EXECUTIVE OFFICE OF THE PRESIDENT
NATIONAL AERONAUTICS and SPACE COUNCIL
WASHINGTON

October 18, 1963

Dear Mike:

Enclosed is a copy of the report on Future Unmanned Explora-
tion of the Solar System, which I had indicated to you over the
phone was almost complete. You can readily note the occasions
where use was made of planetary gravity fields for trajectory
shaping. I-would appreciate your comments on those items
specifically, as well as any comments you choose to make on
the report as a whole.

I appreciated very much receiving your letter last summer. It
is not very often these days that anyone takes the time to write
a letter of that nature under those circumstances. It made me
feel a little more that the battle is sometimes worth the effort.

We will surely have a chance to chat again sometime at a tech-
nical meeting or otherwise. In the meantime, I will, one of
these weeks, get around to the question of the use of unconvene
tional trajectories in manned operations, and will send you my
opinions on the subject at that time.

Thanks once more for your letter of last summer,.
Sincerely,

Maxwell W, Hunter, I
Member, Professional Staff

Mr. Michael A. Minovitch
Jet Propulsion Laboratory
4800 Oak Grove Drive
Pasadena 3, California
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INTRODUCTION

This paper presents a more comprehensive program for unmanned
solar system exploration than is now planned. Certain of the data pre-
sented were obtained from recent studies, and some of the suggestions
are already familiar to vehicle designers. Other information and view-
points are my own, and need further verification or refinement by
detailed study.

The basic reason for considering a more comprehensive unmanned
lunar and planetary program is the fact that our current national effort
is aimed almost completely at the Moon and the planets Mars and Venus.
Actually there are 8 known planets other than Earth, 30 known natural
satellites in addition to the Moon, and thousands of asteroids and comets
in the solar system. It would seem, then, that we are expending a great
deal of effort on only a small fraction of the solar system. This is the
kind of situation which usually results in frequent program re-direction
as the effects of advancing technology, with or without competition, in-
evitably raises questions of program adequacy. It could also lead to
immature approaches if we should, for example, establish cooperative
planetary probe programs with the Soviets without understandmg the
fundamental factors involved.

We have held a restricted view of our planetary program under the
covering implicit assumption that the high performance rocket vehicles
required for solar system-wide probing are so expensive that it just did
not make sense to reach elsewhere in the system, at least for a long time
to come. | This paper is directed toward proving this assumption to be fa,lse.
The solar”system as an entity represents one of the few natural occurring i
space program package plans available. The distance to the nearest known
star is 7,000 times the distance to Pluto, but Pluto is only about 26 times
the distance of Mars. We shall examine this package.




VELOCITY REQUIREMENTS

To provide complete solar system coverage would require the ability
to land instruments safely on the surface of every body, and to be able to
go into every possible orbit about them. This means providing both enough
spacecraft rocket braking to be able to land on any of the bodies without
atmospheres, and atmospheric braking ability to land on those bodies with
atmospheres. In addition, rocket impulse will be required for course
changes and guidance corrections, and for braking into orbits. Further-
more, it would be extremely desirable to use atmospheric braking into
orbit to reduce the burden on the rocket system. Each of these require-
ments must be analyzed in turn.

We shall start by examining the Earth launch velocity requirements
for placing payloads at any location in the solar system. This will ob--
viously require higher velocities than our current probes. Three separate
aspects of launch velocities will be considered: (1) the ability to reach any-
where in the solar system including excess velocity to reduce travel times
to distant targets, (2) excess velocity to open the launch windows to Mars
and Venus so that much closer to year-round operations would be possible
in those cases, and (3) out-of-ecliptic and solar probe missions. Normal
trajectories will be considered first, but some effects of unconventional
trajectories making use of the energy available from planetary gravitation-
al fields will also be examined. In addition, payload velocity requirements
to establish orbits about planets and to land on satellites will be explored.

The data presented in this paper assume circular, co-planar orbits
for all planets and satellites. The satellite orbits were assumed to have a
radius equal to the semi-major axis of the actual orbit. No attempt has
been made to check the effects of these assumptions in the satellite cases,
but accurately calculated data are presented in the planetary cases, to
indicate the validity of the approach. The pertinent characteristics of the
planets and satellites in the solar system used in this memorandum are
given in the Appendix. Significant uncertainties exist in some of these
quantities, but they should not be great enough to change the basic conc-
clusions.

LAUNCH VELOCITY

The basic launch velocity required is shown in Figure 1. The lower
curve gives the launch velocity to reach the various planets with minimum
energy expenditure. The travel times required are tabulated for each




planet. In addition, curves of the velocities required to reduce flight time
to the further planets are shown. As an example, minimum energy flight
to the planet Uranus requires 52,000 fps launch velocity and takes 16.1
years, but this time could be reduced to 4 years by the use of 63,000 fps
launch velocity. It is desirable to reduce the travel time to the far planets
for several reasons. Reliability of equipment is perhaps the most obvious
one. In addition, however, if one starts to think of flight times of 16 years
(or 47 years to Pluto), one must consider a comparison of the development
time plus vehicle travel time of the system under discussion with that of
whatever new system will eventually replace it. This probably places a
restriction on maximum flight time of the order of 10 years, as will be
discussed later. I shall refrain from mentioning the importance of the
political synodic period, which obviously has a major period of 4 years
with a minor harmonic of 2.

Launch Windows

Excess velocity capability may be used to open the launch windows to
Mars and Venus. Although Mars and Venus are closest to the Earth, they
present the greatest launch window problem. The far planets are moving
around the Sun so slowly that they act almost as fixed points, and in this
case the synodic period approaches the Earth's revolution period of one
year. For planets closer to the Sun than Venus, the synodic period be-
comes very short since the planetary orbit period becomes very small.

A curve of synodic period with respdct to Earth for all the planets in the
solar system is shown in Figure 2.

The effects on launch velocity of 60-day launch windows to Mars and
Venus are shown in Figure 3 using data from Reference 1. The data in
this Reference were accurately machine-calculated including actual plan-
etary orbital eccentricities and inclinations compared to the simplifications
of Figure 1. The highest and lowest velocities shown for each pair of sym-
bols represent respectively the worst and best synodic periods during the
next 15 years. Only about 8 percent additional launch velocity is requlred
in the worst actual case, a rather modest amount.

The definition of a launch window at even higher velocities is more
complicated than might seem at first. Only the case of Mars will be dis-
cussed to illustrate the phenomena involved. The contours shown in
Figure 4 are curves of travel time from Earth to Mars as a function of
launch day for a total launch velocity of 60,000 fps.” The relationship
between two succeeding synodic periods is shown utilizing the same
contours as an approximation. Although it is possible to launch at any
time of the year with 60,000 fps, there is a time (Point A) after which it
makes more sense to wait Until Point B to launch, since the arrival time
would be the same. Between Points A and B, we would be simply storing




the probe in space, rather than on Earth. Thus, it can be seen that although
a completely open arrival window is available, launching should occur only

roughly half of the time.

Additional constraints are evident. A completely open arrival window
requires a maximum flight time of 490 days and one might arbitrarily
decide to limit this value to some smaller number. If so, both arrival
and launch windows will be correspondingly reduced. A plot of both launch
and arrival windows as a function of maximum flight time is shown in

Figure b.

At least one other limitation exists. If we make use of the completely
open arrival window, then part of the time Mars will be on the opposite
side of the Sun from the Earth. We will then either not be able to communi-
cate with it and must store data for later transmission, or we must make
use of a communication relay planetoid in solar orbit. We should establish
such a communication relay planetoid at one of the Trojan libration points
of the Earth-Sun system. Only one should permit continuous communica-
tion over the entire solar system at least as far in as Mercury,

In the meantime, it is desirable to know when during the synodic
period this problem exists, and, accordingly, the band of time during
which Mars is hidden from the Earth by the Sun is shown in Figures 4 and
5. We should, perhaps, limit the maximum flight time to about 280 days.
This would avoid the problem of Mars being behind the Sun on arrival,
and would mean arrival windows of approximately 53% of the synodic per-
iod and launch windows of 4d%. These numbers are decreased approxi-
mately 10% if propulsive braking, rather than atmospheric braking is
required at Mars.

A considerable investigation of high launch velocities for both Mars
and Venus is required for a number of different synodic periods before
these requirements can be accurately pinned down. It does appear, how-
ever, that 60,000 fps launch belocity will permit operation to Mars at
least 40% of the time, which corresponds to roughly a one-year launch
window. Venus should present an even more open launch window at
comparable launch velocities. Thus, the use of launch velocities as high
as 60,000 fps can vastly alleviate the launch window inconveniences of
current programs.

Indirect Flight and Gravity Fields

The velocity requirement curves discussed to this point have assumed
direct launch from Earth. It is possible, however, to make use of plan-
etary gravity fields to deflect trajectories in such a way as to perform

.




some missions with lower velocities. One example, of this is indicated

in Figure 3 where data of Reference 3 are shown for Earth/Mercury and
Earth/Mars missions utilizing a close flyby of Venus for orbit modifica-
tion.? Although the velocity requirements for Earth/Mars operations were"
not cl(,(,reased significantly, it was possible to find Earth/Mars launch
windows for every Earth/Venus launch window investigated. 'Since Venus
launch windows are more frequent than those of IMars and rarely occur at
the same time, this represents a more than doubling of the available
launch windows to Mars. !

k __In the case of Mercury, it is possible to reduce the velocity require-
ments by about 4,000 fps by means of the Venus flyby. Due to Mercury's
high eccentricity and inclination, however, many of its launch opportuni-
ties require substantially higher values than shown. The values shown are
typical of about 1/3 of the opportunities, or roughly one per year.

Other interesting unconventional trajectories exist. The major planets
may be used to deflect trajectories to aid in close approaches to the Sun
and out-of-ecliptic missions. Although a flight time penalty is involved
in going farther away from the Sun to perform such missions, the velocity
requirements are sometimes greatly reduced since the trajectories can be
changed at aphelion with smaller velocity increments. Even the use of a
second rocket impulse at aphelion without the benefit of a planetary gravity

field will substantially reguce requirements.4

The use of Jupiter is particularly effective for several reasons. The
planet is very large, and its gravity field is adequate for the necessary
maneuvers. Jupiter's orbital velocity of 43,000 fps represents the magni-
tude of velocity to be deflected in most cases. For solar probe missions,
this much velocity retrograde with respect to Jupiter will create a
trajectory which hits the Sun, and the same amount deflected normal to the
ecliptic will produce a trajectory which passes over the Sun at a distance
equal to Jupiter's orbital radius. Examination of the trajectory mechanics
shows that deflections of about 90° are required, an obvious conclusion in
the case of out-of-ecliptic traJectones Since a close approach to Jupiter
can deflect such velocities about 130°, adequate margin is available. A
further consequence of the large magnitude of Jupiter's gravity field is
that the guidance accuracy required for the maneuvers is not great. For
instance, an error of the order of 500 fps in hyperbolic excess velocity
with respect to Jupiter produces only a one degree change in deflected
angle. In addition to the beneficial effects of the large gravity field, Jupiter
is close enough to the Sun that the flight time increases for the Jupiter
flyby trajectories compared to direct flights are not excessive.




The use of a Jupiter flyby for solar probe missions is shown in
Figure 6. The velocity required to come as close to the Sun as desired is only
50, 000 fps if about 3 1/2 years' flight time can be tolerated as compared
to a velocity of 80,000 fps required to approach to only 10 solar radii by
conventional trajectories. The effect of the use of a second rocket impulse
at the orbit of Jupiter is also shown in Figure 6.

An even more startling result occurs for out-of-ecliptic trajectories
as shown in Figure 7. To launch directly from the Earth to 90° out-of-
ecliptic and go over (or under) the Sun with a closest approach of one
astronomical unit requires 140,000 fps. The same maneuver making use
of a Jupiter flyby requires only 52,000 fps. Likewise, the requirement
for going 90° out-of-ecliptic and making the closest possible approach to
the Sun is reduced from 105,000 fps to 50,000 fps. The minimum energy
curves of Figure 7 represent varying degrees of closest approach to the
Sun. At low out-of-ecliptic angles, the probes stay essentially at
planetary distance from the Sun since the magnitude of the orbital
velocity of the planet is not changed appreciably at small angles. For out-
of-ecliptic angles approaching 90°, the minimum energy probes pass very
close to the Sun since the planetary orbital velocity must be nullified
completely. In this case, the minimum probe velocity occurs at minimum
additional velocity normal to the ecliptic.

The Jupiter gravity field can also be used to advantage for deep space
missions beyond Jupiter, Figure 8. It is possible to escape completely
from the solar system with an Earth launch velocity of only 47,000 fps
as opposed to the 54, 500 fps normally felt to be required. It is intriguing
that the flight time to Pluto using this lower velocity requirement is only
25 1/2 years compared to 47 years without the aid of Jupiter gravity fields.
When using Jupiter for trips to the other outer planets, the synodic periods
of those planets and Jupiter create large intervals between launch windows
which curtail the usefulness of this approach somewhat. The Jupiter/Saturn
synodic period is almost 20 years while the other outer planet periods are
about 13 years. For solar probe and out-of-ecliptic missions, however, the
launch windows occur each Earth/Jupiter synodic period of just over one year.

It should be realized that the effects of using planetary gravity fields
are large, not merely minor perturbations. Particularly in solar probe
and out-of-ecliptic missions, velocity requirements are decreased by
roughly factors of two and brought nicely into the range of other solar
system requirements. This form of '"gravity propulsion' is free energy,
available in reliable form for the price of some clever guidance. It should
be used as opposed to building needlessly high performance vehicles.




Asteroids and Comets

No attempt will be made to discuss the many different requirements
created by the wide variety of orbits possessed by asteroids and comets.
Asteroid velocity requirements will certainly fall within the velocities
needed to cover all the planetary systems. Likewise, cometary velocity
requirements will not be great if the orbit is known in advance to suffi-
cient accuracy. In fact, by firing a probe out to the aphelion of a comet,
it would be possible to match trajectories with only small velocity input
as discussed with solar probe and out-of-ecliptic trajectories, and thus
fly formation with the comet during its complete orbit of the Sun. Newly
discovered comets are quite a different matter, as discussed in Reference 5.
In that case, velocity requirements to intercept the comet after detection
but prior to solar passage could become extremely large. If we rule out
such comets of opportunity, the probe velocities required for the other
solar missions discussed will be adequate for all asteroids and comets.

PAYLOAD VELOCITY

Figure 1 assumes either flyby missions, or the utilization of atmos-
pheric braking into orbit or onto the surface of the target planet. It gives
a feel for the Earth launch yelocity required, but no indication of the
braking problems experienced by the payload upon arrival, These braking
requirements ingrease rapidly beyond 60, 000 fps launch velocity. The
large reductiorsin flight times to the further planets are achieved, ob-
viously, because the probe is moving much faster in the deep space area.

An indication of the magnitude of this speed is shown in Figures 9 and
10 where the braking velocities required are shown for the launch veloci-
ties of Figures 1 and 3. It can be seen that these curves increase very
rapidly at Earth launch velocities beyond the minimum. This is due to
the fact that high speed rockets do not lose as muchygﬁgg% to gravity
fields as low speed rockets, since they travel through a field more
rapidly and hence are not decelerated for as long a time. This effect is
compounded in solar space flight by the rapid traversing of both the Earth's
gravity field and the solar field. This also explains why in Figure 10 a
much larger spread occurs between the approximate curves and the actual
calculations than in the launch velocities of Figure 3, It is intere sting
that, as expected, the Earth/Venus/Mars braking velocities are higher
than Earth/Mars while the Earth/Venus/Mercury values are lower than
Earth/Mercury.

Braking Within Gravity Fields

When braking is applied within a gravity field, an advantage is gained
by the reverse of the process just described. In this case, the probe is




accelerated by the gravity field until closest approach to the planet. If some
velocity is removed at this point, the rate of travel out through the gravity
field is reduced, and the field has time to extract more velocity than it put
in during approach. The large planets, Jupiter, Saturn, Uranus, and Nep-
tune have large gravity fields to aid in the efficiency of braking, and also ex-
tensive atmospheres which may be utilized. Pluto is farthest away, has a
small gravity field, and no known atmosphere. Pluto thus likely represents
the toughest target for landing missions of the next generation of probes.

Elliptical Orbits At Destination

It is frequently assumed when calculating the velocity requirements for
establishing an orbit around another planet that the orbit will be circular
at 1.1 planetary radius. In the case of a large planet, this results in high
payload velocity requirements, and it is not clear that this is logical for two
reasons. First of all, the surveillance of a planet may be done equally well
and perhaps even better by a highly elliptical orbit with peri-apsis (point of
closest approach to planet-perigee at Earth) sufficiently close to the planet.
The velocity requirements for such orbits are far smaller than for the close
circular orbit., Secondly, for a large planet like Jupiter, we may be even
more interested in landing on its satellites. The closest large satellite of
Jupiter is Io, and it is at 6 planetary radii. The establishment of a circular
orbit at 1.1 plangtary radius as part of the process of landing on a satellite
at 6 planetary radii would be a waste of energy since the orbit must later
be raised.

Atmospheric Braking

Atmospheric braking is extremely important as a means of decreasing
total payload velocity requirements. Although atmospheric landing on the
surfaces of the major planets may well be feasible, it will not be considered
further here since a detailed analysis would be necessary. The magnitude of
braking required for landing on the minor planets and for using the major
planetary atmospheres as an aid in approach control will be considered.

Both Mars and Venus have extensive atmospheres, do not tend to have
large braking requirements, and have been well investigated. The other two
minor planets, however, have tricky braking problems. The relatively large '[
braking requirements of Mercury and Pluto are shown in Figures 9 and 10.
The Mercury requirement is large because of the high orbital speeds close
to the Sun and its high inclination. The Pluto requirement is large if high
launch velocities are used to decrease travel times. By coincidence, both
braking requirements tend to be about 50,000 fps. The atmosphere of Mer-
cury is estimated to be as dense at the surface as the atmospheres of Earth
or Mars at about 150,000 feet. Since Mercury and Mars are small, the at-
mosphere of Mercury should be about as effective as the atmosphere of Mars




