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The first generation of interplanetary spacecraft has been designed primarily for
the purpose of exploring the space environment. From the guidance standpoint,
the missions have been relatively elementary so that ground-based tracking and
control should be adequate. However, as the scope of interplanetary ventures
broadens, the need for self-sufficiency in spacecraft operations will become apparent.
Self-contained navigation systems requiring little or no radiation contact with
Earth will then provide the solution to the guidance problem for the more sophisti-
cated missions.

It is the purpose of this paper to discuss some of the more advanced interplanetary
missions from the standpoint of the limitations imposed by the geometry of the
solar system on the trajectory problem. Consideration is given to a variety of
mission objectives which include orbiting a target planet, atmospheric probes, and
nonstop round-trip reconnaissance.

INTERPLANETARY TRAJECTORIES

An initial step in planning for most interplanetary missions is the selection of a
suitable trajectory for the spacecraft. Although the advent of practical continuous
propulsion devices may significantly change the situation, interplanetary probes
now under development must travel essentially from launch to destination in free
fall under the influence of solar and planetary gravity fields. A predetermined
reference trajectory is thus an integral part of the operation. If launched precisely
in such a course, the vehicle could, in theory, proceed to its destination without the
need of further propulsion. However, deviations from this reference path require
correction, and a source of propulsion energy would have to be provided. To ensure
successful completion of the mission, the vehicle must not be permitted to deviate
substantially from the planned course because of the limited reserve of energy
which can be transported. Unfortunately, until we have at our disposal more
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98 AIR, SPACE, AND INSTRUMENTS

powerful sources of energy than are now available in the form of chemical fuels,
space travel must be confined to these admittedly restrictive free-fall routes.

The determination of an appropriate course to be followed is complicated by the
fact that both the starting and destination points describe orbits about the Sun.
The angular velocities of the departure and destination planets are not only different
but are continually changing with time. Furthermore, although the motions of the
planets are essentially planar, the planes of their orbits do not coincide. True, the
inclination angles are small, but the effect can be significant.

Complicated though the circumstances may be, nevertheless the path of the
vehicle in free-fall is completely determined by the initial conditions, i.e., the velocity
vector of the spacecraft at the time of departure from. Earth. Prior to injection
into orbit, the spacecraft has a velocity with respect to the Sun of just under 100,000
ft per sec, which is the same as the orbital velocity of the Earth. The problem then
is to determine the impulse in velocity needed to attain a suitable interplanetary
orbit so that the spacecraft will intersect the orbit of the destination planet at a
predetermined point in space and time.

The total energy required for an interplanetary voyage consists primarily of the
following :

1. The energy to escape from the departure planet

2. The energy to transfer from the initial orbit to an orbit which intercepts the
destination planet

3. The energy to decelerate at the destination planet if the spacecraft is either to
land or to orbit the planet

4. The energy to provide navigational corrections

The basic problem in interplanetary trajectory analysis is to select a path for the
spacecraft which minimizes the energy requirements and is otherwise consistent
with the over-all mission objectives.

It is possible to establish a course to the planets Mars or Venus with a departure
velocity (sometimes called the “excess hyperbolic velocity™) from the Earth which
is only slightly larger than the minimum escape velocity. The greater part of the
voyage is made in free flight under the action of solar gravity—the periods of accelera-
tion and of proximity to planets being insignificant compared with the total duration
of the flight. For the most part the influence of the various planets on the course
of the spacecraft is almost negligible. Therefore, by far the more substantial portion
of the voyage is made in a nearly true Keplerian orbit.

The usual transfer orbit for a Martian probe, as depicted in popular books on
space flight, is an ellipse, with the Sun at one focus, whose perihelion is the point of
tangency with the Earth’s orbit and whose aphelion is the point of tangency with
the Mars orbit. If the planetary orbits are regarded as coplanar circles, then this
path can be readily shown to require the least expenditure of fuel for the transfer,
However, the orbits of the planets are not coplanar; and although the angle between
the orbital planes of Earth and Mars is only 1.85°, the effect in terms of the required
velocity of departure is not a minor one. For a vehicle moving solely under the
influence of solar gravity, the trajectory plane must include the position of Earth at
departure, the position of the destination planet at arrival, and the Sun as the center
of attraction. If the launch and arrival positions are nearly 180° apart as measured
with the Sun at the vertex, then the trajectory plane can and generally will be
inclined at a large angle to the ecliptic. Such an orbit involves a relative velocity
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between the spacecraft and Earth which is comparable to the Earth’s own velocity
about the Sun. Such orbits therefore involve an impractically large expenditure of
energy at departure, despite the fact that in the simplified two-dimensional theory
they are optimum in this respect.

Apart from the three-dimensional effect described above, the cotangential transfer
ellipse, if continued past the destination planet, would not provide a suitable return
trajectory to Earth. For a one-way trip this is irrelevant; however, for a probe
which is to be recovered or for a manned mission, this consideration is important.
The outbound trip to Mars along this trajectory consumes between eight and nine
months. If the vehicle continued its flight with no extra propulsion, it would return
to the original point of departure in space only to find the Earth nearly on the opposite
side of the Sun. Therefore, either the vehicle must wait in the vicinity of Mars
until the time is right for a return voyage, or the original trajectory must be revised
go that the vehicle will, indeed, encounter the Earth when it returns to the Earth’s
orbit. It requires more than 4,500 ft per sec velocity change to enter an orbit about
Mars and, subsequently, to depart from the planet for the return trip. However, if
no stopover is required, the vehicle will, in principle, need no extra fuel for the round-
trip mission.

Depending on the objectives of various possible scientific missions, both one-
way and round-trip trajectories have significance. If the distance between the
target planet and Earth at the arrival time of the spacecraft permits radio contact,
the one-way mission may suit the purpose. The possibility of placing a payload in
orbit about a planet for the purpose of acquiring scientific data, which are ultimately
relayed to Earth via electromagnetic radiation, becomes more and more feasible
with the development of the larger booster rockets. However, a considerable
amount of useful data could be acquired by a vehicle which simply passed close by
the destination planet. In this case the spacecraft could return to the vicinity of
the Earth, thereby reducing the length of the transmission link. Alternatively, if
the payload were packaged to survive the shock of atmospheric reentry, physical
recovery would be possible.

THE INJECTION PROBLEM AND THE ONE-WAY MISSION

In the present treatment of the interplanetary trajectory problem, it is assumed
that the vehicle is launched from Cape Canaveral into a circular Earth satellite orbit.
Then at an appropriate point (termed the “injection point™) on the trajectory, an
engine restart is initiated and the vehicle moves away from the Earth along an
essentially hyperbolic path relative to the Earth. The asymptotic value of the
relative velocity is the departure velocity of the vehicle with respect to the Earth.
The so-called ‘“‘sphere of influence” of the Earth extends to a distance of half a
million miles beyond which the effect of Earth gravity diminishes rapidly. Then
solar gravity provides the only significant force field to govern the path of the vehicle.

The important relationships, after the Earth’s influence has become negligible,

are illustrated in Fig. 1 for a Mars mission. The velocity of the spaceship 7g with
respect to the Sun is the vector sum of the Earth’s orbital velocity ¢ and the de-
parture velocity @, With the time of departure 7', and the time-of-flight 7' ,,
from Earth to Mars specified, the vector positions of the Earth at launch 7, and the
destination planet at arrival 7 are fixed as shown.,

It is shown in reference [1] that there is a one-parameter family of ellipses with
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focus at the Sun and which connects the launch and destination points. Further-
more, if the heliocentric angle 0 ,,, shown in the figure, is less than 360°, each will
require a different time-of-flight. On the other hand if 6, is greater than 360°,
trajectories with the same time-of-flight will oceur in pairs. Thus, if any elliptical
trajectory exists with the specified time-of-flight, there will be just one or two having
this property, depending on the size of f5;,. The technique by which such transfer
trajectories may be calculated is deseribed in reference [1].

The problem of attaining a prescribed transfer trajectory from a circular coasting
orbit originating at Canaveral is complicated by a number of considerations, In the

ORBIT OF SPACESHIP /

Frc. 1. Velocity and position vectors at time of departure.

first place the angle of inclination of the coasting orbit to the equatorial plane is
restricted by range safety requirements. Figure 2 shows a map of the world upon
which are plotted three permissible coasting orbits having azimuth directions of 45,
100, and 110°. Now with a selected azimuth, the problem of transition from a
completely specified circular coasting orbit with a hyperbolic motion resulting in a
specified asymptotic velocity vector is one of selecting a location around the circle
at which the transition occurs. For each such location there is a readily computable
impulsive velocity change (termed the “injection velocity”), determined in both
magnitude and direction, which will place the vehicle in a hyperbolic path with the
desired terminal velocity. All other considerations being equal, the smallest velocity
impulse is obviously best; however, in general, geographic restrictions tend to limit
the choice of injection points.!

Injection via an instantaneous change in velocity is assumed to occur in the
horizontal plane so that the injection point is the vertex of the escape hyperbola.
In a large class of cases, slightly improved results (i.e., a smaller required impulse)
can be attained by allowing a small downward component to appear in the velocity
impulse. Since the velocity reduction does not appear to be large in any case of
practical interest, the simplicity inherent in horizontal injection is exploited here.

! In this paper the point of injection is presumed to be independent of geographic restrictions,
However, injection is assumed to take place during the first trip around the parking orbit.
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Optimum injection is said to occur when the circular orbital plane and the plane
of the escape hyperbola coincide. For this circumstance, in general, there will be
two solutions to the injection problem which are distinct and lead to geographically
distinct locations for injection. The complete details of the calculation of the
optimum points of injection may be found in reference [3].

In order to study the feasible range of interplanetary orbits to Mars and Venus, a
systematic search was found to be

practical, using as independent variables the date

Fra. 2. Loci of points of injection.

of launch and the time-of-flight. This search is most efficiently accomplished by
making all orbital calculations on the basis of elliptical trajectories about the Sun
for both the spacecraft and the planets. A complete sthree-dimensional model of
the solar system is, of course, mandatory.

A series of contour maps is an ideal means of displaying data in a form which
summarizes the key information relating to the feasibility of various missions in an
understandable way. Such maps present plots in which launch date and time-of-
flight are the axis coordinates. Contours may then be constructed, representing
constant values of such quantities as injection velocity, location of the injection
positions, and the relative velocity at the destination planet.

As an example of the possibilities for a Mars mission, during the period from the
latter half of the year 1964 through the first half of 1965, one may refer to Figs. 3 to 6.
The plotted contours represent selected values of injection velocity, velocity relative
to Mars at destination along the asymptote of the approach hyperbola, and the
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first and second values of the injection longitude for a launch azimuth of 110°.  The
injection velocity depends upon launch azimuth only in the event that the injection
is nonoptimum; otherwise, when the injection impulse occurs in the direction of the
circular orbit velocity, its magnitude depends only on the magnitude of the de-
parture velocity. For Mars orbits, injection has generally been found to be optimum.
The contours of Figs. 3 and 4 divide naturally into two essentially disjoint areas
which are distinguished by the total angle traveled about the Sun from Earth to
Mars. The lower region corresponds to the relatively faster trips which travel less
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launch azimuth.

than 180°. Incidentally, no orbits were considered which required more than one
complete revolution of the Sun. In the region generally near to 180°, which separates
the two areas of contours, the orbits are usually not close to the plane of the ecliptic
because of the three-dimensional character of the motion. The required velocities
of departure from Earth are higher, as is evidenced by the crowding of the injection
velocity contours in this area. Another consequence is a tipping of the departure
velocity vector away from the equatorial plane by enough to prevent injection
from being optimum. As a result, the injection velocity contours for different
values of launch azimuth are found to differ primarily in the region near 180°.

The velocity relative to the destination planet (shown in Fig. 4) is that computed
from the ellipticdl solar orbits, i.e., that which would be the asymptotic value along
the approach hyperbola. This quantity not only is of interest in determining

feasibility of entering the planetary atmosphere or establishing the vehicle in a
satellite orbit, but also has an effect on the relation between navigation accuracy
and fuel consumption in the final approach to the planet. In both instances, it is

THE TRAJE

advantageous that the relati
to find that, for Mars, the re
to more or less coincide with
achieve the orbit. Unfortur
in which the distance from E

It is instructive to exam
missions of (1) establishing
atmosphere. Let vp,, be th

TIME OF FLIGHT-YEARS

1964.6 19650 1965,
TIME OF LAUNCH

F1e. 5. Injection longitude 1-
launch azimuth.

the planet so that the velocit
of the planet. (The Martian
mately 300,000 miles.) Whe
planet, a retrograde velocity
approach velocity, the minim:
orbit. The required velocity
5,000 miles altitude above tl
different values of approach
to an eccentricity of 1, is for e
saving in propulsion by ente
approach trajectory.

As an alternative type of n
on the Martian surface. In
experienced during atmosphe
distance r, for various values




THE TRAJECTORY PROBLEM AND INTERPLANETARY FLIGHT 103

advantageous that the relative velocity be low. Therefore, it is a pleasant surprise
to find that, for Mars, the regions of low values for relative velocity at Mars appear
to more or less coincide with a region of relatively low injection velocity required to
achieve the orbit. Unfortunately, these areas in no manner coincide with a region
in which the distance from Earth to Mars is low upon arrival

[t is instructive to examine some quantitative data relevant to the separate
missions of (1) establishing a satellite orbit of Mars and (2) entering the Martian
atmosphere. Let vp;, be the velocity of the spacecraft at a sufficient distance from
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the planet so that the velocity is still relatively unaffected by the gravitational field
of the planet. (The Martian sphere of influence extends to a distance of approxi-
mately 300,000 miles.) When the vehicle is at its point of closest approach to the
planet, a retrograde velocity impulse is made whose magnitude is a function of the
approach velocity, the minimum distance, and the eccentricity of the desired satellite
orbit. The required velocity changes to enter orbits of various eccentricities at
5,000 miles altitude above the surface of Mars are presented in Table 1 for three
different, values of approach velocity. The last entry in the table, corresponding
to an eccentricity of 1, is for comparison purposes only. Clearly, there is a significant
saving in propulsion by entering a rather eccentric orbit about Mars from a slow
approach trajectory.

As an alternative type of mission consider an atmospheric probe or a soft landing
on the Martian surface. In Fig. 7 is shown a plot of maximum drag deceleration
experienced during atmospheric entry as a function of the undisturbed passing
distance r, for various values of the relative approach velocity.

The quantity r,
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is the minimum distance which would separate the vehicle and Mars if the planet
exerted no attraction on the spacecraft. The detailed method by which the data
were obtained is described in reference [3].

Here again the virtues of the slow approach are self-evident. The tolerances on
guidance accuracy for a specified upper bound on drag deceleration is considerably
relaxed for the slow approach trajectory. For example, with an approach velocity
of 10,000 ft per sec and a maximum drag limit of 10g, a variation of approximately

100 miles about an 7, of 3,500 miles can be tolerated. If the approach velocity
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increases to 15,000 ft per sec, the allowed variation is reduced by more than a factor
of 2 for the same deceleration limits.

One of the key questions concerning the relative merits of a self-contained naviga-
tion system versus one which operates primarily by a radiation link with Earth is the
feasibility of the radiation link at the time the destination planet is intercepted.
Clearly those orbits which provide a severe limitation on the radiation link at inter-
cept are more likely for consideration for a self-contained system. Granting that a
communication link is necessary, in any event, at or about this time, its critical role
nay be somewhat reduced if it is required only to transmit scientific findings at a
leisurely rate of information flow, rather than play a vital role in the control of the
vehicle itself at this time. As a result, it is of interest to include the distance from
Earth to the destination planet, as well as the apparent angle away from the Sun,
in mission planning.

These two quantities depend solely upon the configuration of the planets at the
time of arrival at the destination. As a result, the distance R from Earth to Mars or
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Venus and the angle 4, made by the lines-of-sight from the Sun to Earth and to the
planet can conveniently be plotted as functions of the time of arrival. Plots of
R and A, are shown in Fig. 8 for the Mars mission. To interpret these plots in
relation to the contour maps, it is necessary only to realize that a line of constant
arrival time on the contour map is a straight line with a slope of —45°; thus, for
example, lines for the values R = 1.0 and 1.5 astronomical units are shown on the
injection velocity contours of Fig. 3 and the relative velocity contours of Fig. 4. It
is clear from the figures that very few trajectories are possible for which the radiation
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link is less than 1 astronomical unit, and these occur only for the relatively high
injection velocities. Indeed, none of the lowest injection velocity trajectories fall
within the relatively narrow band included between R = 1.0 and 1.5.

Several factors contribute to making the corresponding trajectory problem for
the planet Venus somewhat different. First of all, Venus is our nearest neighbor
with a mean distance of approximately 0.723 astronomical unit, as compared to
Mars with a mean distance of 1.523

Therefore, the minimum required departure
velocity should be somewhat less. This gain is partially balanced, however, in that
the inclination to the ecliptic of the orbital plane of Venus is more than twice that
for Mars.

The second distinguishing feature concerns the time-of-flight. When traveling
from Earth to an inner planet, the absolute speed of the vehicle will increase as it
moves closer to the Sun. It turns out that, for the same departure velocity and for
the same angular distance of travel, the time for the trip from Earth to Venus is less
than half that required for a trip to Mars.

The possibilities for a Venus mission during the first half of 1964 are illustrated
by the contours of constant injection velocity and constant relative velocity at the
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destination planet shown in Figs. 9 and 10 for a launch azimuth of 100° from Canaveral.
[t might be remembered that Venus orbits appear to include a somewhat greater
proportion of nonoptimum cases with respect to injection from a parking orbit.
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In Fig. 11 the distance from Earth and the apparent angle from the Sun at the
time of arrival at Venus are plotted as functions of the time of intercept. In con-
trast with the Martian orbits, most of the Venusian orbits fall within a region in
which the distance from Earth is 1 astronomical unit or less.

The third distinguishing feature of Venus missions results from the physical size
of the planet. With a gravitational constant for Venus almost eight times that for
Mars, the problems of establishing a satellite orbit or conducting a successful atmos-
pheric probe are significantly different in the two cases. By comparing Tables 1
and 2 one finds several combinations of approach velocity and desired eccentricity
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