-81] and I received the
$100 winning check with a handshake from
Dr. William Pickering. The paper was
published [82] one year later."

This conference is significant in the early
history of gravity-propelled interplanetary space
travel because it was the first time that Mino-
vitch described the concept to a large group of
professional aerospace engineers. They came from
several NASA centers and from various aerospace
companies.’’ The conference also included a large
industrial aerospace products display. It was
a large gathering and, in view of the great size of
the famous Los Angeles Pan Pacific Auditorium, the
number of engineergs who heard Minovitch's talk
must have exceeded 1,000.

Jupiter and Exploring the Entire Solar System

Minovitch's computer-based numerical investi-
gation of gravity-propelled multiplanet trajec-
tories through the inner Solar System essentially
ended around November 1962. But, since he did not
want to lose any opportunity to use the UCLA com-
puter, he usually gave the third shift 7090 operator
long runs to do with his stand-by save-tape. This
was how he began the detailed numerical investiga-
tion of gravity-propelled trajectories involving
Jupiter and the outer planets (the second phase of
his research project). Melkanoff cleared the way
by continuing to give Minovitch access to the 7090
computer without time limitations. By this time
(December 1962) the project was becoming one of the
most intense computational investigations at WDPC.

Since Minovitch was aware of the fact that the
gravitational influence of Jupiter was far greater

than any other planet and therefore had the poten-
tial for generating the most radical post-encounter
trajectories, he realized that this planet could
gravitationally catapult a free-fall vehicle to es-
sentially any target body in the Solar System. Un-
fortunately, he was still unable to obtain an ex-
tended planetary ephemeris from JPL to conduct ex-—
tensive multiplanet gravity-propelled trajectory
calculations involving the outer planets. However,
since direct-transfer trajectories to Jupiter re-
quire relatively high launch energies, he began
investigating the possibility of lowering the Ju-
piter direct-transfer launch energies by gravity
propulsion generated by encountering one or more
intermediate planets with trajectories of the form
Earth = Py = P = »e+ = P, - Jupiter where Pi =
Venus, Earth or Mars. These trajectories did not
require an extended ephemeris and have the poten-
tial for propelling a free-fall vehicle to Jupiter
with a launch hyperbolic excess velocity V_ ap-
proximately equal to the minimum required for
reaching the first planet P;. Thus, if P; = Venus,
v, = 3 km/sec. The launch hyperbolic excess ve-
locity required for direct-transfer Earth-Jupiter
trajectories is about 9 km/sec. Thus, by employing
gravity-propelled trajectories generated by the
inner planets, the previously assumed minimum
launch energy required to reach Jupiter (Vi ~ 9°
km?/sec?) could be reduced by a factor of

92/32 = 9 —— and, after reaching Jupiter, the ve-
hicle could then be gravitationally catapulted to
any other target in the Solar System.

The implications of this possibility are sig-
nificant because it means that traveling to any
planet in the Solar System, exploring regions far
above or below the ecliptic plane, impacting the
Sun, or escaping from the Solar System altogether
and exploring interstellar space can be achieved
with only the minimum amount of launch energy re-
quired to reach Venus.
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Fig. 11 Reproduction of a computer output listing
illustrating Minovitch's search for low
launch energy gravity-propelled trajec-
tories to Jupiter generated by encounter-
ing the inner planets. Listing made
January 1963, Research Project CF-09

UCLA Computing Facility.

Fig. 11 is a reproduction of one of Mino-
vitch's CF-09 computer runs®® made during this
time (January 1963) in a search for low launch
energy trajectories to Jupiter via Earth-Venus-
Jupiter profiles. The absence of any numerical
data under the profile type indicates that no
realizable trajectories were found for this pro-
file. The investigation usually proceeded by
analyzing up to ten different profile types in a
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single computer run. The profiles most often ana-
lyzed were Earth-Venus-Earth-Jupiter; Earth-Venus-
Earth-Mars-Jupiter; Earth-Venus-Mars-Earth-Jupiter;
Earth-Venus-Earth-Earth-Jupiter; and Earth-Venus-—
Earth-Earth-Mars-Jupiter corresponding to many dif-
ferent Earth-Venus launch windows.

It is interesting to note that Minovitch's
idea of conducting multiplanet gravity-propelled
space travel through the outer Solar System with
low launch energy generated by gravity propulsion
using the inner planets was not new to Minovitch in
December 1962. He recognized this possibility in
August 1961 and illustrated the principle with a
trajectory of the form Earth-Venus-Mars-Earth-
Saturn-Pluto-Jupiter-Earth in his August 23, 1961
paper (page 39, ref. 10).

The disadvantage of using gravity propulsion
to reach Jupiter was that it made the trip time to
Jupiter longer. But the advantage was that these
trajectories had the potential for reaching Jupiter
with very low launch energies. Such trajectories
also made it possible to conduct close scientific
observations of each intermediate planet on the way
to Jupiter. Minovitch did not regard this investi-
gatior. as very successful because he was searching
for, but did not find, trajectories with very low
launch energy (V_ = 3 km/sec). This investiga-
tion also required substantial computer time be-
cause of their sensitivity in the launch parameters.
Small changes in Ty and T, resulted in significant
changes in the distances of closest approach. (How-
ever, a similar investigation conducted by Minovitch
in the spring of 1967 at the University of Califor-
nia Berkeley using a more powerful CDC 6400 com-
puter was more successful.®")

This technique of reaching Jupiter with gra-
vity propulsion generated by encountering the
inner planets is currently being used in the Ga-
lileo mission to Jupiter via an Earth-Venus-Earth-
Earth-Jupiter traifectory profile.85

When Minovitch originally constructed his
multiplanet gravity-propelled trajectory program at
UCLA under Project MA-11 during February and March
1962, he used Lamber's equations corresponding to
elliptical 1nterglanatary legs to determine their
semi-major axes.® He did this to make the analysis
(and the computer program) as simple as possible
so that he could concentrate on the most important
question he had at that time: did his analytical
methods actually represent a numerical solution to
the unsolved Restricted Three-Body Problem. How-
ever, he was aware of the fact that a close plane-
tary encounter with a large planet such as Jupiter
could transform an elliptical pre-encounter trajec-
tory into a hyperbolic post-encounter trajectory.
Minovitch pointed out this fact in his August 23,
1961 JPL paper (page 19, ref. 10) and indicated how
such trajectories could be calculated in the pro-
posed computer program described in that paper, '’
He explicitly gave the detailed functional form of
Lambert's hyperbolic trajectory equations in a
July 11, 1961 paper,®® which included an analytic
and graphic analysis. This paper ®falso included
an analytical method for determining the semi-
major axis of any conic path passing between two
given points corresponding to a given trip time
that could be either elliptical or hyperbolic (the
trajectory type didn't matter).

Since Minovitch initially concentrated his
investigation of gravity-propelled trajectories on
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the inner planets (with manned missions to Mars be-
ing the most important application), there was no
immediate necessity to modify the program in order
to calculate hyperbolic post-encounter trajectories.
At that time (summer 1962), when giant multi-billion
dollar battleship-size launch vehicles with nuclear
upper stages were being seriously proposed for
manned missions to Mars,’®’®? his primary aim was
focused on demonstrating how his concept of gravity-
propelled space travel could be used to make the
manned Mars missions possible without nuclear pro-
pulsion and with much smaller launch vehicles. This
was by far the most important area for immediate
investigation, However, after Minovitch finished
this investigationss(and other possible missions in-
volving the inner Solar System), the program modi-
fication was made and many trajectories of the form
Earth-Jupiter-Saturn and Earth-Jupiter-Uranus (with
hyperbolic post-encounter Jupiter-Saturn and
Jupiter-Uranus legs) were computed, The Earth-
Jupiter-Saturn trajectory profile was eventually
used in NASA's Pioneer 11 and Voyager 1 missions

launched in 1973 and in 1977, 1.'e3pe(:i:1.\.rely.a-"“E'3
But a systematic investigation of these trajectories

(and many others with multiplanetary encounters)
corresponding to the most faverable launch windows
in the 1970s still required an extended planetary
ephemeris that Minovitch believed he would soon
obtain from JPL. Therefore, this particular area
of the numerical investigation had to be postponed
until the extended ephemeris was obtained.

During early 1963, Minovitch constructed an en-
tirely new gravity-propelled trajectory program.
This program was designed to determine the precise
trajectories that a free-fall vehicle should have
while approaching a perturbing planet (such as
Venus) that would maximize the vehicle's post-
encounter trajectory's distance from the Sun and
distance out of the ecliptic plane. This program
was completed in March 1963. The analytic method
involved solving a long equation that was very sen-
sitive to the variable parameters. This method
proved to be numerically unstable, and he abandoned
the program. Since his full load of graduate stu-
dies (attendance, course assignments and examina-
tions) were taking place simultaneously with his
gravity propulsion research, the demand on his time
was acute.

1963 Denver AAS Symposium on the Exploration of Mars

and the Saturn V Possibility

At the beginning of June 1963, the spring se-
mester at UCLA ended, and Minovitch continued his
UCLA gravity propulsion research project using the
JPL computers as he had the previous summer. Tom
Hamilton, (who at that time was a senior manager in
JPL's Systems Analysis Section 312), was aware of
Minovitch's keen interest in the manned exploration
of Mars and arranged for him to attend a large AAS
symposium in Denver, Colorado, June 6-7 on the ex-
ploration of Mars. Minovitch made the trip with
two regular JPL employees, Jack Lorell and Sam
Dallas, and brought along some extra copies of his
March 4, 1963 paper.®®

One of the papers presented at the symposium
described a small Mars landing vehicle®? that used
atmospheric braking for a major portion of the de-
celerating landing maneuver instead of retro-rocket
propulsion that Minovitch used. After making some
rough slide-rule calculations, Minovitch found that
by using this landing vehicle, the manned Mars



landing mission profile he designed using gravity-
propelled interplanetary transfer trajectories
could be accomplished with three Saturn V launch
vehicles instead of two NOVA launch vehicles. By
employing atmospheric braking at Mars instead of
braking by retro-rocket propulsion, the resulting
mass savings was so large that the vehicle carry-
ing the landing module on the Earth-Venus-Mars
trajectory could be launched using two Saturn V
vehicles instead of one NOVA vehicle. One Saturn V
would be used to launch the vehicle with some pro-
pellant into a low Earth orbit, and a second
Saturn V, acting as a tanker, would fill the ve-
hicle with the required remaining propellant. The
vehicle carrying the Earth re-entry module launched
on the Earth-Venus-Mars-Earth non-stop trajectory
would be launched by a third Saturn V vehicle,
Consequently, a manned landing mission to Mars
could be achieved essentially with the same basic
launch vehicle capability being developed for
Project Apollo. The development of new NOVA class
launch vehicles would be unnecessary.hs Compared
to the development of the Saturn V vehicles, the
development of a small Mars landing vehicle using
atmospheric braking®’ would be relatively easy.

It was therefore apparent that a manned landing
mission to Mars could be incorporated into the
basic Apollo Program with nearly the same funding
levels. Minovitch viewed the situation with ex-
citement and deep concern. Since he knew that the
launch AVs required for his gravity-propelled tra-
jectories were correct, he viewed the AAS paper90
as providing the basic engineering feasibility for
carrying out the Mars landing mission with three
Saturn V launch vehicles and conventional chemical
rocket propulsion.

One of the featured speakers at that Symposium
was Dr. Harry Ruppe. Ruppe (who was one of the
original Peeneminde engineers working with
von Braun) presented a paper91 describing his ideas
and design proposals for a manned landing mission.
His general approach was based upon using classi-
cal direct-transfer trajectories with very high
launch energies in order to reduce the total trip
time.®° As was usually the case, the launch ener-
gies required for the departing and returning legs
were so high that nuclear propulsion svstems were
required, together with huge "Sea Dragon" class
launch vehicles. (The total initial mass in Earth
orbit was 1,200 tons.®') Minovitch decided that he
had to tell Ruppe his ideas about gravity propul-
sion and, in particular, how these ideas could be
used to carry out a manned landing mission to Mars
without nuclear propulsion and without battleship-
size launch vehicles.

After Ruppe finished his talk, Minovitch in-
troduced himself and explained that he was also
working on manned missions to Mars but using a new
concept in trajectory design involving indirect
gravity-propelled multiplanet trajectories to re-
duce the launch energy requirements. Minovitch
gave him a copy of his JPL March 4 paperBG and
later mailed him a revised copy incorporating at-
mospheric braking and a detailed quantitative
analysis demonstrating the Saturn V possibility
for a manned landing mission.?

A few weeks later Minovitch received Ruppe's
reply.93 Ruppe did not see any particular advan-
tage in using gravity propulsion for missions to
Mars and evidently associated the concept with
Crocco's high energy multiplanet trajectories.
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(See pages 11, 12 of ref, 1,) In his reply,*®® he
mailed Minovitch another paper he wrote on the ex-
ploration of Mars®“ based upon classical direct-
transfer trajectory designs and the huge launch ve-
hicles and nuclear propulsion systems that resulted
from these designs. There was no reference to the
non-nuclear Saturn V possibility. At that time,
Ruppe was working in NASA's Future Projects Office
at the Marshall Space Flight Center. Nevertheless,
Minovitch had great admiration for Ruppe. His lec-
ture in Penver rang with inspiration and the hope
that the United States would develop the huge launch
vehicles and nuclear propulsion systems that he en-
visioned. But Minovitch believed that the cost to
develop those giant launch vehicles and nuclear pro-
pulsion systems would render them unrealizable, and
this would result in the cancellation of the Mars
landing mission (and the cancellation of a possible
non-stop manned reconnaissance mission).

There was another person at that Denver 1963
Symposium whom Minovitch also approached. His name
was Maxwell Hunter II. He was a member of President
Kennedy's National Aeronautics and Space Council.
After Hunter gave his presentation, Minovitch in-
troduced himself, briefly described his concept of
gravity propulsion and, in particular, how it could
be used to carry out a manned landing mission to
Mars without nuclear propulsion. He also gave
Hunter a copy of his March 4 JPL paper.®® He later
sent Hunter a revised copy of his paper that in-
cluded the use of atmospheric braking and the re-
sulting Saturn V possibility, hoping that he would
recognize this important possibility and direct
NASA's attention to it,®®

July 1963 Meeting with Dr. Melkanoff

In July, Minovitch had another meeting with
Dr. Melkanoff. During the months of May and June,
Minovitch did not use the UCLA computer and wanted
to advise Melkanoff that he planned on resuming the
numerical investigation involving the outer planets.
Melkanoff was still apprehensive that JPL was not
supporting Minovitch's research project on the UCLA
computer but was in a position to gain from the re-
sults of his research, But Minovitch emphasized
the fact that JPL was still regarding the research
project as a very theoretical University of Cali-
fornia research project and therefore had no control
over it. Minovitch's use of the JPL computers was
a contribution to this UCLA project. In 1963, JPL
still had no regular employees working in this
field. The possible unmanned missions (such as
Earth-Venus-Mercury and Earth-Venus-Mars that
Minovitch finished analyzing) were still not re-
garded as serious possibilities, and gravity-
propelled missions to the outer planets was rarely
discussed. As far as JPL and NASA were concerned,
these high-energy missions would be conducted se-
parately to each individual planet by electric pro-
pulsion.*®*%%7¢1 Hoyever, JPL (Section 312) did
demonstrate great interest in Minovitch's project
because they gave him access to essentially all
their facilities (both secretarial services that he
used for writing his papers and the computing faci-
lities). This made him work even harder. Mel-
kanoff recorded the meeting with another note for
the UCLA Computing Facility.96

The Extended JPL Planetary Ephemeris and the Meet-
ing with Dr. William Melbourne

Although Minovitch was given virtually



unlimited access to the JPL computers from June
1962 through September 1964, he discovered that he
could not use the JPL computer programs, nor could
he execute any "Request for Programming" to the
Computing Section, for the assistance of a com-
puter programmer. Since his UCLA research proj-
ect was neither a JPL nor a NASA project, he was
never given a "job number." All of the hundreds
of hours he was using on the JPL computers (on a
"time available," stand-by basis) were never
charged to any JPL or NASA research project. This
allowed him to use the JPL computers for his own
UCLA gravity propulsion research project without
connecting it to any JPL or NASA research project.
This unusual arrangement was worked out in June
1962 to the mutual benefit of both Minovitch and
JPL. But some disadvantages to this arrangement
had negative consequences for Minovitch that he
did not recognize in 1963 or 1964. This involved

the JPL high-aecuracy extended planetary ephemeris.
Minovitch recalls this time:

"In August 1963, I called JPL's Com-
puting Section regarding the status of
the high accuracy extended planetary
ephemeris project. After learning that
the project was completed,[97] I went
down to the computing section and

asked one of the programmers who worked
on the project to describe the ephemeris.,
The ephemeris was in the form of three
magnetic tapes spanning the time period
1950-2000. The information was stored on
the tapes with a specialized access com-
puter code with which I was unfamiliar.

I explained that I wanted a program to be
constructed that would punch out the pla-
netary coordinates of all nine planets on
data cards corresponding to Julian Dates
from 1960 through 2000 with certain time
intervals depending on the particular
planet in a certain format. He said that
this would not be difficult but I would
need a "job number" or a "Request for
Programming" from William Melbourne.
Since I didn't have a "job number," I
went to see Melbourne about getting the
"Request for Programming.'" When I met
Melbourne I explained that I wanted to
use the new JPL ephemeris to extend my
ephemeris which ended in 1980. His re-
sponse was completely unexpected. He
explained that this could not be done
because my research project was not a

JPL or NASA project and had no project
number for accounting purposes. I ex-
plained that the programming and com-
puting time would only be a few minutes,
but Melbourne would not do it. I asked
him if I could simply charge the work

to cne of his job numbers or someone
else's but he described this possibi-
lity as a serious violation. I accepted
his explanation as ground rules that
couldn't be broken -- part of the govern-
ment bureaucracy of contract work. But
this reason seemed that it could be over-
come. I thought that he would give me

a "job number" that I could use for my
work with the JPL ephemeris in a day or
two, but this never happened."
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Minovitch considered the possibility of con-
structing his own extended ephemeris by calculating
approximate planetary position vectors. By assum-
igg that the osculating planetary orbital vectors
(e, h) near 1980 were constant vectors for each
planet, it was possible to calculate the approxi-
mate position vectors of the planets at any future
time, However, Minovitch decided against this pos-
sibility because he believed that he would even-
tually gain access to the JPL ephemeris, if not in
1963, then in 1964. The prospect of using many
hours of computing time at UCLA and JPL to calcu-
late hundreds of inaccurate multiplanet trajectories
to the outer planets with an ephemeris known to be
inaccurate and then, after the calculations are
finished, being presented with the high-accuracy
JPL ephemeris, was unsettling.

In retrospect, it is interesting to note that
in February 1962, when Minovitch was beginning his
UCLA research project, Hollander advised Minovitch
to forget about keypunching the British 1960-1980
planetary ephemeris book'? (which he considered
to be too difficult) and to construct an ephemeris
by a numerical integration process using a method
similar to that used in the construction of the
British ephemeris. After the numerical integra-
tion program is constructed, it would be a simple
matter to integrate the position vectors of all
the planets in the Solar System way beyond 1980
and to automatically punch them out onto data
cards in any format desired. However, Minovitch
believed that this would consume more time than
keypunching the British ephemeris and he decided
against the idea. There was also the danger that
a slight error would ruin the ephemeris and in-
validate all the trajectory calculations made with
ig,

High-Accuracy Planetary Approach Guidance

During 1962 and the first half of 1963, when
Minovitch began speaking about his concept of
gravity-propelled interplanetary space travel, one
of the most frequently asked questions involved the
required planetary approach guidance. Unless a
very accurate system could be developed, the con-
cept would not be technically feasible. Since a
vehicle's post-encounter trajectory Pi - Pi+1 (i =

1, 2,+++, n-1) is extremely sensitive to errors in
the encounter trajectory around planet Pi' the ap-

proach trajectory to Pi has to be extremely accu-

rate, Errors of only a few kilometers in position
and a few meters per second in velocity when ap-
proaching Pi will result in missing the next planet

Pi+l in the encounter sequence by hundreds of thou-

sands or even millions of kilometers.

In 1962, the guidance systems used for un-
manned free-fall interplanetary reconnaissance ve-
hicles were not very accurate and were used for
carrying out "mid-course" trajectory corrections
to enable a vehicle launched on a direct-transfer
trajectory to pass anywhere in the general vicinity
of a target planet. But for multiplanet gravity-
propelled trajectories, the required guidance sys-
tem had to be many orders of magnitude more accu-
rate. Minovitch spent part of the summer of 1963
developing analytical methods for determining re-
quired trajectory corrections for a gravity-
propelled vehicle's planetary approach guidance



system.’® He used these methods to demonstrate the
technical feasibility of his propulsion concept in
terms of the required planetary approach guidance
system, and to develop an optimum strategy for
carrying out corrective guidance AV propulsive
maneuvers to estimate and minimize the required
propellant.

The Unmanned High Energy Missions

When Minovitch learned that the JPL extended
planetary ephemeris may not be available in his
research project, he did not consider this to be a
major setback at that time. He felt that even-
tually this ephemeris would be made available.
Moreover, the application of gravity propulsion
to reduce the launch energies of the most difficult
missions did not require an extended ephemeris.

The traditional direct-transfer high-energy
missions for unmanned instrumented space probes
were, in order of diffiCultysg’su: (1) missions
out of the ecliptic plane with high inclination;
(2) missions close to the Sun(impact); and (3)
high-speed missions to the outer planets. The
most significant application of gravity-propulsion
in the first two missions would involve utilizing
Jupiter to generate 90°-inclination post-encounter
trajectories, and Solar-impact trajectories having
the profiles Earth-Jupiter-90°-inclination, and
Earth-Jupiter-Sun, respectively. The first hint
that Jupiter would, in fact, be capable of gen-
erating radically different post-encounter trajec-
tories came as the result of some initial slide-
rule investigations made during the summer of 1961.
Additional signs appeared in early 1962 involving
the numerical computation of trajectories of the
form Earth-Jupiter-Venus and Earth-Jupiter-Mercury.
It was found that for these profiles, every low-
energy Earth-Jupiter pre-encounter trajectory gen-
erated a realizable post-encounter leg with very
large distances of closest approach. This indi-
cated that by lowering the distances of closest
approach, the post-encounter trajectory could be
made to impact the Sun -- and this post-encounter
trajectory would be a straight line with eccen-
tricity equal to unity. At that time, it was
believed that the only way a vehicle could be made
to impact the Sun was to launch it in a direction
opposite to the Earth's orbital motion with a
velocity sufficient to cancel the Earth's orbital
velocity such that it falls into the Sun along a
straight line.?%’2® But this requires a launch
hyperbolic excess velocity V_ = 30 km/sec and is
way beyond chemical rocket propulsion.

The possibility of generating realizable
solar-impact Jupiter post-encounter+t£ajectgries
meant that by changing the Jupiter B*T and B*R
approach parameters, it would be possible to gen-
erate post-encounter trajectories with 90° inclina-
tions. These trajectories are even more difficult
to obtain by the traditional direct method because
it requires giving the vehicle a velocity com-
ponent V, that is perpendicular to the ecliptic
plane. us, the required direct laupch hyper-
bolic excess velocity V_ = [30% + V;] > 30 km/sec.

Since Minovitch's multiplanet gravity-
propelled trajectory program could not be used to
calculate precise approach trajectories to Jupiter
that would result in solar impact and 90°-inclina-
tion post-encounter trajectories, new computer
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programs would have to be constructed to numerically
determine these trajectories. The analytical de-
termination was based on Minovitch's vector methods
and was completed before the end of the summer of
1963. (Some of this analytical work was done in
1961.)

Although the third high-energy mission did re-
quite an extended ephemeris, Minovitch believed
that, for the time being, an alternative gravity-
propelled trajectory profile could be investigated
that would demonstrate Jupiter's propulsive ability
to accelerate vehicles to the outer planets without
requiring any extended ephemeris. This profile
involved determining the required approach trajec-
tory to Jupiter corresponding to a given pre-
encounter trajectory such that the hyperbolic
post-encounter trajectory has maximum energy rela-
tive to the Sun. Consequently, by calculating such
gravity-propelled trajectories for all Earth-Jupiter
launch windows contained during a complete revolu-
tion of Jupiter around the Sun (a 12-year period
starting with launch dates from 1967 through 1978),
Minovitch could investigate how the high-energy
hyperbolic post-encounter trajectory sweeps 360°
around the Solar System, passing the orbits of each
of .the remaining outer planets, Saturn, Uranus,
Neptune and Pluto. By proceeding with the numeri-
cal investigation along these lines, it was only
necessary to have Jupiter encounter dates within
the time interval of the original planetary ephe-
meris -- a condition that was easily satisfied
since the Jupiter intercept dates for gravity-
propelled trajectories involving the outer planets
fall within this time period. As in the previous
two cases, a new computer program had to be de-
signed and constructed to numerically determine
these trajectories.

Minovitch's Method of Reporting His Gravity Pro-
pulsion Research

Although most of the engineers in Section 312
were not aware of the significance of Minovitch's
concept of gravity-propelled space travel in 1963,
a few were. Jack Lorell was one of those few.

On one occasion when Minovitch was working on a
small IBM 1620 computer in Building 202 during the
summer of 1963, Lorell advised Minovitch that he
should report his research in the form of many
short technical papers that would cover a few weeks
of research, rather than in long papers (such as
his March 4, 1963 paperGs that covered over a year
of work). But Minovitch was not a professional.

He did not like writing papers. His enjoyment was
doing research, not writing about it. He planned

to present the results of his theoretical work with
Jupiter with the results of his numerical investi-
gation.

It should also be noted that Minovitch was
keenly aware of the many different trajectory
profiles that could be used for specific missions.
Although his aim was to numerically investigate the
most important profiles to demonstrate the techni-
cal feasibility of his concept of gravity-propelled
trajectories and how this propulsion concept could
be used to make interplanetary space travel much
easier than previously believed, he did not intend
to cover the entire range of profiles. Being a
theorist and not an engineer, he felt no particular
need to do all the numerical trajectory computa-
tions. Any engineer or trajectory programmer,



given a copy of Minovitch's multiplanet gravity-
propulsion trajectory program and some diagrams of
planetary orbits, could numerically calculate these
trajectories. It was the underlying concept for
which Minovitch wanted credit, not the individual
missions. The concept was already documented in
his August 23, 1961 paper.10

End of Summer 1963

The typical graduate student in a Ph,D. pro-
gram in mathematics or physics usually completes
the basic graduate subjects during the first two
years, sets aside one or two semesters preparing
for the rigorous Ph.D. examinations (and the for-
eign language examinations), finds a research pro-
ject with the help of a faculty advisor, and com-
pletes the research with a dissertation. But Mino-
vitch begar his graduate studies in 1958 with a
determination to study as much advanced mathematics
and physics as possible.

After completing the basic Ph.D. courses in
mathematics and physics, he continued into the
advanced courses and seminars (with full course
loads each semester) without pausing to take the
examinations. After he started his gravity propul-
sion research in 1961, he had very little time left
to prepare for the examinations since he continued
to take a full load of advanced mathematics and
physics courses. (Advanced courses and seminars in
mathematics and physics were not offered routinely
every semester.) However, at the beginning of the
fall semester 1963, Minovitch did decide to set
aside some time to prepare for the examinations
that he planned to take during the spring of 1964,
This time was found by taking two courses during
the spring semester 1964 instead of enrolling in
four courses as he usually did in every semester ., ®
His gravity propulsion research continued, although
at a somewhat reduced pace.

Interest in Gravity Propulsion by the National
Space Council

Since Minovitch did not received any response
from his meeting with Hunter during the Denver AAS
Symposium, or from his June 26 follow-up letter®®
during the summer of 1963, he assumed that Hunter
was not very interested in his concept of gravity
propulsion and, in particular, how it could be used
to accomplish a manned mission to Mars without
nuclear propulsion using Saturn V launch vehicles.
However, toward the end of October, he received a
letter from Hunter that indicated he was very in-
terested in the concept.’”’ The letter contained a
paper he wrote for the Executive Secretary of the
National Aeronautics and Space Council who, at that
time, was Dr. Edward Welsh. Since part of the
paper1D was based upon using gravity propulsion
for unmanned exploration of the Solar System,
Hunter asked Minovitch to review it prior to pub- _
lication.®? This resulted in more communication®®?
108 ghich Minovitch hoped would lead to an invita-
tion to join the Council to work temporarily on the
concept under Hunter, but this never happened.

Continuing Interest in Minovitch's Gravity Pro-
pulsion Research at UCLA and JPL

By the beginning of December 1963, Minovitch
had worked on the theoretical and numerical in-
vestigation of gravity-propelled space travel at
UCLA for nearly two years. Over 200 hours of IBM
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7090 computing time were used at UCLA, which made
the project one of the largest university numerical
investigations conducted at that time. Moreover,
since Minovitch preferred to operate the computers
himself (which allowed him to make changes and/or
modifications in his programs within minutes), he
probably used over 300 hours on the JPL computers
by the beginning of December 1963. His March 4
1963 paper65 was eventually published as a JPL
Technical Reportln? that was also given to the UCLA
Computing Facility. This highly unusual research
project, funded by the University of California
with a vast amount of computer time donated by JPL,
caught the attention of many faculty members and
visiting schelars at UCLA, and the Computing Fa-
cility asked Minovitch to provide a brief back-
ground description of his research project.lDB
Particular interest centered on the fact that this
project was the result of the first numerical solu-
tion of the Restricted Three-Body Problem.

Elliott Cutting, who (at that time) led JPL's
trajectory group, also read Minovitch's 1963 Tech-
nical Report!®” and in January, encouraged him to
rewrite it in condensed form as a paper for the
AIAA Journal. Minovitch prepared a shorthand ver-
sion for publication which Cutting reviewed.*"®
Unfortunately, Minovitch could not find the time
to make the revision suggested by Cutting, and the
Journal paper was never published.

Summer of 1964

In April 1964, Minovitch took his Ph.D. exa-
minations but the results were not satisfactory.
(It cost him several weeks of study and interfered
with his gravity propulsion research.) This created
a feeling of frustration for Minovitch since he was
doing independent research beyond the normal Ph.D.
dissertation level, but he could not find the time
to pass the basic Ph.D. qualifying examinations.
However, by this time, he had completed the new
FORTRAN gravity-propelled trajectory computer pro-
gram at UCLA corresponding to the analytical solu-
tions he developed the previous year for accom-
plishing the high-energy missions using Jugiter and
Venus as the primary perturbing planets.'!®’!!?
When the semester ended, he continued the numerical
investigation at JPL and UCLA as he had done the
previous two summers.

By the beginning of summer 1964, the IBM 7090
computers at WDPC and JPL were replaced by more
powerful IBM 7094 computers. These computers were
about three times faster than the 7090s.

As was usually the case, the new programs re-
quired considerable "debugging'" and testing before
they became operational. Each of these programs
employed the direct-transfer trajectory program!'®
as a subroutine to calculate the initial transfer
trajectory from Earth to the sphere of influence
of the perturbing planet. The new portion of the
programs calculated the detailed approach trajec-
tories inside the sphere of influence that would
generate the desired post-encounter trajectories.
The calculation of the post-encounter trajectories
was also important because they represented
"extremum" trajectories (i.e., the limiting tra-
jectories that could be generated by the perturbing
planet).

Minovitch's investigations during the summer
of 1964 involved extensive computer analysis



because a total of six different gravity-propelled
trajectory programs were employed. The three
Jupiter programs calculated Earth-Jupiter-solar
impact trajectories; Earth-Jupiter-90°-inclination
trajectories; and Earth-Jupiter-Deep Space trajec-
tories (having maximum heliocentric energy). The
three Venus programs calculated Earth-Venus-near
Sun trajectories (having minimum heliocentric
energy) ;Earth-Venus-out of ecliptic trajectories

(having maximum distance from the ecliptic plane); !
and Earth-Venus-maximum distance from Sun trajec-
tories, corresponding to various distances of clos-

est approach.

The numerical investigation of the three types
of Jupiter-propelled trajectories involved sweeping
three times through each of the 11 Earth-Jupiter
launch windows contained within the l2-year time
span 1967-1978 corresponding to each trajectory
type. Several hundred trajectories of each type
were calculated for each window. The numerical

investigation of the three types of Venus-propelled Fig.

trajectories proceeded in a similar manner. Gravity-
propelled extremum post-encounter trajectories gen-
erated by passing Mars were also investigated. The
computer calculations at UCLA and JPL were essen-
tially completed by the end of July 1964. (The
faster operating speed of the IBM 7094 computers
enabled the numerical investigation to proceed

much more rapidly.)

JPL Section 312
Technical Memo 312-514
February 15. 1965

EARTH AT SUN ENCOUNTER
EARTH AT NOV.4,1967

ACTIVITY SPHERE
OF JUPITER AT
PROBE'S CLOSEST
APPROACH

EARTH AT PROBE'S
CLOSEST APPROACH
TO JUPITER
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Fig. %9, Esrth-Jupiter sut-of-scliptie, April 14, 1973 trajeciory

Reproduction of Fi§. 59 from Minovitch's
second JPL report’*? illustrating how a
vehicle can be sent out of the ecliptic
plane on a 90°-inclination trajectory
using gravity propulsion from Jupiter.
This profile requires a launch energy
less than one-twentieth of the previously
assumed minimum energy required for clas-
sical 90°-inclination trajectories.

Fig. 14

Reproduction of Fig. 23 from Minovitch's
second JPL reportl s illustrating how a
vehicle can be sent on a high-speed
deep-space trajectory past the orbits of
Saturn, Uranus, Neptune, and Pluto using
gravity propulsion from Jupiter.

Fig.
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Fig. 30. Planetary configuration for Earth-Jupiter-Sun,
1967 (Nev. 4 trajectory)

12 Reproduction of Fi%. 30 from Minovitch's
2

second JPL report®*?illustrating how a
vehicle can be sent to the Sun using
gravity propulsion from Jupiter. This
profile requires a launch energy less

than one-tenth of the previously assumed

minimum-energy required for solar im-
pact via classical direct-transfer
trajectories.

Minovitch reported the results of this re-
search, which essentially covered the time period
December 1962 - July 1964, in another long paper®
that was more like a book than a technical paper.
It was 134 pages long and, in addition to numerous
analytical sections, contained 49 numerical tables
and 64 sepsrate figures. Figs. 12, 13 and 14 are
reproductions of figures 30, 59 and 23, respec-
tively, given in the report, illustrating examples
of gravity-propelled Earth-Jupiter-Sun trajec-
tories; Earth-Jupiter-90° out of ecliptic trajec-
tories; and Earth-Jupiter-Deep Space trajectories.
It was eventually published as a JPL Technical
Report. The Earth-Jupiter-90°-inclination gravity-
propelled trajectory profile (used for exploring
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the Solar System at great distances above and below
the ecliptic plane and the North and South poles of
the Sun) was eventually used in the Ulysses mission
launched in 1990.%'? The Earth-Jupiter-Deep Space
gravity-propelled trajectory profile was used in
the Pioneer 10 mission.

The Meeting with William Sjogren and the Gravity-
Propelled Earth-Jupiter-Saturn-Uranus-Neptune
Voyager 2 Trajectory Profile

Since the orbital period of Jupiter is about
12 years, the calculation of Earth-Jupiter-Deep
Space trajectories corresponding to each of the 11
Earth-Jupiter launch windows contained in the 1967-
1978 time period made it easy to identify outer
planet encounter sequences and their launch windows
for multiplanet gravity-propelled trajectories. In
August, Minovitch selected a representative example
of an Earth-Jupiter-Deep Space trajectory from each
of the 11 launch windows in the 1967-1978 time span
and plotted these trajectories superimposed on all
of the planetary orbits of the outer planets. He
also plotted the positions of all the outer planets
in their respective orbits at the time when the
hyperbolic Jupiter post-encounter trajectory passes
the orbits of these planets. The result was a
collection of 11 separate figures showing how the
Jupiter-generated hyperbolic high-energy deep-space
trajectories rotated 360° around the Solar system
during the l2-year period passing the orbits of each
of the remaining outer planets, Saturn, Uranus, Nep-
tune, Pluto. This enabled easy identification of
the particular launch windows (dates) corresponding
to Earth-Jupiter-Saturn; Earth-Jupiter-Uranus;
Earth-Jupiter-Neptune; and Earth-Jupiter-Pluto
gravity-propelled trajectories. These figures were
illustrated in Figs. 5, 7, 9, 11, 13, 15, 17, 19,
21, 23, and 25 in Minovitch's report. These figures
also made it easy to identify possible gravity-
propelled encounter sequences having more than two
encounters. The particular encounter sequence
Earth-Jupiter-Saturn-Uranus-Neptune corresponding
to the 1977 Earth-Jupiter launch window was parti-
cularly evident.

Fig. 14, a reproduction of Fig. 23 of Mino-
vitch's report,?!? illustrates an Earth-Jupiter-
Deep Space trajectory crossing the orbits of the
outer planets corresponding to a September 8, 1977
launch date. The positions of Saturn, Uranus, and
Neptune indicate the possibility of an Earth-
Jupiter-Saturn-Uranus-Neptune gravity-propelled
multiplanet trajectory that was discussed between
Minovitch and William Sjogren (an engineer in
Section 312) at JPL during the summer of 1964.
Minovitch recalls this discussion, which he docu-
mented in a letter to Professor Norris Hetherington
(from the Department of History, University of
Kansas) in 1974.115

"One afternocon during the summer of 1964
(August or September), I was working at
my desk in Bay 504 in Building 180 at JPL
drawing figures illustrating the posi-
tions of all of the outer planets when
the Jupiter generated hyperbolic deep
space trajectories passed their respec-
tive orbits corresponding to various
Earth-Jupiter launch windows, William
Sjogren stopped by to say hello and to
see what I was doing. I had these fig-
ures spread out all over the room. He
saw the trajectories corresponding to
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the 1977 and 1978 launch windows, and
noticed the corresponding positions of
the outer planets. He pointed out the
possible gravity-propelled trajectory
profile Earth-Jupiter-Saturn-Uranus-
Neptune. Since I was aware of this
particular encounter sequence since
February 1962, [see Figs. 2 and 3]

which he had just noticed as obvious

two and one-half years later, I looked
at Sjogren with some frustration ard
said that 'if you can get the extended
JPL planetary ephemeris for me, I will
calculate the detailed trajectory para-
meters for these trajectories!' We
walked out to the elevator corridor
together and talked about this and other
multiplanet gravity-propelled trajectory
profiles involving the outer planets.
This particular trajectory profile was
eventually used in the Voyager 2 mission."

End of Summer 1964

During the summer of 1964, JPL took the first
step toward implementing Minovitch's concept of
gravity-propelled interplanetary space travel in an
actual NASA mission. On June 11, Elliott Cutting
issued the first formal Request for Programming to
begin studying a possible gravity-propelled mission
to Mercury via a traiectoty profile of the form
Earth-Venus-Mercury. L& Cutting recognized the sig-
nificant potential of Minovitch's ideas about
gravity-propelled space travel and became an early
advocate, 1?9117

Minovitch's ideas about gravity-propelled
space travel also caught the attention of Conway
Snyder from JPL's Space Science Division. Snyder
organized a formal JPL conference on Flight Me-
chanics and invited Minovitch to give a talk de-
scribing how gravity propulsion could be used for
accomplishing the high-energy missions'® without
electric propulsion. Minovitch accepted the in-
vitation and prepared a talk entitled '"Use of Pla-
netary Gravity Fields for High-Energy Missions,'''!®
Unfortunately, Minovitch missed the conference
which began at 10 AM. (Always a man of deeply en-
trenched nocturnal habits, Minovitch still routinely
works from late afternoon to dawn -- he rarely
awakes before 2 PM.)

Transfer to the University of California, Berkeley

Minovitch found great personal enjoyment dur-
ing the three years that he spent investigating his
concept of gravity-propelled interplanetary space
travel and bringing it to the attention of profes-
sional astrodynamicists and important individuals
connected with the U.S. Space Program. He believed
that his extensive numerical investigation firmly
established its technical feasibility and that the
numerical investigation would be carried forward,
if not by himself, then certainly by others. How-
ever, by the end of summer 1964, JPL still had no
official NASA research project to conduct gravity-
propelled multiplanet trajectory research. Mino-
vitch was the only person connected to JPL who was
doing this research at that time, but this was
basically in support of his UCLA project.

Elliott Cutting believed that Minovitch would
continue the research (as a JPL research project)
and asked him to return to JPL during the summer
of 1965. But Minovitch was not certain that he



would be able to continue it in 1965. He was
beginning to feel the effects of overwork. His
original goal was to establish the theoretical and
technical feasibility of his concept of gravity-
propelled interplanetary space travel, and he
believed that he accomplished this goal. His long-
range career goals were in pure mathematics and
theoretical physics. Although he enjoyed the re-
search and regarded it as both basic research in
mathematical physics (analytical mechanics) and
space travel, he was also getting older and wanted
to re-focus his energy on learning more advanced
mathematics and physics and last, but not least,
passing the Ph.D. qualifying examinations.

In September 1964, Minovitch decided to trans-
fer from UCLA to UC Berkeley and complete his Ph.D.
work there. The field of mathematics which he
loved most was differential geometry. Dr. Shoshichi
Kobayashi, a professor of mathematics at UC Berke-
ley, was one of the leading mathematicians de-
veloping the modern topological foundations of dif-
ferential geometry,119 and Minovitch wanted to
study this field at Berkeley under Kobayashi.
Moreover, Berkeley was also one of the world's
leading institutions in theoretical and high-energy
nuclear physics. One of Minovitch's most admired
physicists who once taught at Berkeley was J.
Robert Oppenheimer. To Minovitch, who still had
his youth and ideas about other research projects
in mathematics and physics, these things were im-
portant.

When Minovitch moved to Berkeley in Segtember
1964, he was not finished with his report®*? and
had to finish it in Berkeley. After it was fin-
ished he mailed it to Cutting and seriously con-
sidered returning to JPL to continue gravity pro-
pulsion research. With Cutting showing so much
interest, he knew that there would be no problem
obtaining the JPL extended ephemeris to numerically
compute the outer planet gravity-propelled multi-
planet trajectory profiles. But Minovitch was very
tired during the spring of 1965 and needed to slow
down. He had worked during the previous six con-
secutive summer vacations 1959-1964. Consequently,
he decided to take the summer of 1965 off and
spend it at Harvard University in an individual
study program preparing (without any distractions)
for his Ph.D. examinations at Berkeley. He planned
to return to JPL during the summer of 1966 and ad-
vised Cutting of these plans.

Cutting was disappointed. In a letter dated
May 21, 1965,22° he told Minovitch that his report
on the high-energy missions generated considerable
interest in a possible gravity-propelled deep
space mission to the outer Solar System and that
he was planning to start preliminary studies for
such a mission that summer. Minovitch was very
happy. This was one of the reasons why he con-
ducted his two-and-a-half year numerical inves-
tigation. Cutting and many others at JPL were
finally convinced that Minovitch's concept of
gravity-propelled multiplanet space travel was not
only useful for exploring MercurynG but for ex-
ploring the outer planets as well 1186120 qh4g
meant that the underlying propulsion principles
for achieving interplanetary space travel would,
except for a few cases, be changed (for the fore-
seeable future) from direct-transfer using re-
action propulsion to indirect-transfer using
gravity-propulsion. But it meant much more than
a shift in propulsion methods, because very little
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of the Solar System could be explored with reaction
propulsion since nuclear and electric propulsion
were not technically viable in 1964 (and are still
not technically viable in 1991)., Therefore, it
meant the opening up of the entire Solar System to
direct exploration with instrumented space vehicles.

Historical Comments

This section is intended to address some of the
questions that have been most often asked about
Minovitch's gravity propulsion research and related
topics. We shall also identify and explain some of
the most common misconceptions.

JPL's Technical Capability of Computing Gravity-
Propelled Multiplanet Trajectories after Minovitch
Left in 1964

When Minovitch decided to spend the summer of
1965 at Harvard University, he did not leave JPL
without any means for computing gravity-propelled
multiplanet trajectories and continuing this re-
search. He was aware of the fact that Clarke had
reproduced his UCLA gravity-propelled multiplanet
trajectory program21 in June 1962"7 and, by 1964,
that this program was in JPL's inventory of trajec-
tory programs. 2’122 Although this June 1962 ver-
sion of Minovitch's gravity-propelled multiplanet
trajectory program did not have the modification
necessary to compute hyperbolic post-encounter legs,
the modification was not difficult. (The ana-
lytical details were explained in Minovitch's two
1961 papers.lu'as) Likewise, the modification re-
quired to make the program operate with JPL's ex-
tended planetary ephemeris was not difficult. The
program itself was very easy to operate. All that
was necessary to operate it was to input a string
of digits Ngp, Ny, Ny, s+ , Nn corresponding to
any desired planetary encounter sequence Py - P; -
P, = +++ - P_ (such as 3, 5, 6, 7, 8 for a Veoyager
2-type trajectory) and a range of launch dates and
trip times for the first leg.?! Figs. 5, 7, 9, 11,
13, 15, 17, 19, 21, 23 and 25 of ref. 112 made it
obvious what the likely outer planet encounter se-
quences would be for the various Earth-Jupiter
launch windows. A single computer run with this
program also had the capability of determining
gravity-propelled trajectory profiles with up to
nine planetary encounters, and up to ten different
profiles could be calculated in each computer run.
These techniques, together with an extended ephe-
meris, was used by Gary Flandro (whom Cutting as-
signed to run the calculations) during the summer
of 1965 to numerically determine multiplanet
gravity-propelled trajectories to the outer
planets -- one of which was eventually realized in
the Voyager 2 mission.}??

There is another interesting aspect related to
Minovitch's leaving JPL in 1964 that has never been
told. Before moving to Berkeley in September 1964,
Minovitch arranged to store essentially all of his
computer calculations in a large storage basement
in JPL's Building 180, This material included
everything he kept at JPL, everything he had stored
in his office at UCLA, and almost everything he had
stored at his home in Los Angeles. Since almost
everything that was printed was in triplicate, the
pile was very large and consisted of about 200
bound books of output paper and over a dozen boxes
of unbound printed output paper and computer pro-
grams. At that time, this collection essentially



represented an enormous library of gravity-
propelled interplanetary trajectories (and direct-
transfer trajectories) covering many different
launch windows and encounter sequences. It was

the combined output of Minovitch's two-and-a-half
year numerical investigation at UCLA and JPL. There
was nothing like this collection anywhere in the
world. 1In 1966, Minovitch discovered that it was
all destroyed without any prior notification sent
to either UCLA or to Minovitch.

Misconceptions Concerning the Frequency of Voyager
2 Trajectory Profiles

Numerous articles and books have been pub-
lished that describe the planetary configuration re-
quired for a realizable Voyager 2-type Earth-
Jupiter-Saturn-Uranus-Neptune gravity-propelled
trajectory as a 'rare event" that occurs only once
every 176 years.'?"’??® This is not true. Although
the exact relative positions of Earth, Jupiter,
Saturn, Uranus and Neptune that existed at the
time Voyager 2 was launched (August 1977) will not
reappear again for approximately 176 years, it will
not require this many years before Voyager 2
gravity-propelled trajectory profile is possible.

Fig. 15

Illustration of Voyager 2's gravity-
propelled trajectory (solid line) and
a few of the infinite course changes
(dash lines) that can be realized at
each planet by changing the approach
parameters.

All of the outer planets in this particular
encounter sequence have sufficiently large masses
to catapult a free-fall vehicle to virtually any
positive (i.e., counter clockwise) direction after
each encounter. Thus, the position of each suc-
cessive planet to be encountered relative to the
preceding planet in the encounter sequence is not
a critical factor. The profile only requires a
planetary configuration where each planet in the
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sequence is leading each preceding planet anywhere
from about 10° to about 120° relative to the Sun --
a planetary configuration that does not represent a
"rare planetary alignment." And even this configura-
tion is not a necessary condition that must be sa-
tisfied. (Pioneer 11 traversed the entire inner
Solar System after encountering Jupiter to intercept
Saturn on its Jupiter-Saturn leg.)

This fact is illustrated in Fig. 15. The tra-
jectory shown by the solid line represents the
Voyager 2 trajectory. The broken lines represent a
few of the possible post-encounter trajectories
that could be achieved by varying the approach tra-
jectory at each intermediate planet in the encounter
sequence, The figure therefore illustrates the
wide range of relative planetary positicns for
Jupiter, Saturn, Uranus, and Neptune that are pos-
sible for a realizable Earth-Jupiter-Saturn-Uranus-
Neptune trajectory profile.

Gravity Propulsion and Perturbed Cometary Orbits

The concept of gravity-propelled interplane-
tary space travel is based upon the fact that the
orbital energy of a free-fall space vehicle can be
changed relative to the Sun without reaction pro-
pulsion by a close planetary encounter. However, as
was correctly noted in a recent communication from
Ruppe,SB many trajectory engineers working in the
1950s and early 1960s believed that the orbital
energy of a free-fall space vehicle must remain
constant relative to the Sun, regardless of any
planetary encounter., But Ruppe also noted that as-
tronomers working in celestial mechanics knew for
at least 100 years that the heliocentric orbital
energy of a comet could be changed by passing close
to a planet.

Since the innovation of gravity propulsion
caused such a profound revolution in the basic
technical feasibility of interplanetary space tra-
vel, a natural question arises: Since astronomers
knew that the orbital energy of a free-fall body
could be changed by a close planetary encounter,
why didn't they communicate this fact to the tra-
jectory engineers assigned to uncover and determine
the interplanetary trajectories for specific mis-
sions that require a minimum amount of rocket pro-
pulsion so that it could be incorporated into their
search? An investigation of this question by the
authors revealed some interesting facts. It was
discovered that many of the leading theoreticians
and astrodynamicists who wrote the research papers
and the books that were used to teach trajectory
engineers the basic principles of celestial me-
chanics and astrodynamics were fully aware of this
fact. But these leaders, who were often astro-
nomers, nevertheless, still regarded the classical
Hohmann trajectory as the "minimum energy' trajec-
tory (or "optimum trajectory") for interplanetary
space travel from one planet to another planet and
backed up this belief with numerous mathematical
demosntrations. For example, Professor Samuel
Herrick, who is often cited as being one of the
founding fathers of astrodynamics,'®® was fully
aware of the fact that the heliocentric orbital
energy of a free-fall body can be changed by a
close planetary encounter. In fact, Herrick wrote
a book on the orbits of comets.'?’ However, in 1961
Herrick also wrote a book on astrodynamics that
included a detailed mathematical proof demonstrat-
ing that Hohmann trajectories represented the mini-
mum energy trajectory for interplanetary space



travel from one planet to another planet.lze

Professors Robert Baker and Maud Makemuson were
also leading astrodynamicists who taught this field
and wrote the basic textbooks. On page 19 in a
section entitled "Perturbations' written in their
classic 1960 textbook on astrodynamics,129 they
state: "As the term has been defined in the fore-
going, perturbations need not necessarily be small,
For example, Comet 1770 Lexell was so accelerated
by a close approach to Jupiter in 1779 that it left
the Solar System on a hyperbolic orbit and has
never been observed again.'" However, on page 268
of this same textbook, the authors state that
Hohmann trajectories represent the minimum energy
trajectories required for space travel between two
planets and cited Herrick's mathematical demonstra-
tion.

Many other similar cases can be cited. But
the important point is not the fact that some lead-
ing astrodynamicists were aware that the orbital
energy of a comet would be changed by a close
planetary encounter but rather that they evidently
did not connect this effect with the basic problem
of space travel. As was pointed out in our first
paper.l gravitational perturbations were generally
regarded as annoying disturbances of two-body
(Keplerian) motion, which had to be corrected,
often by applying rocket propulsion to cancel out
their effect. But even if planetary gravitational
perturbations could be used in theory to reduce the
propulsion requirements of space travel below the
Hohmann limit, using them would require the solu-
tion of the Restricted ThrEe-Bud% Problem, which
was unsolved in the early 1960s.” However, at the
beginning of the 1960s, there was no hint or sug-
gestion that a solution of this problem would
result in a significant breakthrough in interplane-
tary space travel. This absence demonstrates
that Minovitch's concept of gravity-propelled
space travel was a truly radical innovation in the
history and technical development of interplanetary
space travel.

Summary

From the inception of space travel in the 19th
century to the beginning of the 1960s, it was be-
lieved that reaction propulsion, based on Newton's
third law of motion, was such a fundamental prin-
ciple for accelerating a space vehicle relative
to a primary inertial frame (the Sun) that it was
regarded as one of the most basic principles of
space travel. The other assumption that was taken
for granted since the 1920s was that Hohmann's
trajectory represented the minimum energy trajec-
tory for interplanetary space travel to another
planet. Both of these ideas represented the two
pillars upon which the technical foundation of
interplanetary space travel were laid. But this
technical foundation limited the exploration of
the Solar System to a very small region because of
the inherent limits of chemical rocket propulsion
and the technical difficulties of nuclear and
electric propulsion (which are still unsolved).

Minovitch's theoretical research during the
summer of 1961 was significant because it over-
turned these two principal pillars. His leap from
the state of the art, as it existed in 1961, to
his vision of gravity-propelled interplanetary
space travel was so far and so different from the
convential principles of space travel that many
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professionals regarded it as a violation of the
law of conservation of energy. What is most unique
about Minovitch's research is the fact that he was
involved with astrodynamics for such a short time
before he solved one of its most difficult prob-
lems -- the Restricted Three-Body Problem -- and
that he had the creative insight to recognize that
this solution could be used for propelling a space
vehicle around the entire Solar System from planet
to planet without using any reaction propulsion.

The second important aspect in the early his-
torical development of gravity-propelled space
travel was Minovitch's decision to begin a large-
scale research project at UCLA to numerically in-
vestigate its feasibility after it was rejected at
JPL (i.e., JPL's trajectory group) as being im-
possible. Although Minovitch was unprepared to
carry out such an investigation, and had little
time for it, he was convinced of its revolutionary
potential and worked on it for two-and-a-half
years. This research project was funded entirely
by the University of California and by the end of
September 1964 had consumed over 300 hours of com-

putin§ time on their IBM 7090/7094 compu-
ters, 167582111

The numerical investigation at UCLA began in
February 1962, 1In April 1962, Minovitch informed
JPL of his UCLA research project and arranged to
have his gravity-propelled multiplanet trajectory
program tested with their high-precision inter-
planetary trajectory integration program.zu These
tests were successful and demonstrated that Mino-
vitch's analytic methods represented the first
numerical solution of the unsolved Restricted
N-Body Problem of celestial mechanics.®

In June 1962, another unusual aspect of Mino-
vitch's UCLA research project began at JPL. Al-
though no JPL or NASA funding was ever given to
UCLA to support his research, JPL did give Mino-
vitch direct access to both of their 7090/7094
computers on a time-available basis. This highly
unorthodox relationship involving UCLA, Minovitch,
and JPL began in June 1962 and lasted through Sep-
tember 1964. Since Minovitch preferred using the
JPL computers (especially during the summers of
1962, 1963 and 1964 because he operated them him-
self), the total amount of computer time consumed
at JPL was much more than the total time used at
UCLA. Thus, the total amount of computer time
used by Minovitch was about 800 hours, making the
project one of the most intense non-military
computational research projects ever conducted up
to that time.

By September 1964, Minovitch's two-and-a-half
year research project had demonstrated that his
concept of gravity-propelled interplanetary space
travel would enable space vehicles to explore the
entire Solar System using relatively small conven-
tional launch vehicles such as the chemical Atlas/
Centaur. This research eventually led to NASA's
Mariner 10 Earth-Venus-Mercury; Pioneer 10 and 11;
Voyager 1 and 2; the low launch energy Earth-Venus-
Earth-Earth-Jupiter Galileo mission to Jupiter;
and the Ulysses out-of-ecliptic solar-polar
gravity-propelled missions (and many more that are
in the planning stage). The amount of scientific
information about the Solar System obtained from
these gravity-propelled missions'?®? is many times
greater than the combined scientific information
obtained from all previous conventional missions
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regions near the Sun itself.
14. Computer FORTRAN print-out listing of Mino-
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systems, these advanced systems were never deve- operated at UCLA Computing Facility, February-
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