Chapter 1

Space Travel
The Pythagoreans ... were wont to impart their philosophic
mysteries only to intimates and friends ... fearing lest these so
noble and hardly won discoveries should be despised by such
as either care not to study aught save for gain, or if by
encouragement and example of others they are stimulated to
philosophic pursuits, yet by reason of the dullness of their wits
are, in the company of philosophers, as drones among bees.
— Nicholas Copernicus

1. Rocket propulsion and Newton’s Law of Reaction
urely one of the most dramatic events in all of recorded history was the
landing of Apollo 11 on the moon on July 20, 1969. The moon landing was many
things: it was a technological triumph of unprecedented brilliance; it was the
realization of a long-standing dream of a few imaginative and far-sighted men; it was the
culmination of a coordinated effort of staggering complexity and delicacy; it was the
initial step in the direct exploration of the astronomical universe.
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This single suspenseful, breath-taking feat served also to illuminate the sorry state
of general scientific literacy. Even the New York Times, for example, found it necessary
to confess its fallibility by offering a public posthumous apology to Dr. Robert H.
Goddard, often referred to as “the father of American rocketry”. The Times had scoffed
editorially at Prof. Goddard on January 13, 1920, for holding the quaint notion that a
rocket could function in the near-vacuum of interplanetary space. As America’s
astronauts sped toward the moon, the Times conceded that Prof. Goddard had, indeed,
been correct. The scientific innocence of the Times’ editors is shared by a large majority
of this nation’s citizenry and is not confined merely to the subject of rocketry.
Let us begin the subject of astronomy, therefore, by considering rocket spaceflights.
It is entirely appropriate to do so, since such spaceflights are a new technique of
astronomical exploration and discovery as well as a prototype illustration of the
mechanical principles which govern the motions of heavenly bodies such as the earth,
moon, sun and stars. It is in this latter role that we shall consider it first; we will
contemplate the possibilities of space travel thereafter.
Rocket propulsion can be well illustrated by the antics of an ordinary rubber toy
balloon. After blowing up a balloon, release it without tying the neck. As air escapes, the
shrinking balloon will careen crazily until it becomes deflated. The balloon is propelled
forward by pushing its contents rearward through the nozzle. This is the essence of rocket
propulsion. Why does it work?
The principle which underlies rocket propulsion is Newton’s* third law of motion,
known generally as the principle of reaction.** It is more illuminating, however, to
consider Newton’s third law in the form known as the principle of conservation of
linear momentum. It says that any material system not subject to interaction with
external bodies maintains a constant linear momentum.
* Sir Isaac Newton is regarded by many to be the greatest genius of all time. He invented the
differential and integral calculus at the age of 22. During his long and productive life, he made
fundamental contributions to mechanics, astronomy, optics, spectroscopy, and sundry other branches
of mathematics and physics. Newton was also a colorful personality who fulfilled, at least in part, the
familiar stereotype of a preoccupied genius. For example, it is said that after his death, trays with
uneaten meals were found beneath the clutter of books and papers in his study. At the same time, he
was sufficiently a man of practical affairs that he was elected to parliament and in addition served
a lengthy term as Master of the Royal Mint.
** The name “Principle of Reaction” derives from the common practice of stating Newton’s Third Law
in the form “Action equals reaction”. The advantage of the extreme simplicity of this formulation is
more than offset, however, by the disadvantage that the terms “action” and “reaction” do not convey
any precise meaning to the uninitiated and are therefore liable to misunderstanding, as was evidently
the case with the editors of the New York Times.
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The meaning of Newton’s third law is readily apparent once we define momentum.*
The latter is the product of mass times velocity. Both “mass” and “velocity” need to be
understood in their precise scientific meanings. Velocity is speed in a particular direction
– for example, 50 miles an hour northward. If either speed or direction of motion changes,
the velocity is thereby changed. If one drives one’s car northward at 50 miles per hour and
then accelerates it to 60 miles an hour, the car’s velocity has changed because its speed has
changed. At the same time, if one continues to drive the car at 50 miles per hour but
follows the arc of a highway which curves to the west, the car’s velocity has again
changed because the direction has veered from northward to westward. In order that a
velocity be constant, then, it must be a constant speed in a constant direction.
The meaning of mass is somewhat more subtle. Mass is the amount of matter a body
contains, as measured by a scale balance. The fact that the mass is to be measured by a
scale balance emphasizes the fact that mass is not the same as bulk or volume; a pound of
lead has much less volume than a pound of feathers even though both have a mass of one
pound. At the earth’s surface, equal masses are pulled equally by the earth’s gravitational
attraction. The pull of the earth upon a one pound mass is, by definition, one pound force.
This force is the weight of the one pound mass. At the surface of the moon, where the
pull of the moon’s gravity is only about one sixth as much as the pull of gravity at the
earth’s surface, the one pound mass would weigh only one sixth pounds force.
Since on the earth a one pound mass weighs one pound force, an object which weighs
10 pounds force must have a mass of 10 pounds. Weights, as read from a spring weight
scale, thus imply directly the masses of the bodies of which they are the weights. As a
result, a body’s weight is often carelessly taken to be the same thing as its mass. On the
moon, the same body and the same scale would indicate only one sixth the weight the
body had on earth. However, the body still contains the same amount of matter as before,
so its mass is unchanged. This would be confirmed by a balance scale measurement of
mass on both earth and moon.
We may further clarify this widespread confusion of mass and weight by noting that
in unpowered flight a body exhibits no weight at all; that is, it becomes “weightless”.
Though its mass is just what it was on earth, the body will no longer press against the
platform of a spring scale since both the scale and the body alike are following identical
orbits in identical fashion. As soon as the scale is supported by the surface of the earth,
moon or other gravitating body, it registers the appropriate weight.
Lest it seem that the distinction between mass and weight is a fine one of little
practical interest, note that mass is the measure of a very real and important property of
matter, namely inertia.** Inertia may be defined as the resistance to change of velocity.
It is this same mass, often known (somewhat redundantly) as inertial mass, which is a
governing factor in determining such seemingly diverse quantities as gravitational
attraction, the energy released in nuclear reactions, and the thrust of a rocket engine.

* It is common to apply the term “momentum” in a figurative sense to such things as the continuing
success of a football team, the progress of a political campaign, or some historical process.
** “Inertia” is another term from dynamics which is commonly used in a figurative sense in other
contexts. For example, one speaks of cultural inertia, political inertia, economic inertia.
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To recapitulate briefly, linear momentum* is mass times linear velocity. Constant
linear momentum in some object is thus the product of the body’s constant mass times its
constant velocity**. Newton’s third law of motion says that the body’s linear momentum
will remain constant if the body suffers no interaction with external bodies. How does this
explain rocket propulsion?
Consider how the law applies to a loaded gun at rest. Since the gun and bullet are by
hypothesis at rest, their speed is zero and hence their velocity is zero. Thus the momentum
of the loaded gun is zero. When the gun is fired, however, the bullet speeds forward at
high velocity. The mass of the bullet times its velocity is its momentum, which is no
longer zero. According to Newton’s law of reaction, however, the bullet and gun together
must have the same total momentum as before, namely, zero. This is possible only if the
momentum of the gun is the negative of the momentum of the bullet, for only then is their
sum zero. Newton’s law therefore requires that the gun recoil when it is fired; this is the
“kick” so well known to hunters.†
It is clear enough that a gun must recoil each time it is fired. If it could be fired many
times in rapid succession, as a machine gun is fired, it would evidently receive as many
successive impulses and would be propelled opposite to the direction of firing. If the
stream of bullets were to become a continuous stream of gas, the reaction upon the gun
would be continuous. This is the case with the toy balloon. The elastic wall of the balloon
continuously presses a stream of air out the neck of the balloon, thereby propelling the
balloon in the opposite direction.
A rocket is nothing but an efficiently designed device for doing what the free balloon
does. It expels high-velocity exhaust gases from the rocket engine. The rocket may thus
be driven into orbit around the earth or to the moon or beyond. At each instant, the
momentum it has acquired from its rocket motor is exactly equal in amount but opposite
in direction to the total momentum of the exhaust gases. It should be clear that the rocket
motor is thus a self-sufficient means of propulsion, not dependent upon a supporting or
propulsive medium in the fashion of a plane, ship or car. It can therefore operate in “outer
space”.‡

* It is common to apply the term “momentum” in a figurative sense to such things as the continuing
success of a football team, the progress of a political campaign, or some historical process.
** If a space ship of 10 tons mass has a velocity of 5 miles per second in a particular direction, its
momentum would be 10 x 5 = 50 tons miles per second in the given direction. If a 200pound football
player has a velocity of 20 feet per second toward the goal line, his momentum would be 200 x 20 =
4,000 pounds feet per second in that direction.
† Suppose a bullet has a mass of 1 ounce (= 1/16 pound) and a muzzle velocity of 1600 feet per second.
Its forward momentum is then 1 / 16 x 1600 = 100 pounds feet per second. By Newton’s third law, the
gun must therefore have a momentum of -100 pounds feet per second. If the gun’s mass is 12.5 pounds,
its recoil velocity would be -100 pounds feet per second divided by 12.5 pounds = - 8 feet per second.
In other words, the gun’s recoil velocity is 8 feet per second in the direction opposite that of the bullet.
‡ A jet engine, too, operates upon Newton’s third law but requires the intake of air not only for
purposes of combustion but as a supply of mass to which to impart momentum. In nature, the squid
operates on the jet principle, using a stream of water to propel itself faster than most fish can swim.
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2. Center of Mass
n retrospect, Newton’s third law can be appreciated as a powerful general
principle which gives an insight into such things as rocket propulsion. Rather more
subtle is its function as a means to compare inertial masses. For example, the muzzle
velocity of a bullet is greater than the recoil velocity of the gun by as many times as the
mass of the gun is greater than the mass of the bullet. Thus if a bullet leaves the gun at
1600 feet per second and the rifle recoils at 8 feet per second, the rifle must have 1600 /
8 = 200 times the inertial mass of the bullet. If the bullet’s mass is 1 ounce = 1 / 16 pound,
the rifle’s mass is
pounds.

I

Newton’s law of reaction, or law of conservation of linear momentum, underlies
rocket propulsion and jet propulsion and is the basis for defining inertial mass. It also
provides an illustration of yet another important concept: center of mass or center of
gravity. This can be understood by recalling once again the behavior of the gun and bullet.
As the fired bullet speeds forward (at 1600 feet per second in the hypothetical example)
and the gun recoils rearward (at a speed of 8 feet per second), their distances from the
starting point will increase in direct proportion to their speeds. After 1/8 second, the bullet
has moved forward 200 feet and the gun has recoiled 1 foot backward*. In the next 1/8
second, the bullet is at 400 feet and the gun at -2 feet, and so on. At all times, the bullet
is 200 times farther from the starting point than the gun. The starting point is the center
of mass of gun and bullet, always on the line joining them and always at a point 200 times
farther from the bullet than from the gun.

A detached observer would see two mutually revolving bodies describe orbits of the same
shape but unequal sizes about their common center of gravity, as at the left. An observer
accompanying the primary would see the secondary describe a relative orbit about him as on
the right. The figure on the right has been constructed by laying off from the primary a
distance to 1" equal to the distance from 1 to 1' between corresponding positions of primary
and secondary in their absolute orbits on the left. Other points have been found similarly.

Now the speed of the bullet is 200 times the speed of the gun, according to Newton’s
law, simply because the mass of the gun is 200 times the mass of the bullet. Therefore one
can say that the center of mass of gun and bullet is simply that point on the line between
them which divides their separation in the inverse ratio of their masses. This is a
completely general rule. The center of mass of any two bodies lies on the line between
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them and divides the line into segments of such length that the longer exceeds the shorter
by exactly as many times as the more massive is greater than the less massive. The small
mass is at the greater distance, the larger mass at the lesser.
This definition of the center of mass (or center of gravity) remains valid even if the
bodies are not moving at all. If the gun and bullet were halted at the same instant, their
center of gravity would all the same lie on the line between them at the point from which
they began, 200 times as far from the bullet as from the gun. Clearly, the center of mass
is a point whose location depends only upon the masses of the two bodies and their
locations at a common instant .
One should at the same time take care to note that it is also entirely possible that the
center of mass may be in motion. If the gun had been fired from a moving car, both gun
and bullet would have had the same motion as the car before firing and therefore the
center of mass would continue this motion thereafter. Newton’s third law requires only
that their net linear momentum remain constant, not that it be zero. When the moving gun
is fired, the bullet’s forward momentum increases by exactly as much as the gun’s
decreases, but their sum remains unchanged – positive, negative or zero.*

Summing up, one can say that any two masses and will have a center of mass
which is on the line between them at a point which is as much nearer the larger mass
as is more massive than the smaller mass . In symbols, if the center of mass is at a
point , and if
is at a distance from while is a distance from , then
, or
and
. If and act only on each other,
their changes of momentum will be equal and opposite and therefore their total linear
momentum will remain constant. The center of mass will move as though the combined
mass were located there**.

* The small body is as many times less massive than the large body as it is farther from their common
center of gravity. Notice that the product of the mass of each by its distance from the center of gravity
is the same for both bodies.
**In astronomy, it is often necessary to invert the order of this reasoning by arguing that the ratio of
the masses is the same as the ratio of the distances
. The distances, in turn, are to be
found by identifying C on the line joining m and M as that point whose motion would be that of the two
bodies together. This is how one determines the ratio of the masses of earth and moon, for example,
as well as of certain binary stars.
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3. The Conservation of Angular Momentum
et another result of fundamental importance can be demonstrated from
our illustrative example. Suppose that the bodies of masses and have equal
and opposite linear momenta but along parallel lines rather than the same line.
Their respective speeds,
and , must therefore be such that
or
, the larger mass having the smaller speed and vice versa. Let the
smaller mass move to the right along the upper line with speed , the larger mass
move to the left along the lower with speed . Their center of mass is at rest at . Their
respective positions are at locations , , , , ... and at equally spaced instants. Hence
the respective lengths
, , , ... are equal as are the lengths
,
,
etc.

Y

Now consider the triangle
. Its area is one half its base, segment
, times its
altitude
. Since the segment
= segment , the triangle
with base
and altitude has the same area as
, as does triangle
, etc. In other words, the
line from to sweeps out equal areas in equal intervals of time. The rate of sweeping
our area is called areal velocity. One can say, then, that the areal velocity of mass is
constant.
By an exactly similar argument, one can show that the areal velocity of body is also
constant. Since the areal velocity is constant, it may equally well be calculated at one time
or place as at any other. For convenience, therefore, let us choose to determine the areal
velocity of when arrives at , for then the calculation is particularly easy. The
distance which will move from in unit time is its speed . Hence the area swept out
by in that time will be
. This is a constant quantity. Therefore so also is
.
Since
is the linear momentum of , the quantity
is distinguished from it by
giving it the designation angular momentum. In similar fashion,
is the angular
momentum of .
It has been shown in this very special case that angular momentum as well as linear
momentum of an isolated system remains constant. This is often expressed by saying
that these two quantities are conserved. Hence one speaks of the law of conservation of
linear momentum and the law of conservation of angular momentum. Quantities which
are conserved, such as linear and angular momenta, have a special importance in the
physical world, for they are an abiding framework which provides continuity in what
would otherwise be a universe of ephemeral phenomena, phenomena which could not be
related to each other from one moment to the next. A history of inanimate nature without
such invariant quantities would become a chaos.
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4. Satellite Orbits and the Law of Ellipses
ith this understanding of why rockets work, consider next how rocket
satellites will behave. Imagine a satellite in orbit about the earth at a height well
beyond the drag of the earth’s atmosphere. By tracking the satellite
continuously, one could readily establish that the path or orbit of a satellite is a kind of
curve called an ellipse and within the ellipse the earth is located at a particular point called
a focus*.

W

A simple and instructive way to draw an ellipse is to place two tacks or pins in a sheet
of paper, tie to the tacks a string whose length is greater than the separation of the tacks,
press a pencil against the string, and draw the curve permitted by the taut string. The result
is an ellipse. In view of this mode of construction, an ellipse may be defined as a plane
curve such that every point on it is the same total distance as every other point on it from
two fixed points within it. The two fixed interior points (the tacks) are the foci, and .
The total distance of each point on the ellipse from the two foci is the total length of the
string. As the figure shows, an ellipse may be constructed easily with string, tacks and
pencil.

As the figure shows, an ellipse can be constructed easily with string, tacks and pencil.

The straight line through the tacks, extended in both directions to the ellipse, is the
longest diameter of the ellipse; it is the major axis
of the ellipse. The midpoint of
the major axis, the point midway between the foci, is the center, , of the ellipse. The
two endpoints of the major axis are the vertices, and . From center to either vertex
is a distance
or
, called the major semi-axis.
Evidently the size and shape of a particular ellipse constructed by the string-and-tack
method will be determined by two things: (1) the length of the string and (2) the
separation of the tacks. Ellipses thus constitute a two-parameter family of curves of
various sizes and shapes.** The size is understood to mean its major semi-axis, which is
evidently half the length of the string. The shape is denominated by a pure number called
the eccentricity, , determined as the ratio of the distance
from center to focus to the
distance
from center to vertex.** Thus
.
* “Focus” (plural “foci”) is a Latin word meaning “hearth”. The appropriateness of the term lies
presumably in the fact that the hearth in the Roman household was the center of family activity. It was
also, of course, the site of the fireplace and thus appropriate in an additional sense: beams of light or
heat from a source at one of the two foci of an ellipsoidal reflector are brought together (“focused”)
at the other focus. Ellipsoidal reflectors can therefore be used, like a magnifying glass, to concentrate
light upon combustible materials and ignite a fire.
** “Eccentricity” literally means out-of-centerness. The eccentricity indicates proportionately how
far either focus is from the center.
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The major axis, , may have any length. On the other hand, since
cannot be less
than zero nor as much as
, the eccentricity of an ellipse must be either zero or a
positive number less than 1.0 . If the foci
are made to coincide with the center, ,
the resulting figure will have eccentricity
and will clearly be a circle. As the foci
are placed at progressively more distant points from the center, a string of fixed length
constrains the pencil to smaller and smaller excursions above and below the major axis.
Therefore increasing eccentricities correspond to greater flattening of the ellipse; in the
limit as the two foci approach the two vertices, the ellipse collapses to total “flatness” and
becomes merely the line segment
.

The ellipses on the left all have eccentricity
; their semi-axes are in the ratios
.
The ellipses on the right all have the same major axis (equal to 4 units on the scale of the ellipses
on the left). Their respective eccentricities are
,
,
, and
, from outer to inner.

A satellite revolving about the earth will have an orbit which is an ellipse of some
particular major semi-axis (called the satellite’s mean distance) and some particular
eccentricity . The center of the earth will be at one of the foci of the ellipse; the other
focus is a point of no particular physical significance. If the elliptical orbit intersects the
earth’s surface, the satellite will crash at such a point and will cease orbital revolution.
Otherwise it would revolve indefinitely. At the vertex nearest the center of the earth,
the satellite is at perigee; at the other vertex it is at apogee (from the Greek prefixes
“peri-” ( = near) and “apo” ( = far from) plus the root “geos” ( = earth)).

The ellipse of the figure has been made considerably more eccentric than the earth’s orbit so
as to make clearer the sun’s eccentric position and its relation to perihelion and aphelion.
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5. The Law of Areas
racking a satellite about the earth will show that the satellite’s orbit is an
ellipse. Noting where a satellite is in its orbit at various times during its revolution
brings to light a second feature of its motion: the satellite follows its orbit in such
a way that the line joining the satellite and the center of the earth sweeps out area at
a constant rate.* However much area is swept out in one day or one hour, the same area
will be swept out in any other day or hour. The rate at which the line from the satellite to
the center of the earth sweeps out area is called the areal velocity of the satellite. Clearly,
the satellite’s areal velocity is constant. This fact guarantees that the time required by a
satellite to traverse its orbit will be exactly the same every revolution. The law of areas as
first stated by the astronomer Johannes Kepler in the year 1609.

T

The major semi-axes of the two ellipses are equal but their respective eccentricities are 0.5
and 0.8. Each has been divided into eight sectors of equal area. Each sector will therefore be
swept out in an eighth of a period.

To appreciate more fully the meaning of the law of areas, we recall that the satellite’s
mass times its areal velocity is its angular momentum. Consequently, it can be said that
a satellite will revolve in its orbital ellipse in such a way as to conserve its angular
momentum. Hence at perigee it will have to move most rapidly and at apogee least
rapidly.
6. Newton’s Law of Force
n brief, a space ship or a satellite in unpowered flight** about the earth will
follow an orbit which is an ellipse. The center of the earth occupies one focus of the
orbital ellipse and the satellite moves about this focus in accord with the law of areas.
Why? Newton’s second law or Law of Force† provides the answer. To see how, recall
that Newton’s third law, the law of reaction, gives assurance that the satellite will maintain
a constant linear momentum if the satellite does not interact with any external object.
Since both the satellite’s speed and direction of motion are changing, its linear momentum
is not constant and it must be concluded that the satellite is subject to an interaction with
the earth around which it revolves. Newton’s Law of Force tells us how to assess the
interaction: A measure of the force on any body is the rate of change of its linear
momentum.

I

* A “rate” is a quotient which establishes a numerical relationship between two quantities. For
example, an electric rate fixes a relationship between the amount of electric energy consumed and the
dollar cost.
** A projectile with no motive power of its own is referred to as a “ballistic missile”.
† Since momentum is mass times velocity, and since mass does not change, force is commonly defined
as mass times the rate of change of velocity. By definition, rate of change of velocity is acceleration;
hence the familiar and oft-quoted definition that force = mass times acceleration.
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7. Newton’s Law of Gravitation
hy, then, does a satellite follow an elliptical orbit about the earth, obedient
to the law of ellipses and the law of areas? It does so because the earth exerts a
force upon the satellite. The force is an attraction by the mass of the earth upon
the mass of the satellite. Such an attraction of mass for mass is called gravitation. What
is the nature of gravitation?
One aspect of the force of gravitation can be deduced rather simply and directly from
the fact that a revolving satellite subject to the earth’s gravitational attraction maintains
constant angular momentum. For simplicity, suppose that a satellite of mass m follows a
circular orbit of radius r with speed v. Then its angular momentum would be
.
Since the orbit is a circle, its radius is a constant. The mass is also a constant. Therefore
the speed is a constant. Whatever effect gravitation has, therefore, it cannot be to change
the orbital velocity v. Since the velocity is always perpendicular to the radius in circular
motion, this implies that the force of gravity does not act perpendicular to the radius; it
must therefore act only along the line joining earth and satellite. Although this result has
been derived for the special case when the satellite’s orbit is a circle, it is also true when
the orbit is not a circle.

W

Thus, Kepler’s law of areas implies that gravitation is a central force, one which acts
along the line joining the attracting bodies. Not all forces are central; for example, the
magnetic force on a moving electric charge is not a central force. As a central force,
gravity depends upon the separation of the centers of earth and satellite and not upon the
direction of the one from the other.
Another aspect of the force of gravitation can be deduced by a more sophisticated
mathematical analysis. Such analysis shows that the only kind of central force which will
cause a satellite to follow an elliptical orbit with the earth at one focus is one which
varies inversely as the square of the distance between them. If the distance between the
center of the earth and the satellite is , then the inverse of is
and
the inverse
square of . In other words, the forces of gravity is proportional to
. Thus if a
satellite at apogee is twice as far away as it is at perigee, it will be attracted by the earth
as strongly.
A third aspect of the force of gravitation can be deduced from the fact that if satellites
of different masses were to be launched in the same way that is, injected into orbit at the
same point with the same speed and direction of motion they would follow the same orbit.
This implies that their speeds and directions of motions change at the same rate, regardless
of mass. Therefore the momenta themselves must change at a rate proportional to their
respective masses. Since the rate of change of momentum is a measure of the force
(Newton’s second law), the earth’s gravitational force on a satellite must be proportional
to the mass of the satellite, or
.
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By Newton’s third law, however, the attraction of the earth upon the satellite must be
equaled by the attraction of the satellite upon the earth. The relation between the attracting
bodies must be perfectly reciprocal. Hence if the mutual gravitational attraction between
the earth and satellite is proportional to the mass of the satellite, it must likewise be
proportional to the mass of the earth. By comparatively simple and straightforward
arguments, therefore, it has been established that gravitation is an attraction of mass
for mass whose magnitude is simultaneously proportional to

and

is therefore proportional to the product of these quantities, or

. It
.*

Let us now ask once again: What is the nature of gravitation? Newton’s and Kepler’s
laws permit at least this much of an answer: “Gravitation is an attraction of mass for mass
such that it is proportional to
, the product of their masses divided by the square of
the distance between them”. Why is there such a force and why is it thus? These are
questions to which there are as yet no answers.
8. Satellite Orbits and Kepler’s Harmonic Law
uppose that it is desired to put a satellite such as Skylab or an Orbiting
Astronomical Observatory (OAO) into a particular orbit about the earth. How might
this be done? The answer is simple in principle: raise the satellite to some point on
the required orbit and then fire the rocket engines in such a way that the satellite will attain
the appropriate orbital speed in the direction tangent to the desired orbit at that point.
From then on, it will revolve in that orbit. In other words, the orbit of a satellite is
determined by the satellite’s speed and direction of motion at a particular point.

S

The shape of the orbit of the secondary about the primary depends upon the secondary’s
direction of motion. The distance of from and its orbital velocity about are the same
in the three orbits shown. The orbits therefore have the same major semi-axes but differ in
eccentricity because of the different directions in which is projected about .

*A proportionality such as this is routinely converted into an equality by writing
,
where
is a constant whose numerical value depends upon the choice of units of mass, length and
time. The constant
in this equation is appropriately known as the gravitational constant. The minus
sign indicates that is a force of attraction between the two masses rather than a force of repulsion.
This equation is a mathematical “recipe” for determining the force of attraction between any two
masses. For this reason, it is a statement of Newton’s Universal Law of Gravitation.
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With this knowledge, let us conduct a few interesting mental experiments with
satellites. In the first experiment, imagine satellites injected into orbit at a particular
location with a particular speed in various directions. One would find that the satellites’
several orbits were all of the same major semi-axis but of different eccentricities. The
immediate conclusion to be drawn is that the direction of motion determines eccentricity.
A second conclusion would be that orbital size must be determined by orbital speed at a
given distance.
This second conclusion suggests another experiment. Imagine that satellites are
injected into orbit at the same point but with various speeds. As expected, the orbits will
be of various sizes; not surprisingly, the larger orbital speeds result in larger orbits. The
experiment would also show that longer times are required to revolve in larger orbits,
notwithstanding the greater orbital speed; the greater initial speed is more than offset by
the greater distance to be traveled.

The size of the orbit of the secondary S about the primary depends upon the secondary’s
velocity
at standard distance . The eccentricities of the orbits shown are all the same
. The orbital velocity of the secondary at is given for each of the orbits in terms
of
, the velocity the secondary would have if it followed a circular orbit of radius .

The time required by a satellite to complete one revolution about the earth is called
its period. An earth satellite in an orbit whose major semi-axis is 26,248 miles would
have a period of exactly 1 day. Such an orbit is called a synchronous orbit because
the satellite would revolve eastward in the same time the earth rotates on its axis. If the
orbit were circular and in the plane of the earth’s equator, then from the earth’s surface the
satellite would appear to be suspended motionless above a fixed point. Three such
satellites equally spaced around the equator could provide a 24-hour communications
system accessible to all points on earth less than
north or south.
For convenience, let us measure satellites’ orbital major semi-axes in units of 26,248
miles and periods in days. Then a careful inspection of the results of the preceding
experiment would show that the major semi-axes and periods are quite simply related by
the equation
. This is a slightly specialized version of a famous law, Kepler’s
Third Law, known as the Harmonic Law. The size of the orbit of the secondary about
the primary depends upon the secondary’s velocity at standard distance . The
eccentricities of the orbits shown are the same for all
. The orbital velocity of
the secondary at is given for each of the orbits in terms of , the velocity the secondary
would need to have if it were to follow a circular orbit of radius . The Harmonic Law
was first stated by Kepler in 1619.

Center of Mass

15

9. The Velocity of Escape and the Law of Conic Sections
et us repeat the last experiment with one slight modification for added
convenience: imagine satellites injected into orbit at unit distance (26,248 miles)
and with various speeds but always at right angles to the line from the center of the
earth to the injection point. The injection point is thus always either the perigee or the
apogee. If the injection speed is zero that is, if the satellite is simply dropped and allowed
to fall toward the earth the injection point is apogee, the center of the earth is perigee, the
orbit is a straight line (a degenerate ellipse of eccentricity
), and the period would
be
days except that the satellite would crash onto the earth’s surface before
completing half a revolution. In these respects, it is no different from a falling ball.
Throwing a ball into the air “injected” it into an elliptical orbit, of which it is able to
follow only a small arc near apogee before hitting the ground or being caught.

L

If the injection speed were
miles per second (6890 miles per hour), the
period would be 1 day and the orbit would be both circular and synchronous. At greater
speeds, the injection point is perigee, the orbit is an ellipse whose second focus moves
farther and farther out as the orbital eccentricity increases from zero toward 1.0 and the
major axis increases. The period simultaneously increases according to Kepler’s Harmonic
Law. Most significant, however, is the fact that the major semi-axis and period increase
disproportionately as the injection speed (perigee velocity) increases. As this speed
approaches
miles per second (which is
), the major semi-axis and
period approach infinity. This is a mathematician’s way of saying that the satellite would
never complete the outward half of its orbital revolution. It would continue forever to
move away from the earth. Its orbital velocity would decrease toward zero, but the satellite
would never turn about and return to perigee.
At this critical injection velocity, the orbit ceases to be an ellipse. It is a kind of
curve known as a parabola. Circles, ellipses and parbolae belong to a family of
curves called conic sections. The name derives from the fact that they may be
generated as plane sections through a cone. A fourth class of conic sections is the
hyperbolae. Any satellite whose injection velocity exceeds
will follow a
hyperbolic orbit.

The planes , , , and intersect the right circular cone in curves which
are respectively a circle, an ellipse, a parabola and a hyperbola.
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A convenient indicator of the nature of any conic section is its eccentricity. As already
noted, the eccentricity of a circle is 0, that of a proper ellipse is greater than 0 but less than
1. All parabolae have an eccentricity exactly equal to 1.0 while hyperbolae have
eccentricities greater than 1.0.
The most significant distinction among the conic sections, however, is the fact that
circles and ellipse are closed curves whereas parabolae and hyperbolae are open curves.
Physically, this implies that satellites whose orbits are circles or ellipses return to perigee
whereas those whose orbits are parbolae or hyperbolae never do. For this reason, the
velocity
is called the velocity of escape.
Any satellite which attains the velocity of escape will not return to its primary.* This
is true not only of artificial satellites but of natural satellites or of atmospheric molecules.
The mutual collisions which molecules undergo sometimes “inject” a molecule into a
parabolic or hyperbolic orbit; near the earth’s surface, this requires a minimum speed of
6.95 miles per second. If subsequent collisions do not intervene, that molecule then
escapes or “evaporates” from the planet. This is why the moon and Mercury, on which the
velocity of escape is comparatively low, are without atmospheres.
As a result of these hypothetical experiments, Kepler’s second law may now be stated
in a more general form: The orbit of any satellite will be a conic section with the
center of the earth at one focus. Clearly, Kepler could not have discovered this general
form for his Law of Ellipses since his observations were limited to bodies (planets) with
elliptical orbits.
10. Conservation of Energy and the Limitations of Space Travel
e have seen that satellite orbits can be identified as conic sections and as
such are either closed or open. If a satellite has an orbital velocity less than,
equal to or greater than the velocity of escape (sometimes called the parabolic
velocity) at that distance, its orbit will be elliptical, parabolic or hyperbolic, respectively.
To put a satellite into a desired orbit, then, requires that it be given the necessary velocity.
Satellites like weather satellites, communications satellites, or satellites for continuing
astronomical or geophysical observations require orbital velocities less than the velocity
of escape. Satellites like the Mariners or the Vikings which are launched to explore other
parts of the solar system must be independent of the earth and therefore must be given
orbital velocities greater than the velocity of escape from the earth.

W

In practical terms, what does this come to? In order to attain any desired orbital
velocity, a satellite must turn on its rocket engines until the requisite velocity is reached.
The rocket engine, like an automobile engine, converts the energy of its fuel into the
satellite’s energy of motion, or its kinetic energy. It may also have to “lift” the satellite
against the force of the earth’s gravity, as a car’s engine “lifts” a car going uphill. The
energy spent on this latter effort increases the satellite’s gravitational potential energy.
The satellite’s total energy is the sum of its kinetic and potential energies. A satellite
coasting outward is losing kinetic energy as it slows down but at the same time gains
gravitational potential energy. When the satellite falls back faster and faster toward
perigee, it is increasing its kinetic energy at the expense of its gravitational potential
energy. Throughout its entire unpowered flight, it maintains a constant total energy; that
is to say, the satellite’s total energy is conserved.
*This result is sometimes carelessly and mistakenly paraphrased by saying that the satellite “escapes
the earth’s gravity”. In principle, the earth’s gravitational attraction extends beyond all limits. The
satellite has escaped the earth’s gravitational control but not its attraction and may even initially be
very close to the earth.
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It is evident, therefore, that the size of a satellite’s orbit is determined by the total
amount of energy which has been given the satellite by the action of its rocket motor.
Since the amount of energy required to place a satellite in orbit about the earth is very
great, it is clear that the design of maximally efficient rocket engines, the determination
of the least costly injection trajectories, and the development of the most potent rocket
fuels have been goals of fundamental and overriding importance in the development of
the space program.
Space scientists have been highly successful in attaining these goals in a
comparatively short space of time. Direct space exploration has put teams of astronauts
on the moon and sent instrumented satellites to Mars, past Venus and Mercury, and to the
outer planets Jupiter, Saturn, Uranus, Neptune and beyond. A considerable number of
scientific satellites make astronomical, meteorological and geophysical observations and
relay the results back to terrestrial laboratories. A vast amount of new and exciting
information about the earth, sun, planets, stars and galaxies has thus been made available
to scientists. Most of it could not have been obtained in any other way. We will have
occasion to consider many of the new results.
There is every reason to expect that artificial satellites and space probes, manned and
unmanned, will continue to contribute important and exciting astronomical data and
discoveries, possibly at an accelerated rate. At the same time, it should be recognized that
there are limitations upon space travel which almost certainly cause rocket flights to fall
substantially short of the extravagant expectations of much of popular science fiction. Let
us review some of these limitations so that we may have a reasonably balanced perspective
in the matter of space exploration and related phenomena.
As we have seen, escape from the earth requires that a space ship achieve at least the
velocity of escape from the earth. This implies the burning of enough fuel to supply the
required energy. Unfortunately, the energy needed to launch each pound of payload (the
space ship itself) requires the consumption of 5.4 pounds of hydrogen-oxygen fuel*,
which itself must at the outset be launched with the space ship. Therefore more fuel is
required to lift the fuel, and so on, so that a spacecraft of significant size requires a rocket
engine and a fuel supply that are both very expensive and very cumbersome.
Space scientists have devised a strategy which somewhat mitigates this inherent
limitation, namely, the multi-stage rocket: a first large rocket lifts a second smaller rocket
to a considerable height and gives it s substantial initial velocity; after burn-out, the
smaller rocket separates and proceeds thereafter on the power of its own rocket motor. In
this way, the second rocket has been given “a running start”. Even three-stage rockets are
used. The limitation of this procedure is, of course, that the second-stage rocket must be
only a small fraction of the mass of the first-stage rocket and a third-stage rocket must be
only a fraction of the mass of the second-stage rocket. Thus if a second-stage rocket is
1/10 the mass of the first stage and the third-stage rocket is 1/10 the mass of the second
stage, then 99 per cent of the original rocket is devoted simply to getting the third stage
— the actual space ship, for example — into orbit. Only a fraction of the space ship itself
is crew and scientific payload, so that it is generally true that some 1000 pounds of fuel
is needed for each pound of payload. This alone would make any space program very
expensive.

*Hydrogen-oxygen fuel mixture has almost three times the chemical energy of the explosive TNT.
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But can one not improve the fuel so that less of it would be needed? The thrust of the
rocket’s exhaust gases would be increased if the exhaust velocity were increased. The
exhaust velocity of the gases from the rocket engine is determined by the temperature at
which the fuel burns; the higher the temperature the higher the exhaust velocity and vice
versa. If a fuel could be found which would provide exhaust gases at substantially higher
velocity, it would burn at such substantially higher temperatures as would melt the rocket
engine itself. There is therefore little room for improvement in combustion rockets which
burn their fuels.
An alternative to combustion rocket engines is a sophisticated kind of engine known
as the ion propulsion engine. The ion propulsion engine discharges fast-moving
electrically charged atomic nuclei and electrons (ions) rather than hot electrically neutral
gases. Ion accelerators can accelerate ions to almost any speed short of the speed of light.
Their most familiar form is that of the various types of accelerators popularly known as
“atom smashers”.
Unfortunately, as this identification suggests, present day ion accelerators are massive,
bulky and very poorly suited to the requirements of a space ship, for which one seeks a
compact light-weight source of power.
There is no immediate prospect that a suitable light-weight rocket engine will be
developed, but scientific technology has achieved so many spectacular advances that one
may not unreasonably anticipate the eventual development of an ion-propulsion engine
adapted to space travel. Fortunately, one component of this problem has a ready solution.
Even an ion-propulsion engine would offer no advantage for space travel if its fuel had
as low an energy content as the hydrogen-oxygen mixture used for combustion rockets;
it would in this event still be necessary to start each space voyage with an enormous
quantity of fuel. However, the energy available from the fission of uranium, as in a nuclear
power plant, is nearly 6 million times as much as that from an equal weight of H-O
mixture. The fusion of hydrogen, energy source of the sun but still unattained on a
practical scale even in physicists’ laboratories, would yield 10 times still more. The
complete conversion of matter into energy (photon propulsion), a process known only
on a minute scale in certain nuclear reactions, would make available yet another 140 times
as much energy per pound. Regrettably for the purposes of space travel, these beckoning
prospects lie an uncertain distance in the inscrutable future.
There is another very important consideration. If a space voyage is to be to any
considerable distance, the space ship must travel not merely at the velocity of escape but
considerably faster; otherwise the duration of the trip will be prohibitively long. This fact
offers a second reason why the rocket exhaust velocity must be large, for low-velocity
exhaust engines are very inefficient for attaining high cruising speeds.
To give these arguments a concrete form, imagine a scale model of the earth, sun,
planets and stars, all reduced 200 billion times in size and separation. The earth would be
a speck 1/400 inch in diameter, the moon a smaller speck 1/1600 inch in diameter 1/13
inch away. The sun would be less than 1/4 inch across and less than 2 1/2 feet from the
earth. The outskirts of the planetary system would be at most 100 feet away, but the
nearest star would be at a distance of 130 miles! Our galaxy would stretch to 3.25 million
miles. Nearby galaxies are 20 or so times farther and distant quasars are 5000 times farther
still! In such a model, manned spaceflight, remarkable as it is, has traversed only the first
1/13 of an inch. There is a mind-boggling gap between this thirteenth of an inch and the
hundreds of miles to the nearest stars or the hundreds of millions of miles to the nearest
galaxies.
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At presently attainable rocket velocities, the distances of astronomical destinations outside
the solar system are such that the nearest of these destinations could be reached only in a
million years or so. Clearly, cruising speeds would have to approximate the velocity of light.
Starting from rest, it would take a space ship almost a year to reach 99 per cent of the speed
of light if one accelerated at the rate of 32 feet per second per second, the acceleration of
gravity at the earth’s surface; the human body cannot endure any substantially greater
acceleration for such an extended period of time. More important, the rocket engine needed to
provide such acceleration would have to generate about 10,000,000 horsepower for each pound
of space ship and payload. This would be equivalent to a 200-horsepower automobile engine
which weighed only 1/3000 of an ounce! By any present standard, such a requirement is
outlandish. The inescapable conclusion is that dreams of interstellar space travel are equally
far fetched. Except within our planetary system, the exploration of space will necessarily be
done by means of the study of light and radio waves.
11. Transfer Orbits
ith a clearer realization of the actual potentialities of space travel, let us
resume our imaginary experiments with satellites and space ships. Suppose it is
desired to go to the moon. Since space shots are expensive, we must ask ourselves
“What is the cheapest way to get to the moon?” The answer is: on a transfer orbit.

W

A transfer orbit is simply one in which the starting point is taken to be perigee and the
destination is arranged to be apogee. The perigee-apogee distance, the distance to the moon,
is twice the major semi-axis of the orbit; hence the major semi-axis a of the transfer orbit is
half the distance to the moon. Since the moon is about 240,000 miles from the earth, the
transfer orbit of a moon shot has a major semi-axis of 120,000 miles or about 4.57 units. The
satellite’s period of revolution is easily found from Kepler’s Harmonic Law
; it is
= 9.77 days. One must therefore start
= 4.88 days before one wishes to arrive at the
moon. That is to say, if the moon is to arrive at the apogee point at a certain time, the satellite
must be injected into lunar orbit 4.88 days beforehand. The space ship and the moon will reach
the same point at the same time and the mission will have succeeded.
These are the outlines, at least, of the principal considerations in arranging for a trip to the
moon. In practice, the first step is to put the satellite in a parking orbit above the earth’s
atmosphere. At a critical predetermined moment, the satellite’s rocket engine is turned on to
give the spaceship the greater velocity it should have to correspond to perigee of the transfer
orbit. When it arrives at the moon, a reverse procedure decelerates it into a parking orbit about
the moon. Descent to the moon’s surface can be made from there. In the transfer orbit, flight
is unpowered and for this reason is least costly in terms of fuel. Contrary to the impression
fostered by comic strips and science fiction, space ships and space probes do not navigate
under power like a motor boat on a lake; except for minor corrective maneuvers, the rocket
engines are used only to or from a parking orbit and at ingress to or egress from the transfer
orbit.
Let us now suppose that a space ship is in a parking orbit about the moon. Suppose further
that the major semi-axis of the orbit is
unit = 26,248 miles. It might then come as
something of a surprise that Kepler’s Harmonic Law no longer has the familiar form
but rather

. Why is such a substantial change necessary?
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It is not really so surprising after all, for the space ship is now revolving about the
moon instead of the earth. A careful but straightforward mathematical analysis of the
motion of a satellite shows that in general Kepler’s Harmonic Law should be stated more
fully as

where is the mass of the satellite and the mass of the body around which it revolves.
In this instance it is evident that the mass of the moon is 1/81.3 as much as the mass of the
earth, for the mass of the space ship is negligible in comparison to earth or moon. Indeed,
putting a satellite in a parking orbit about the moon is the most modern and most accurate
method of determining the moon’s mass. Hereafter we will in all instances consider
Kepler’s Harmonic Law only in its general form. Kepler clearly did not have at his
disposal the observations which could have enabled him to deduce the Harmonic Law in
its generalized form.
12. The Three-Body Problem
s we have just seen in the case of Kepler’s Harmonic Law, science
advances by a series of successive approximations. One of the implicit
approximations in the discussion thus far is the assumption that one could limit
consideration to two bodies at a time — such as satellite and earth or satellite and moon,
etc. In point of fact, of course, it is obvious from Newton’s universal law of gravitation
that a satellite about the earth must also be attracted by the moon, the sun and, in principle,
by all other bodies of the universe. In practice, the number of other bodies which have to
be taken into account is determined entirely by the degree of accuracy sought. It should
also be obvious that at some distance between earth and moon, the moon’s attraction on
a space ship will be as great as the earth’s, so that the effects of both must be taken into
account simultaneously if calculations are to have any validity whatever.

A

We are thus led from the two-body problem — two bodies mutually revolving in
complete isolation about their common center of gravity — to the three-body problem
— three bodies revolving in some fashion about their common center of gravity. Kepler’s
three laws — the Law of Conic Sections, the Law of Areas, and the Harmonic Law —
together represent a simple, compact and exact solution to the two-body problem. Does
the three-body problem have solutions which conform in a similar way to analogous
“laws”?
Astronomers and mathematicians wrestled with this question from the time of Newton
onward. Persistent failure to find a general solution to the three-body problem eventually
led to efforts to show that it had none. These efforts succeeded; one can categorically say
that the three-body problem has no solution which is valid under all circumstances and
which can be expressed in equations requiring only a finite number of arithmetical
operations (additions, subtractions, multiplications and divisions).
Though no general solution of the three-body problem exists, there are two other
kinds of solutions: numerical solutions and special solutions. Numerical solutions take the
form of tables which give the locations of the three bodies over a certain period of time.
Numerical solutions are limited only by the amount of time and effort which it is
practicable to put into their computation.
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The most celebrated three-body problem is the one in which the three bodies are the
sun, earth and moon. It is a problem not only of great theoretical interest to astronomers
but one of much practical interest as well. It is necessary to know the position of the moon
in relation to the sun in order to predict the tides and determine the times and places of
eclipses of the sun and moon. The former is a matter of direct concern for sea-going
commerce and the latter is of much interest to both astronomers and historians. In all
cases, tables of the moon’s position depend upon a numerical solution of the three-body
problem.
A special solution to the three-body problem is one which requires the existence of
some special circumstance which simplifies the mathematical problem in some essential
way. One such simplification might be the fact that one of the three bodies is very much
smaller than the other two or that two are very much closer to each other than to the third.
Still another special circumstance might be a geometric configuration of significant
simplicity or symmetry. Five such special solutions were discovered in the latter
eighteenth century by the great French mathematician and celestial mechanician Lagrange,
and in his honor the third body locations are designated
and . The first
three are on the line joining the two massive bodies, one between them and the other two
on the far side of each.
The points
and
lie in the orbital plane of the two massive bodies and at
locations equidistant from both. It has recently been proposed that points and with
respect to earth and moon be the sites of space colonies. The favorable results of
calculations of the feasibility of such colonies has generated enough interest and
enthusiasm to give rise to an association called the Society, dedicated to the promotion
of the colonization plan. The point has been chosen as the site for the European Space
Agency’s Gaia satellite which will measure the distances of a billion stars with high
precision.
13. Newton’s Law of Inertia
t may seem perverse, even mystifying, that we have considered Newton’s
Third Law first, his Second Law second, and his First Law not at all until now. This
is merely a result of the fact that the astronomical applications of Newton’s laws were
encountered in that order. It may also be related to the fact that the meaning and
significance of Newton’s three laws of motion can be more readily grasped in the reverse
of the order given them by Newton. It is desirable, therefore, that we here consider
Newton’s First Law of Motion.

I

It may be simply stated as: In an inertial system, any body will continue in a state
of rest or move uniformly in a straight line unless acted upon by an external force.
This is generally self-explanatory except for the term “inertial system”. An inertial
system is merely a frame of reference which is at rest or in unaccelerated motion with
respect to the rest of the universe. Examples of non-inertial systems come readily to
mind: a body falling to earth faster and faster, the rotating earth spinning on its axis, a
plane at takeoff. An inertial system would therefore be one which if not at rest, is not
changing either its speed or direction of motion with respect to the large-scale universe.
As such, it is something of an abstraction but can be approximated in concrete instances.
The function of Newton’s First Law or Law of Inertia is to provide a test for
identifying inertial systems. This is a critical necessity inasmuch as Newton’s other two
laws, the Law of Force and the Law of Reaction, are valid only in inertial systems.
Artillerists, for example, must correct the calculated trajectories of artillery shells for the

22

Chapter 1: Space Travel

non-inertial motion of the rotating earth. Cyclonic winds about centers of high or low
atmospheric pressure follow paths whose spiral form is directly attributable to the
non-inertial character of the frame of reference provided by the rotating earth. During the
acceleration of a jet’s takeoff, unsecured baggage skitters down the aisle or across baggage
racks and standing passengers need to brace themselves. This would appear contrary to
Newton’s Law of Force except that during takeoff the jet plane itself is not then even
approximately an inertial system.
In review, we may summarize Newton’s fundamental laws of motion by observing
that the Law of Inertia identifies those frames of reference (inertial systems) relative to
which force equals mass times acceleration (Law of Force). Masses are to be compared
among themselves by observing their mutual interactions according to the Law of
Reaction. In short, Newton’s First Law defines inertial systems, His Second Law defines
force, and his Third Law defines mass ratios. These are fundamental concepts necessary
for an understanding of the physical world.
Questions
1. (a) State Newton’s third law of motion. (b) In the most common form of the statement of Newton’s third
law of motion, precisely what is meant by the term “action”? (c) By “reaction”? (d) How does Newton’s
third law explain the behavior of a free balloon? (e) How does Newton’s third law explain rocket
propulsion? (f) Why is a rocket the only feasible means of travel outside the earth’s atmosphere?
2. (a) Define mass. (b) Define weight and distinguish it from mass. (c) Define volume and distinguish it from
mass. (Resort to a dictionary if you have difficulty articulating your own definitions). (d) If a man has a mass
of 180 pounds at the earth’s surface, what mass would he have at the moon’s surface? (e) What weight? (f)
How can a body having mass be weightless? (g) What strange phenomena occur in a weightless
environment? (Recall some of the oddities encountered by the astronauts during their flights.)
3. (a) Define velocity. (b) Does constant speed imply constant velocity? If not, offer an example to illustrate.
(c) Define momentum.
4. (a) Define inertia. (b) How is inertia related to mass. (c) What diverse phenomena depend on inertial
mass?
5. (a) Explain in explicit detail how Newton’s third law applies to the recoil of a fired gun. (b) To the
propulsion of a rocket. (c) How does a rocket differ from a jet plane? (d) How is a jet plane like a squid? (e)
What have the rocket, the jet and the squid in common?
6. (a) What is the logical function of Newton’s third law of motion? (b) Illustrate your answer to (a) by
giving a concrete example.
7. (a) Define center of mass. (b) Where on the line between two masses is their center of mass if the masses
are m = 5 lbs., M = 15 lbs.? (c) If m> = 2 lbs., M = 4 lbs.? (d) If m = 3 tons, M = 5 tons? (e) If m = 1 kg, M
= 80 kg?
8. (a) What is the ratio of masses of two bodies if their respective distances from their common center of
mass are d = 4 ft, D = 4 ft? (b) If d = 9 ft, D = 15 ft? (c) If d = 2900 miles, D = 236,000 miles?
9. (a) How will the center of mass of two bodies move? (b) From your answer, determine how the center of
mass of earth and moon should move. (c) How can the center of two interacting bodies be identified
observationally? (d) How does the identification of two bodies’ center of mass make possible a
determination of their mass ratio?
10. (a) Define areal velocity. (b) Define angular momentum and contrast it with linear momentum. (c) What
special property is possessed by the total angular momentum and total linear momentum of isolated systems?
(d) Why is the existence of such properties important?
11. (a) Define “ellipse”. (b) Describe a simple construction by which an ellipse may be drawn. (c) What is
its major semi-axis?
12. (a) Define eccentricity. (b) What range of values may the eccentricity of an ellipse have? (c) The earth’s
elliptical orbit around the sun has a major semi-axis a = 93,000,000 miles and an eccentricity e = 1/60. How
far is the sun from the center of the earth’s orbit?
13. (a) What is the name of the point in the moon’s orbit at which it is nearest the earth? (b) Farthest from
the earth? (c) By how much do these distances differ? (Hint: the major semi-axis of the moon’s orbit is
239,000 miles and its orbital eccentricity is e = 0.05).
14. (a) State the law of areas. (b) From the law of areas, determine where in a satellite’s orbit the satellite
will be moving fastest. (c) Where slowest?
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15. (a) State Newton’s second law. (b) How is it inferred that a force is acting on a satellite? (c) W hat is the
name of this force? (d) Define acceleration. (e) State Newton’s second law in terms of acceleration.
16. (a) W hat general kind of force is the attraction of the earth upon a satellite? (b) Identify a force which
is not of this kind. (c) In what manner does the force between earth and satellite vary with the distance
between them? (d) If a satellite is 3 times farther from the earth at apogee than at perigee, how much less
is the earth’s attraction upon it? (e) W hat is the name of the force between the earth and satellite?
17. (a) Jupiter’s mass is 317 times the mass of the earth. If Jupiter were put in the earth’s place, how much
greater would be the sun’s attraction upon Jupiter than upon the earth? (b) What effect would this greater
force have upon Jupiter as compared with the effect which the lesser force has upon the earth? (c) W ould
Jupiter, therefore, have the same orbit about the sun as the earth or a different one?
18. (a) How is it known that gravitation is a central force? (b) H ow is it known that gravitation is
proportional to the inverse square of the distance from an attracting mass? (c) How is it known that
gravitation is proportional to the mass of the attracted body? (d) Of the attracting body? (e) How can these
several proportionalities be combined into a single proportionality? (f) How can a proportionality be
converted into an equality? (g) Use this to state the equation which expresses Newton’s Universal Law of
Gravitation.
19. (a) W hat physical quantity determines the size of a satellite orbit? (b) W hat determines its shape? (c)
W hat is meant by the period? (d) W hat is a synchronous satellite? (e) At what mean distance is it from the
earth?
20. (a) State Kepler’s Harmonic Law. (b) If a satellite had a period of 27 days, what would its mean distance
be? (c) If a satellite is at a distance of 4 units, what is its period?
21. (a) W hat is meant by “velocity of escape”? (b) What kind of orbit will a satellite follow if it has exactly
the velocity of escape? (c) If it has a lesser velocity? (d) If it has a greater velocity?
22. (a) What are conic sections? (b) How are they classified by eccentricity? (c) State the generalized form
of Kepler’s Law of Ellipses.
23. (a) W hat will happen to a molecule of air if it attains or exceeds the velocity of escape? (b) How
important is this to the earth? (c) To the moon?
24. (a) Define kinetic energy. (b) Define gravitational potential energy. (c) W hat is the total energy of a
satellite? (d) W hat important property is possessed by the total energy of an unpowered satellite?
25. (a) W hy are multi-stage rockets necessary? (b) W hy can chemically fueled rockets probably not be
improved greatly over their present capabilities? (c) What improvements are theoretically possible in rocket
fuels? (d) In what kinds of rocket engines will they be used?
26. (a) W hy must extended space journeys be made at high speed? (b) How feasible does interstellar or
intergalactic space travel appear to be? (c) W hat limits the acceleration of a space ship?
27. (a) W hat is the most economical kind of orbit for a space probe to follow? (b) How is the economy
achieved? (c) W here is the earth in the most economical orbit? (d) W here is the destination? (e) At what
times on a flight to the moon would the rocket motor be used?
28. (a) State Kepler’s Harmonic Law in its generalized form. (b) W hy did Kepler not state it in this form?
(c) How does it permit a determination of the mass of the moon?
29. (a) What is the three-body-problem? (b) What kinds of solution does it have? (c) W hat kind of solution
does it not have? (d) W hy is its solution a matter of practical interest? (e) W hat is the
Society and why
was it formed?
30. (a) State Newton’s First Law of Motion. (b) What is its relation to the Second and Third Laws? (c) What
natural phenomena illustrate Newton’s First Law? (d) W hat logical functions are performed by each of
Newton’s Laws of Motion?

