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Specific Flight Possibilities

Certain kinds of space missions are particularly interesting be-"
cause they can, with reasonable certainty, be accomplished
with equipments and techniques available now or in the next
few years. These are briefly described in the following sections.

A. Ballistic Missiles

The theoretical projection velocity required to propel a bal-
listic missile to various ranges is shown in figure 1. The velocity
corresponds to minimum-energy trajectories fired in a zero-
drag environment around a non-rotating Earth. The projection
velocity approaches the Earth-surface value of circular orbital
velocity as the ballistic range approaches half the circum-
ference of the Earth-——10,000 nautical miles. This theoretical
velocity remains constant at that value for ranges greater than
half-way around the Earth.

Trajectories for actual missiles to be fired at ranges which
are more than half-way around the Earth would have to rise
above the atmosphere, so that the required velocity would be
slightly greater than shown in figure 1.
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FIG. 1. Ballistic missile range

B. Sounding Rockets

The first scientific use of rockets was for vertical ascents or
“soundings” of the atmosphere. The initial velocity required
at the surface of the Earth for drag-free flight to various alti-
tudes is shown in figure 2. The total time for flight in a vacuum
is also shown. The total velocity required to establish vehicles
in circular orbits is also included for comparison. The ellip-
tical ascent trajectory leading to these satellite orbits is as-
sumed to be tangential to both the surface of the Earth and
to the final circular orbit. The total velocity is defined as the
sum of the initial velocity required to place the vehicle on the
ascent ellipse and the final velocity increment required to es-
tablish the circular orbit. '
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FIG. 2. Velocity requirements for sounding rockets and satellites

C. Earth Satellites

To establish a vehicle in a satellite orbit around the Earth, it
is generally necessary to have two phases of powered flight,
separated by an interval of coasting flight. The first powered
phase is like that of a ballistic missile. After the vehicle coasts
to its maximum altitude (apogee), another powered phase
must give the vehicle enough speed, properly directed, to
keep it in orbit (figure 3). The number of powered stages re-
quired in each of these two phases is determined by the de-
sign of the vehicle. For example, the Army’s Explorer satellites
were established by a single booster—the Jupiter C—firing
during the first phase followed by three stages fired in succes-
sion at orbital altitude. The Vanguard satellite, on the other
hand, uses two stages during the initial boost phase, and only
one stage to provide the velocity needed at orbital altitude.



186 SPACE HANDBOOK

Cogsting phase

Soteltite orbit

Orbital velocity
injection

initial boost /\-Ascent ellipse

FIG. 3. Typical satellite ascent trajectory

If the designer so chooses, a satellite could also be estab-
lished using a continuously powered ascent trajectory—that is,
one in which the coasting phase vanishes. The Atlas satellite,
launched in December 1958, followed an ascent trajectory of
this type.

The main orbit features of Earth satellites are the period of
revolution and the orbital velocity. These vary according to
the satellite’s mean distance from the center of the Earth
(figure 4).

At an altitude of about 22,000 miles the period of the satellite
is exactly one day and the orbital velocity is about 10,000 feet
per second. If a vehicle were established in an equatorial orbit
at this altitude, moving eastward with the Earth’s rotation, it
would remain fixed over a point on the surface of the Earth.

The equatorial bulge of the Earth and other irregularities
cause disturbances of satellite orbits over long periods of time—
in particular, changes in the orientation of the orbit in space.!
These disturbances can be exploited in some applications. For
example, if a satellite is established in an orbit inclined about
83° from the Equator and moving in a westerly direction, the
Earth’s bulge will cause the orbit plane to move in such a way
that it remains fixed relative to the Sun as the Earth moves in
its orbit. 4
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FIG. 4. Earth satellite velocity and period versus orbital altitude

An interesting extension of the basic method of launching
a satellite is to provide the vehicle with an additional powered
stage for use in the so-called “kick-in-the-apogee” type of
maneuver (figure 5). Assume for example, that a given booster
vehicle can carry a satellite to an altitude of 200 miles and-
that the satellite’s final burnout velocity can be made greater
than the circular orbital velocity required at that altitude. The
resulting satellite orbit will, therefore, have an apogee altitude
greater than the initial 200-mile altitude—say, 500 miles as an
example. If the additional powered stage, correctly oriented,
is fired at the 500-mile apogee point, the perigee (minimum)
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altitude of the new satellite orbit will be raised so that a final
orbit can be achieved that is not limited by the projection alti-
tude limit of the basic booster rocket.

An extra rocket stage may also be used to correct or modify
the altitude or eccentricity of a satellite orbit to tailor it for a
specific application. In addition, rockets can be used to change
the inclination of the orbital plane relative to the Earth’s
Equator.

Orbital increment

Ascent ellipse
/.

tnitial boos'/

!

Intermediate orbit

"Kick-in-the-apogee”

FIG. 5. “Kick-in-the-apogee’’ technique of satellite launching

D. Recoverable Satellites

Satellites can fairly easily be made to survive the heating en-
. countered in returning to the Earth after natural orbit decay
due to air drag in the outer reaches of the Earth’s atmosphere.
All that a satellite like Vanguard would need would be a shell
of high-temperature alloy such as is used in jet-engine tur-
bines.?
Using re-entry techniques derived from ballistic missile de-
velopments, it should be possible to bring satellite payloads
back to the Earth for study. In fact, controlled recovery of bio-
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medical and other experiments from satellite orbits is planned
to start early in 1959 as part of Project Discoverer.3

To displace an object from a satellite orbit and bring it back
to Earth, a rocket is needed on board to provide thrust at the
proper time and in the proper direction. The minimum veloc-
ity that will accomplish recovery is shown in figure 6 for a
range of satellite altitudes. The required ejection velocity is in
no case as much as 5,000 feet per second. Vehicle re-entry
velocities are also shown in figure 6.

PUSEEDETRRETY ~{ 35,000

- 30,000

-} 25,000

5000 20,000

~ 15,000

Re-entey valocity {11/sec)

w
-3
I+
S

- 10,000

g
o

<5000

8

Minimum velocity chonge {ft/Jec?

Orbit altitude {(srotute mites)

o 1 s Il 1 . 1 1 1 ! °
50,000 . 100,000

FIG. 6. Recoverable satellite ejection and re-entry velocities

If the satellite payload is to be returned to a specific re-
covery area, the satellite must descend fairly steeply. Such
descents require greater ejection velocity than the minimum
amounts shown in figure 6.

The ejection velocity required to bring down a payload
from a 300-mile orbit is plotted in figure 7 as a function of
the descent range—the distance over the ground covered by
the payload from ejgction to impact. The ejection velocity
grows rapidly as descent range decreases.

The way in which impact location changes due to errors in
control of the ejection velocity is also plotted in figure 7. Ac-
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curacy of recovery improves as the descent range becomes less.
For example, at a descent range of 5,500 nautical miles an
impact miss of about 4 nautical miles will be produced by an
error of 1 foot per second in ejection velocity. Other sources
of error, of course, also affect recovery accuracy, particularly
control of the direction of ejection velocity.4
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FIG. 7. Satellite recovery parameters
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E. Lunar Flights

LUNAR IMPACT

The minimum velocity that will cause a vehicle to reach the
Moon is only slightly less than the local escape velocity from
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the Earth, which at an altitude of 350 statute miles is 35,160
feet per second. An altitude of about 350 statute miles is a
reasonably representative altitude at which to start free, or un-
powered, flight, and it will be assumed to apply throughout as
a standard reference case. The powered-flight trajectory up to
this altitude is not of particular interest in this discussion.

The free-flight portion of a sample trajectory which termi-
nates on the Moon is shown in figure 8. The trajectory is
plotted in such a way that it appears about as it would to an
observer at the North Pole. The elliptical nature of the tra-
jectory over about the first 2 days of flight is evident. The
effect of the Moon’s gravitational attraction becomes large
only during the last half day of the flight, as it causes curva-
ture of the terminal portion of the path, leading to an impact
on the surface of the Moon.

Egrth

FIG. 8. Moon-rocket transit trajectory—impact

The same trajectory is shown in figure 9 as it would appear
to an observer on the Moon.?

1.0 doy

1.5 days

Earth

FIG. 9. Moon-rocket trajectory as seen from the Moon

The variation of the impact point on the Moon caused by
errors in the initial velocity is shown in figure 10. The central
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curve, defined by an initial velocity of 35,000 feet per second,
corresponds to the trajectory shown previously in figure 8. For
a velocity that is 35 feet per second too low the impact point
moves to the western limb of the Moon; for 50 feet per second
too much velocity it moves to a point beyond the eastern limb.
Thus, some of the possible impact points would not be visible
from the Earth. It can be seen that errors of only — 35 to + 50
feet per second are allowable around this design point for sim-
ple lunar impact trajectories. This tolerance is critically de-
pendent upon the nominal initial velocity selected.

V=35,050 ft/ sec

To the Earth

FIG. 10. Effect of varying velocity on impact location

Figure 11 presents a typical “hit band” showing allowable
variations of initial velocity and path angle for trajectories
which will result in impact somewhere on the Moon.

Initial velocity-path angle combinations lying along the left
edge of the shaded band define trajectories which are tangent
to the Moon near the eastern limb, while combinations along
the right-hand edge of the band define trajectories which are
tangent near the western limb of the Moon.

A curve defining the trajectories which are perpendicular to
the lunar surface lies approximately midway between the solid
lines.

The terminal trajectory variation shown previously in figure
10 corresponds to a vertical slice through the lower portion
of the hit band.
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FIG. 11. Initial conditions for lunar impact

Since the slope of the hit band varies from nearly horizontal
(variation in path angle) to nearly vertical (variation in
velocity), the relative values of the tolerances in velocity and
path angle to hit the Moon will vary as a function of the mag-
nitude of the initial velocity.

We can define the total tolerances in either velocity or path
angles as the allowable increment in the parameter which
causes the impact point to shift from one limb of the Moon
to the other. Plotting the tolerances. as a function of the initial
velocity which corresponds to an impact normal to the surface
of the Moon giveés the curves shown in figure 12. At near-
minimum initial velocities the allowable path angle tolerance
is about 4% °, but decreases rapidly to a value of approxi-
mately one-half degree for higher velocities.

The velocity tolerance rises gradually to a value of about
300 feet per second as the initial velocity is increased to a
value of about 35,100 feet per second. The notation (W-E) in-
dicates that the impact points shift from the western limb of
the Moon to the eastern limb (see figure 10). Above an initial
velocity of about 35,500 feet per second the velocity tolerance
decreases gradually. In this portion of the curve the impacts
move from the east limb to the west limb. The portion of the
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curve labeled (W-E-W) corresponds to the nearly vertical por-
tion of the hit band of figure 11. In this region of the curve,
the lunar impact point shifts from the west limb to a point
near the east limb and then back to the west limb. The tol-
erance of 600 feet per second occurs for trajectories which
are defined by a path angle corresponding to the left-hand edge
of the “hit band.” Therefore, nominal trajectories which allow
these extremely large initial velocity tolerances are extremely
sensitive to the exact value of the initial path angle.

The variation of initial velocity and path angle tolerances
shown in figure 12 is representative of transit trajectories which
are defined by relatively low initial path angles. As the initial
path angle of the free-flight trajectory approaches 90° (fired
from an initial position which “leads” the Moon), the reflex
portion of the “hit band” in figure 11 moves to extremely high
initial velocities so that the velocity of tolerance curve rises
more gradually than shown in figure 12.8

In general, therefore, it is possible to “tailor” the nominal
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FIG. 12. Total velocity and path angle tolerances to hit the Moon
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transit trajectory design point (and the corresponding initial
tolerances) to accommodate particular accuracy capabilities
of the ascent guidance system.

The transit time for free-flight trajectories from the Earth
to the Moon is also strongly dependent upon the magnitude of
the initial velocity, as shown in figure 13. The longest flight
time, 5.5 days, corresponds to the minimum-velocity trajec-
tory. If the initial velocity is increased by only 1 percent, the
transit time is decreased to a value of 2 days. The flight time
planned for the Air Force Pioneer Moon shots was about 2.6
days, while that planned for the Army Juno II Moon shots was
only 1.4 days. From figure 13 it can be seen that this sharp
difference in flight time involves a velocity difference of only
about 2.5 percent.

6.0 -

50

bt
o
T

v
(=]
7

Time {days)

o
=]
T

1 { )
ooul\l L 1 :

345 35.0 35.5 36.0 36.5 37.0
initial velocity, V (Thousands of f1/sec)

FIG. 13. Transit time from Earth to Moon

Impact on the Moon might be signaled to Earth observers
by detonating about 10 pounds of standard illuminant
powder.?

CIRCUMLUNAR FLIGHT

A vehicle can be fired on a circumlunar trajectory which re-
turns to the vicinity of the Earth with no further propulsion
stage if the initial velocity at the Earth is less than the local
escape velocity.® The vehicle must be laurched so that it will
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intersect the Moon’s orbit at a point ahead of the Moon, in
order to be swung around by the Moon’s gravitational field
for return.

The distance of closest approach to the Moon will vary
widely for trajectories based on different initial conditions, and
this distance may vary from a grazing passage to as much as
80,000 miles. .

The time of closest approach to the Moon is primarily de-
pendent on the initial velocity at the Earth, as shown in
figure 13, but is also affected slightly by the distance of closest
approach to the Moon. The position, on the lunar surface,
below the point of closest passage is also variable.?

Typical examples of the two major classes of free-flight cir-
cumlunar trajectories are shown in figures 14 and 15. A typ-
ical low-velocity trajectory is given in figure 14—an example
of the “figure eight” orbit. The velocity of the vehicle in the
vicinity of the Moon is relatively low (but greater than lunar
escape velocity), so that the Moon’s motion and gravitational
attraction cause the trajectory to be strongly perturbed. In
this sketch, the vehicle passes above the Earth on its return.
Figure 15 shows a typical trajectory defined by a somewhat
higher initial velocity. In this example, the vehicle’s velocity
in the vicinity of the Moon is somewhat higher, so that the
Moon’s perturbing influence is less pronounced. The vehicle
continues to some distance beyond the Moon’s orbit before
returning to the vicinity of the Earth. It passes below the
Earth on return. Free-flight trajectories defined by velocities
between those of figures 14 and 15 will return to impact some-
where on the Earth. The distance of closest approath to the
Moon in both these cases is about 3,000 miles.

The total flight time from start to return to the Earth can
vary from a minimum of about 6 days to as.much as a month,
depending upon the initial velocity. A small change in initial
velocity can produce a very great change in total flight time.
This is a matter of considerable practical importance, since
points on the Earth are moving rapidly due to the rotation of
the Earth. Thus, for example, a vehicle returning from a 10-
day circumlunar trip intended for recovery at, say Edwards
Air Force Base, will find the base 800 miles away if it is just
1 hour off schedule.

This extreme trajectory sensitivity for a completely unpow-
ered vehicle can, of course, be reduced by providing it with
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Eart

FIG. 14. Return near the Earth after passing near the Moon—returning vehicle
moving in same direction as Earth’s rotafion

R

FIG. 15. Return near the Earth affer passing near the Moon—returning vehicle
moving in direction opposite from Earth’s rotation
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the ability to make one or more corrective velocity changes
during transit.

A circumlunar flight with physical recovery on Earth would
be suitable for such applications as acquiring high-quality pho-
tographs of the Moon’s hidden side.l® Re-entry design tech-
niques for such a return are within the capabilities of current
technology.11, 12

MOON-TO-ESCAPE FLIGHTS

The Moon’s orbital motion and gravitational field can be used
to accelerate a vehicle out of the Earth-Moon system and into
an independent orbit around the Sun.

A typical trajectory which is changed from an elliptical to
a hyperbolic orbit as a result of the Moon’s action is shown in
figure 16. The lunar-miss distance for this particular trajec-
tory is about 600 miles, and the resuiting effective initial-ve-
locity increase is approximately 400 feet per second. The
maximum possible velocity increase due to the Moon’s per-
turbation is about 500 feet per second for a trajectory which
passes just above the lunar surface.

FIG. 16. Transit trajectory-escape from the Earth

LUNAR LANDING

Landing a vehicle on the Moon requires an additional rocket
stage to decelerate it to a safe landing speed. The approach
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velocity at the Moon depends on the initial velocity at the
Earth, but is never less than about 8,200 feet per second be-
cause of the gravitational attraction of the Moon. Since the
lunar-escape velocity is about 7,800 feet per second at the
surface, the rocket will always be on a hyperbolic trajectory
relative to the Moon. Control of the direction of braking rocket
thrust for landing introduces a need for control of vehicle
orientation. The signal for firing the retrorocket must either
be sent from the Earth or generated in the vehicle itself (for
example, by measurement of the lunar altitude).

The transit trajectory for a lunar landing will be generally
similar to that for a lunar impact discussed above and shown
in figure 8.

LUNAR SATELLITES

Satellites of the Moon can be established if provision is made
to reduce their velocity in the vicinity of the Moon.13

A transit trajectory for a lunar satellite is shown in figure
17. At a predetermined distance from the Moon-—near the
point of closest approach—the vehicle’s velocity must be re-
duced to a value which will allow the Moon to capture the
vehicle as a satellite. A representative value for this velocity
change would be of the order of 4,000 feet per second—about
half the value required for a lunar landing. If the velocity is
reduced at the point of closest approach of the transit trajec-
tory shown in figure 17, the initial portion of the lunar satel-
lite will be as shown in figure 18.

A lunar satellite was the flight objective of the Pioneer
shots.

FIG. 17. Transit trajectory—lunar satellite
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FIG. 18. Moon satellite orbit

MOON-TO-EARTH RETURN

Launching a vehicle from the Moon to return to the Earth
may be of considerable interest in the future.!* The initial
velocity at the Moon would typically be around 10,000-15,000
feet per second. As in the case of Earth-to-Moon trajectories,
the transit time is a function of the initial velocity. The varia-
tion is more gradual, however. An initial velocity difference of
about 3,000 feet per second at the Moon corresponds to a
change in transit time from a value of about 1.5 to about 2.5
days.

Merely hitting the Earth from the Moon is considerably
easier than hitting the Moon from the Earth, since the di-
ameter of the Earth is larger and its gravitational field is much
stronger. Typical values of the initial tolerances at the Moon
might be plus or minus 1,500 feet per second in velocity and
plus or minus 5° in path angle. The requirements for hitting a
given area on the Earth, however, are considerably more se-
vere—mainly because the Earth’s rotation on its axis causes the
“target” to move. Thus, very accurate control of initial velocity
at the Moon is required mainly to fix the flight time accurately.
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SPACE BUOYS

One of the special solutions to the equations of motion in the
classical “Problem of Three Bodies” predicts the existence of
5 singular points in the vicinity of two massive bodies at which
a vehicle can be held stationary without application of thrust.15
The locations of these points, known as “centers of libration,”
in the Earth-Moon system are indicated in figure 19. Three
lie on the line joining the Earth and the Moon, while the
other two form equilateral triangles with the Earth and Moon.

¥,
X
VA
/ \\
/ \
// \\
7 \
/ \
7 \
/ \
/ \
/ \
/ \
/ \
/ \
\
EI x Earth, I \Moon E
x X ~ 7 [l
\ /
/
\\ /
\ /
\ /
\ /
\ /
\ /
\ /
\\ /I
\\ 7/
\\ /’
@ Mass centers \\ ’/,
M Centers of libration ;(z

FIG. 19. Relative positions of libration centers in the Earth-Moon system

Motion in the vicinity of the straight-line points is unstable;
that is, any small displacement from the exact point will re-
sult in the particle’s moving indefinitely far away.
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Motion of a particle in the vicinity of the equilateral tri-
angle points, however, is stable—at least to disturbances aris-
ing from within the system—so a vehicle near one of these
points could be made to “float” in space as a “space buoy.” 18
The “Trojan” asteroids, which oscillate in the vicinity of such
points in the Sun-Jupiter system, provide a check of this
theory.1?

If vehicles containing the appropriate equipment could be
established at, or near, each of these equilateral triangle
points in the Earth-Moon system, they could provide a base-
line which is about 400,000 miles long for such uses as track-
ing vehicles on interplanetary flights. The displacement of these
“space buoys” by the Sun’s net gravitational attraction would
have to be investigated. Also, if the bodies were low-density
structures, the acceleration due to solar radiation pressure
would cause displacements.

F. Interplanetary Flights

ARTIFICIAL ASTEROID

A small manmade body in orbit around the Sun would be
properly termed an artificial asteroid. Such vehicles, carrying
instruments, can be established by simply launching them at
any speed greater than escape velocity, regardless of direction.
This fact has been recognized in laying out the plan for the
Army lunar probes, which will be launched with enough
speed to take up an artificial asteroid orbit if they miss the
Moon.18 .

Instrumented asteroids could probe the space environment
around the Sun. Also, if made optically observable—by carry-
ing large reflecting balloons—or fitted with transponders for
radar range measurements, such vehicles could be used just
as natural asteroids now are in obtaining a fundamental meas-
urement of the length of the astronomical unit (distance from
Earth to Sun).

PLANETARY SATELLITES

A vehicle brought near one of the planets could be placed
in orbit around the planet in much the same manner as satel-
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lites of the Moon are established. Some form of terminal
guidance would be required, with propulsion to make it ef-
fective,

Manmade satellites for Mars and Venus should be achiev-
able in a relatively few years. Mercury and Jupiter could be
given satellites at a later date.

LANDINGS ON VENUS AND MARS

It should be possible, with provision of midcourse and/or
terminal guidance, to land some hundreds of pounds of in-
struments on the surfaces of Venus and Mars with basic
rockets now in development.

Any flights in interplanetary space will require use of flight
equipments with very long reliable life—a year or more in
most cases. The actual achievement of interplanetary flight
is critically dependent upon developing long-lived, reliable
equipment.

G. Manned Flights

No firm assessment can be made at this time of the extent to
which manned vehicles can undertake these flights (except,
of course, to cull out obviously unsuitable ones like unchecked
impact on the Moon). Performance calculations alone would
indicate feasibility of rather extensive flights, like circum-.
lunar flights and flights to even greater distances from the
Earth. However, firm judgment on these kinds of possibilities
must await results of such manned-flight experiments as are
planned in the X-15 program, the NASA manned capsule
satellite program,'? and the Dyna-Soar program.

H. Effects of Time of Launching

NATURE OF THE PROBLEM

The payload that can be carried to any target region with a
given launching rocket depends to a large extent upon the
nature of the traectory followed. Some relative positions of
the Earth and a target body allow transit between them on
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favorable trajectories, while other positions impose trajectories
that seriously tax rocket performance. Since the positions of
bodies in the solar system are continuously changing with time,
trajectory requirements- change continuously, and so, there-
fore, does the payload that can be carried. Hence, there are
literally “good days” and “bad days” for every kind of space
launching—in fact, with limited rocket performance, there
are some days that are simply “no-go days.” Since the posi-
tion of the launch point on Earth is moving with the Earth’s
daily rotation, there are also “good” times of day and “bad”
times of day. A launching arranged for a given time on a given
day must take place on schedule or not at all, unless a large
sacrifice in payload is made.

LUNAR FLIGHTS

Generally speaking, a rocket system displays its best payload
capability when fired over a rather closely circumscribed
powered-flight trajectory; and any substantial departure from
this trajectory will greatly reduce its payload. For large liquid
rockets on lunar flights, the powered-flight trajectory termi-
nates with the rocket moving nearly horizontally with respect
to the Earth. The trajectory has a certain total length deter-
mined by the duration of the propulsion phase. Given these
fairly inflexible powered-flight conditions, there is a corre-
sponding limited range of positions of the Moon that are
reachable from a given launch site.

The shape of the powered trajectory determines the time
of day of favorable launching—10 minutes is a fairly repre-
sentative figure for the duration of this favorable period, which
occurs at approximately daily intervals.

The plane of the free-flight trajectory from Earth to Moon
is defined by three points: the center of the Earth, the center
of the Moon, and the location of the launch point. The inclina-
tion of this plane to the Earth’s Equator changes as the Moon
moves around the Earth in its monthly journey. A rocket fired
in this plane at the “best” time of the month will be aimed
more nearly east than one fired at some other time. The more
nearly east a rocket is fired, the more velocity it will pick up
from the Earth’s rotation, about 1,000 miles per hour at the
Equator, and the larger will be its payload.

Even at the most favorable time of month, a launching
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from a latitude greater than 28.5° will not be directed exactly

-east, since the Moon’s orbit never tips any more than 28.5°
from the Equator. However, this tip of the Moon’s orbit
varies over an 18.6-year period, and at the points of maximum
inclination, a Moon launching can be made more nearly east
than at other times. Thus, there are best times within this 18.6-
year cycle.

The distance from Earth to Moon varies somewhat during
the month, but this distance variation itself does not have a
large influence on the choice of launching times.

In summary, then, there is a best time to shoot during a
given day, a best day during a given month, and a best month
once every 18.6 years. The influence of time of day on pay-
load is very strong (strong enough to make the whole opera-
tion possible only at the best time); the influence of the time
of month is less strong (not likely to be the difference between
feasibility and infeasibility except with marginal systems);
and the effect of the 18.6-year cycle is rather minor.

It is of interest to note that at present the Moon is near its
least favorable inclination. It will reach its best inclination in
1969.

If visual reconnaissance of some portion of the Moon’s sur-
face is desired, then the phase of the Moon will dictate the .
time of month of launch, even though the unfavorable posi-
tion of the Moon may cause a considerable reduction in pay-
load weight. For example, if it is decided to photograph the
far side of the Moon, then the lunar rocket should pass behind
the moon during the time of new Moon, when the far side
is illuminated. -

Another consideration that may be important in deter-
mining launch time is any restrictions on the direction of
launch available due to a need to pass over a guidance range
or a need to avoid passing over population centers.

INTERPLANETARY FLIGHTS

The free-flight trajectory of a vehicle fired from the Earth to
another planet will generally be a section of an elliptical orbit
around the Sun (figure 20). Maximum payload will be carried
if the veh'cle traverses exactly half of this ellipse between
perihelion (point closest to Sun) and aphelion (point farthest
from Sun), so the start and end of the voyage lie directly
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across the Sun from one another. The payload will be less if
the vehicle must traverse either less than or more than half
an ellipse.

FIG. 20. Flights to Venus in various positions

The situation leading to maximum payload (or any payload
at all in many cases) is only possible, of course, when the
relative positions of Earth and the target planet are proper—
a fairly rare occurrence except for the inper planets Venus
and Mercury.

Ficure 20 illustrates the situation for flights to Venus. The
maximum-payload case, in which the vehicle travels over ex-
actly half an ellipse (Venus in position 2), involves a flight
time of about 4 months. The flight to Venus in position 1
takes less time, but requires greater initial velocity and there-
fore permits less payload for a given rocket. Flight to Venus
in position 3 takes more time and more initial velocity than a
flight to position 2. Thus, flights to a type-3 positon have the
disadvantage of both long flight times and low payload, rela-
tive to the position 2 case. Flights to positions like 1 also re-
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duce net payload; however, the advantage of lower flight time
may be more than enough to offset this disability. For example,
in manned flight the weight of stores necessary to sustain the
crew will be less if flight time is less, so a short flight at lesser
total payload at takeoff may actually arrive at the target
planet with more usable payload.

TABLE 1.—Most favorable launching dates

Earth to Mars Earth to Venus
Oct. 1, 1960 June 8, 1959
Nov. 16, 1962 Jan. 13, 1961
Dec. 23, 1964 Aug. 16, 1962
Jan. 26, 1967 Mar. 28, 1964
Feb. 28, 1969 Oct. 27, 1965

June 5, 1967
Jan. 11, 1969

Note.—The increases in launch velocity required at times be-
yond these most favorable launch dates are indicated in figure 21.
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FIG. 21. Velocity penalty for launching after most favorable dates
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Observation Satellites

A. General Application Possibilities

Observation satellites can be useful in military reconnaissance,
terrain mapping, astronomical photography, international in-
spection, cloud observation, and photography of the Earth.
Appreciation of the value of such satellites, however, must
depend upon some understanding of the kinds of information
obtainable, the problems in obtaining information, and the
ways of getting this information back from the satellite.

B. Some Historical Perspectives

As soon as man could get a better view from whatever height
he had access to, he climbed and used his eyes. When photog-
raphy became a practical tool—about 100 years ago—he
started using cameras from towers, mountaintops, and bal-
loons, and later from rockets and airplanes.

Nadar! (1820-1910), a famous French photographer, was
a pioneer in aerial pbotography. In 1858 he started the
photographic balloon ascents described in his book, Les Mé-
moires du Gednt (1864). Nadar’s views on military applica-
tions of balloon reconnaissance changed from a refusal to
work for Napoleon III in 1859 to active participation as com-
mander of the balloon corps during the siege of Paris (1870-
71). ~
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In 1860 a J. W. Black of Boston joined a “Professor” Sam
A. King, a well-known aerialist, to take a balloon photograph
of Boston from an altitude of 1,200 feet. This was, for many
years, widely regarded as the most successful aerial photo-
graph on record. Oliver Wendell Holmes immortalized this
photo with the phrase “Boston as the eagle and the wild
goose see it.”

General George B. McClellan used balloon photographs in
several Civil War battles (1862). He made huge maps, super-
imposed grids on these maps, and furnished telegraph con-
nection between division headquarters and the balloon-borne
observer, anticipating by about 80 years the role of aerial ob-
servers for artillery adjustment.

All of the early balloon photographers had rather limited
perspectives compared with an American named George
Lawrence who started doing aerial photography from bal-
loons in the early 1900’s. This remarkable man devised vari-
ous cameras weighing more than a thousand pounds, taking
pictures as large as'4 by 8 feet, and successfully raised them
by means of balloons, kites, and associated control apparatus
to heights of several thousand feet. One of his earliest cameras
was a panoramic camera of the type now proposed for lunar
reconnaissance and useful also in observation satellites.?

As soon as airplanes were thought practical and safe,
photographs were taken from them. In World War I, and
more extensively in World War II, photographs were major
tools of reconnaissance and intelligence.

Photography from rockets is not a new phototechnique.
At a meeting in Stuttgart in 1906, A. Bujard presented a paper,
“Rockets in the Service of Photography,” describing the work
of Alfred Maul, who wanted to use camera-carrying rockets
for military reconnaissance.® He started with a camera taking
pictures 40 millimeters square (the same size as the picture
taken by a miniature Rolliflex camera). In spite of many diffi-
culties he devised in 1912 a rocket stabilized by a gyroscope,
with a takeoff weight of 92.5 pounds. This rocket carried an
8- by 10-inch camera to about 2,600 feet. By this time, how-
ever, the airplane was coming into its own, and photos from
airplanes were easily made. The success of airplanes caused
loss of interest in rockets as photographic platforms. We are
now witnessing, in current interest in observation satellites, a
return swing of the pendulum.



Applications 211

C. Intelligence and Reconnaissance

In satisfying both national and military intelligence require-
ments, data are needed on a real or possible enemy’s capa-
bilities and intentions. Included in the data is information that
will help answer such questions as: What does the enemy
have? Where is it? How many does he have? How does he
use it? How good is he at using it? Is he about to use it? etc.
Further needs are for mapping, charting, and weather recon-
naissance.

Data which ultimately can be used to produce intelligence
can and do come from many sources of varied character.4
Reconnaissance is one possible source. Spaceborne recon-
naissance will be valuable because of the extremely large
areas that can be covered rapidly, and the possibility of
cyclic operation.

D. Sensors for Use in Observation Satellites

Observation can be carried out in many ways, using sensors
operating in different portions of the electromagnetic spec-
trum (see section “Scientific Space Exploration”). The first
sensor used by man was the unaided eye. Next came photog-
raphy with its ability to record in permanent form large
amounts of detailed information. Then followed the develop-
ment of radar reconnaissance, electronic interception, and
infrared reconnaissance.5

For reconnaissance in peacetime the all-weather require-
ments normally associated with combat operations can usually
be waived. Because ground objects of military interest are, in
some important cases, growing smaller (e.g., missile sites
compared with airfields), there is a growing requirement for
very refined detail in reconnaissance. These considerations
point to photography as the most likely tool for satellite
operations.

E. Ability To See from an Observation Satellite

Various factors enter into an estimate of the degree of detail
that can be detected or identified 6 by a visual sensor system.
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Among these are distance from the sensor to the object viewed
and the focal length of the viewing lens, from which is
usually computed a scale number. The scale number, S, is the
ratio of altitude to focal length:

_ Altitude

" focal length
For example, consider a camera with a focal length of 6
inches at an altitude of 150 miles. The scale number of the
photograph is then:
(150 % 5,280) feet

S= 03 Toot = 1,584,000

This means that 1 inch on the photograph corresponds to
S inches on the ground, or about 25 miles. In general, the
larger the scale number, the harder it is to see fine detail.
For pictures taken other than straight down, scale numbers
vary from point to point, getting larger as the view moves
toward the horizon.”> 8 Figure 1 and table 1 should give an
appreciation of the distances, viewing angles, and ground cov-
erage possible from some selected altitudes.

Another useful parameter is resolution, a term originally
used by astronomers to specify the ability of a telescope to
separate double stars. As applied to photographs, resolution
refers to the ability of a film-lens combination to render
barely distinguishable a standard pattern consisting of black
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FIG. 1. Geometry of coverage from a satellite
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and white lines. When a lens-film combination is said to yield
a resolution of 10 lines per millimeter, it means that it can
make distinguishable lines and spaces when there are 10 of
them per millimeter. Lines of coarser spacing are seen more
clearly. There are limitations on the usefulness of this single
parameter for analytical purposes, but it is a convenient basis
for gross comparison of sensing systems,9-18

TABLE 1.—Distances, viewing angles, and ground coverage
for satellite altitudes

Satellite Viewing Slant Ground
altitude, h angle, ¢ range, s distance, W
(miles) (degrees) (miles) (miles)

100 30 116 58
45 143 101

60 208 180

200 30 233 116
45 290 205

60 436 378

300 30 351 176
45 442 312

60 690 599

500 30 590 296
45 758 538

60 1,349 1,186

1,000 30 1,208 607
45 1,667 1,198

53 3,021 2,558

2,000 41.6 4,496 3,342
5,000 26.2 8,093 4,410
10,000 16.5 13,448 5,075

NoTe.—The last entries in the table for 1,000 miles and greater
altitudes are the maximum values of @, s, and W attainable from
that altitude.

Ground resolution, G, is often used in discussing perform-
ance. It is simply the ground-size equivalent to one line, at
the limit of resolution. Thus, if a film-lens combination yields
R lines per millimeter, which means a line, at the limit of
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resolution, is 1/R (millimeters) and the scale number is S,
the ground resolution is S/R. To use familiar units, and
rounding off a bit—
S
300 R (lines per millimeter)

Ground resolution (feet) =

For the same focal length and altitude used in the example
above, if the fi'm resolution is 100 lines per millimeter, the
ground resolution is about—

1,500,000

=2 =5 1
300 % 100 — -0 fee

From the formula for ground resolution one would expect to
obtain the same ground resolution by trading resolution and
scale number. Thus one should expect that 10 lines per milli-
meter at a scale number of 100,000 should yield the same
ground resolution as 100 lines per millimeter at a scale num-
ber of 1 million. However, this type of reciprocity is never the
case, either in practice or in theory—if one can trade scale for
resolution in a design, he should trade in the direction of
Jower resolution and smaller scale number. There are great
differences in the graininess characteristics of different aerial
photographic emulsions, and these affect interpretability much
more than they influence resolution.

It is convenient to define four levels of photographic detail:
A, B, C, and D. These levels are, in terms of ground resolu-
tion:

A: 50 to 200 feet. C: 2 to 8 feet.
B: 10 to 40 feet. D: 0.5 to 2 feet.

The range of resolution within each level arises from a
practical inability to measure and interpret ground resolution
as a fixed number, and from additional detailed factors, such
as graininess of photographic emulsions.

Photographic operations at resolution level A would be
useful in covering large areas, measured in millions of square
miles. From such pictures one should be able to see and
identify most lines of communications, railroads, highways,
canals, urban centers, industrial areas, airfields, naval facili-
ties, seaport areas, and the like.

Level B would be appropriate to covering areas measured
in hundreds of thousands of square miles. With such resolu-
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tion, the character of many major installations could be de-
tected and identified; aircraft could be seen on airfields; almost
all lines of communication could be found and plotted; and,
in general, items merely detected at level A could be seen
more satisfactorily. It would be desirable, of course, to elimi-
nate category A and cover millions of square miles at resolu-
tion level B.

Level C is indicated for areas of specific interest measured
in terms of hundreds of square miles. At this level, extremely
detailed analyses of sites, airfields, industries, and activities
could be made. Most World War 1I photography was accom-
plished at this level of detail.

Level D is appropriate for rather small areas, say, of the
order of 1 square mile. Such operation would provide data in
very fine detail about new activities, sites, and installations.

A reasonable concept of observation satellite operation
would cover all areas of interest at level A (or, preferably,
level B) at intervals of perhaps 6 months to a year. With such
an operation, new major installations could be detected, per-
haps patterns of use found, and hints and clues obtained for
the direction of other, higher resolution reconnaissance sys-
tems. An overall observation capability, whether for recon-
naissance or inspection, should be based upon a family of
systems able to operate at each of the levels indicated.

It is extremely difficult, if not impossible, to take a given
number—such as a ground resolution of, say, 80 feet—and
describe specifically what can be seen. The conditions of ob-
servation—the illumination, the contrast, the context, and
many other important factors that determine detection and
identification, are so variable that specification of ground reso-
lution alone is insufficient. For example, rocket photographs
are available that were taken with a 6-inch lens from an alti-
tude of about 150 miles, with resolution estimated to be about
10 lines per millimeter—indicating a ground resolution of
about 500 feet.!® This is much poorer than level A. On one
of these photographs (figure 2), however, major railroads show
up clearly (figure 3) to even casual observation; two major air-
fields are easily seen, with runways clearly distinguishable;
and major streets in a nearby city are fairly easily resolved
and can be plotted. (This is an example of the phenomenon
of long lines being more easily detected than small square
objects.) The only thing that is really clear is that small
ground resolution is better than large ground resolution—
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much more detail can be seen with a system yielding 10-foot
ground resolution than one yielding but 50-foot ground reso-
lution.

It is realistic to suppose that one can find large installations
in the process of construction by using systems performing
at level A or B. At such levels it is certainly possible to get
clues of sufficient interest to warrant dispatching a system
operating at levels C and D to verify, confirm, or further in-
spect these operations.

FIG. 2. Rocket photograph
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continuous-strip camera and panoramic cameras, have emerged
as important and useful tools.2022 Modern panoramic cameras
are derivatives of a rather old camera design, wherein a lens,
which itself covers only a narrow angle, sweeps out a wide-
angle photograph by sequentially scanning the scene and de-
positing the resultant image on a relatively long but narrow
strip of film. A basic characteristic of strip or panoramic
cameras is the fact that the photograph is taken sequentially,
and possible distortions thus produced make precise measure-
ments extremely difficult. Cameras with between-lens shutters
avoid this difficulty, and are universally used for mapping.?®

Increased speed of modern aircraft has motivated develop-
ment of methods for compensating for image speed during
exposure.2* Image speeds, for cameras mounted vertically in
a satellite, may be readily calculated. At an altitude of 300
miles, for example, satellite velocity is about 25,000 feet
per second. The image speed is simply the vehicle speed divided
by the scale number. As an example, consider a 6-inch focal-
length camera at 300 miles altitude. The scale number is
about 3 million. The image speed is therefore about 0.1 inch
per second.

To achieve high resolution—say 100 lines per millimeter—
the blur caused by uncompensated image motion must be
restricted to less than about one two-hundredths millimeter.
This can be accomplished by a combination of image-motion
compensation and short exposure time.

If sensitive film emulsion or extremely high-speed optics
are used, exposure times in satellite observation of the order
of one five-thousandths second are not unreasonable. Clearly,
with a very short exposure time, blur is minimized. Even the
high satellite speed of 25,000 feet per second will yield a blur
corresponding to only about 215 feet on the ground, if ex-
posure time is one five-thousandths second.

There has also been progress in lens design. Camera lenses
with focal lengths of 100 and 240 inches have been developed
by the Air Force.26 Such lenses can be expected to find even-
tual utility in satellite observation systems to obtain very fine
ground resolution.

An idea of what can be seen with comparatively small
ground resolution can be gained from figure 4, with a calcu-
lated ground resolution of 48 feet. This photograph was taken
from a balloon at an altitude of 87,000 feet. The camera used
film 70 millimeters wide, and the lens had a focal length of
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about 1.5 inches. The scale number is 700,000. This photo-
graph covers an area approximately 24.9 miles on a side
(620 square miles). Objects such as dam sites, railroads,
farm ponds, and highways are easily distinguishable, as are
some of the larger structures in the town of Truth or Conse-
quences, New Mexico. Agricultural patterns too are readily dis-
tinguishable. This experiment in high-altitude photography is
described in the reference noted below.27

The following table of approximate resolutions and focat
lengths for a satellite at about 150 miles altitude is of interest,
especially when comparing the calculated numbers with those
applicable to figure 4 (ground resolution of 48 feet).

ELEPHANT BUTTE
RESERVOIR

T

NEGATIVE S1ZE- 2-1/4 [NCHES =|l.
\

FIG. 4. Balloon photograph
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TABLE 2.—Approximate resolutions and focal lengths, satellite
at 150-mile altitude

Ground resolution (feet)—

At 40 lines At 100 lines

Scale per per
number millimeter  millimeter
Focal length (inches)
12 750,000 60 24.0
36 250,000 20 8.0
120 75,000 6 2.4

Comparison of this table with the actual photograph of figure
4 is striking evidence of the ability of satellites to secure
useful photography.

Mapping photography from 30,000 feet during World
War II secured a ground resolution of perhaps 15 to 20
feet. Thus, satellite performance possibilities are very attrac-
tive in these terms also.

Throughout this discussion, reference has been to photo-
graphic film systems for consistency of illustration only. Tele-
vision techniques are also entirely applicable to use in observa-
tion satellites, and the concepts, formulas, and calculations
presented apply also to television systems.

Photographic film exposed in a camera aboard a satellite,
like film exposed in any camera, would have to be processed
before the data can be used. Conventional automatic process-
ing techniques could be used, with the film being stored until
the satellite is in the vicinity of a ground receiving station. It
could then be scanned, using television techniques, and the
data transmitted to Earth. Received on Earth, it could be
stored as a video tape, or reconstituted into a photographic
record for interpretation, study, and analysis at a suitable
time and place.

If a television camera system were used, a similar problem
would arise. The data would have to be stored—on magnetic
tape, for example—to be read out and transmitted to a ground
station at an appropriate time.

Photographic film could also be returned to Earth directly
for processing. The use of television techniques in the case of
physical recovery of data is not clear.
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G. Returning Data from Observation Satellites

There are two distinct ways in which information picked up
by a sensor in a satellite can be returned to Earth: it can be
transmitted by radio or physically returned to Earth in a data
capsule.

Choice of the method of return depends upon such factors
as the requirements for timeliness, the rate of information
flow, the total volume of information, and the form in which
the information is to be used. There certainly may be military
reconnaissance or international inspection operations which
require minimum time delay between observation and trans-
mission of data. An obvious example is a satellite system to
observe missile firings as part of an international system for
warning of surprise attack. The useful life of such information
is short—a matter of very few minutes—and direct radio
transmission of data is rather clearly indicated.

Inspection of large areas, or detailed examination of
smaller areas, may result in the collection of volumes of data
so large as to saturate the radio transmission capability of a
satellite. Physical recovery might well be a better way to de-
liver such data. Mapping, where the principal concern is with
geometric fidelity, is another case where physical data re-
covery may be better than radio transmission.

Preliminary to an attempt to assess the relative merits of
either of these recovery methods, it is necessary to reconcile
the many ways of estimating the information content of a
photograph. From the viewpoint of the communications en-
gineer, a photograph represents a calculable number of “bits”
of information; this number permits calculation of the capac-
ity of the communication channel and the time required to
transmit the photograph.

The photointerpreter tends to evaluate the photograph in
terms of the useful detail he can find and the extent of the
coverage. The aerial photographic scientist will think in terms
of scale, resolution, and area covered.28

The relationships between these viewpoints permit some
valuable comparisons to be made. It is specifically interesting
to consider the way in which one can compare a photograph
and television image for the purpose at hand. Commercial
high-quality television transmission systems use a bandwidth
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of about 4.25 megacycles per second. A high-quality photo-
graph will have a resolution of about 100 lines per millimeter.
Information theory shows that—

A communication system with a bandwidth of 4.25 mega-
cycles per second will have to operate continuously for 32 min-
utes to transmit the quantity of information that can be stored
on a single 9- by 9-inch photograph at 100 lines per millimeter.

Satellite systems can readily be postulated that would collect
in 1 day many times more data than could be transmitted by
video link. For example, consider a system with a 36-inch
focal length (this is a median example: for mapping, much
shorter lenses could be used; for extremely detailed observa-
tion, much longer lenses would be needed) which covers
(either through single lens panoramic techniques or through
a conventional multiple camera installation) an angle of about
90° from about 150 miles altitude. Such a system could cover
about 3 million square miles per day, and consume at least
1,500 feet of 9-inch wide film. If a resolution level of 100
lines per millimeter is obtained, this amount of information
would require over 1 month to transmit, operating 24 hours
per day. Such a photographic system seems to be well within
the state of the art. Systems with larger capacity are conceiv-
able and may prove desirable.

Clearly there are important cases where a video link simply
cannot transmit information as fast as it can be acquired.
Small improvements in transmission systems, increasing the
numbers of ground stations, etc., can make only minor im-
provements in a serious and fundamental limitation. This is
one of the main reasons for the importance of physical re-
covery of a film payload. ,

For the collection of great quantities of data over short
periods of time, it would be reasonable to use a photographic
satellite whose data could be physically recovered after a
short orbital life. Satellites which transmit data by video link
are better suited for long-lived surveillance operations. The
two types of satellite are complementary, not competitive;
together they would constitute a balanced satellite recon-
naissance capability.



Applications 223

H. Mapping from Satellites: Some Preliminary Considera-
tions

The problem of mapping is radically different from most
other kinds of observation. Ground resolution, however cal-
culated, is an overconservative statistic by which to measure
the performance of a mapping system. To map a surface with
geometric accuracy, “hard photography” free of distortions is
needed. Mapmakers have generally required wide-angle pho-
tography with a highly corrected, essentially distortionless
lens, the entire photograph being taken simultaneously (that
is, with a between-lens shutter) instead of sequentially as with
focal-plane shutters, strip photography, and panoramic pho-
tography.?® Distortionless wide-angle optics, capable of yield-
ing 50 lines per millimeter on film over the entire field, are
now available.

While the requirements of mapping are very stringent with
respect to distortion, they are rather modest as regards ground
resolution. The distance between 2 points may be measured
on a photographic plate to within an error perhaps 10 times
less than the resolution figure. For example, a system with a
ground resolution of 2,500 feet could yield a mapping pre-
cision of about 250 feet. Such resolution can be obtained, for
example, from an altitude of 4,000 miles with focal length of
6 inches, using 50-lines-per-millimeter photography.

There are many other problems associated with mapping.
In particular, the use of film instead of glass plates (as would
be necessary in satellites) imposes the requirement for careful
registration marks in the form of a réseau or fine grid on the
plate, carefully calculated and fiducial marks along the edges
of the format. It is felt that techniques such as these can yield
precision measures. Measurements to 2 seconds of arc should
be achievable.

These numbers can be used to go up and down the scales
of altitudes and focal lengths. For example, coming in to an
altitude of 1,000 miles with a 6-inch lens gives numbers 4
times better than those given above. Coming in to 1,000 miles
with a 12-inch lens (not unreasonable for a mapping satellite)
gives numbers 2 times better than these. Thus, in principle,
we could measure to perhaps 30 feet. The speed in orbit of
a satellite at 300-mile altitude is about 25,000 feet per second.
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An exposure time of one five-hundredth second implies a
maximum theoretical blur corresponding to about 50 feet on
the ground, which yields an effective blur of about 25 feet.
At much greater altitudes, the orbital speed is even less. This
amount of blur could be ignored or, alternatively, a very
simple and fixed amount of image motion compensation could
be applied to the film during the exposure to eliminate this
blur.

The flat-Earth approximation would yield a ground cov-
erage for the conventional mapping angle of 76° fore and aft
of 1% times the altitude; since the Earth is curved, the cover-
age is in excess of this. It would not take very many pictures
from altitudes of 1,000 miles or more to map the Earth suc-
cessfully.

It is important to recognize that we can measure distances
with accuracy greater, in principle, than that specified by the
resolution limit as calculated above. Furthermore, excellent
modern wide-angle optics are available.

A mapping satellite would likely require a platform sta-
bilized with respect to the horizons. It would require recovery.
It is mandatory to return a precision photograph directly for
examination rather than to incur possible geometric degrada-
tion via an electronic relay station. Auxiliary ground tracking
stations, and perhaps visual and electronic beacons aboard
the satellite, might be required and useful to locate the satel-
lite precisely, as might simultaneous star photography for pre-
cision determination of the satellite attitude at moments of
exposure.

In general, the fewer photographs which have to be tied
together to map a given area the better. Thus, with mapping
lenses capable of photographing approximately a 1,500- by
1,500-mile square from 1,000 miles altitude, the number of
photographs required to map even huge areas is small. If
the photographic sequence starts in an area which is mapped,
the map can be extended to the new areas.

l.  Photographic Aspects of Meteorological Observations from
Satellites

Progress in satellites for intelligence or inspection purposes
will inevitably proceed in the direction of higher resolution
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systems selectively covering smaller regions on the ground.
Weather reconnaissance, on the other hand, can be done at
resolutions measured not in feet but perhaps in hundreds of
feet. Instead of narrow-angle views of the Earth’s surface, it
requires extremely wide-angle views, covering as much as
possible simultaneously. These rather different requirements
indicate that the purpose of both fields would be served by
separate satellites rather than by trying to develop one all-
purpose type.

J. Observation Satellites and Inspection ,
Proposals for utilizing aerial inspection systems as a part of
atomic-energy controls were made as early as 1947 in a United
Nations report.3® Since that time, aerial inspection systems,
used alone or in conjunction with ground systems, have been
proposed for disarmament inspection and surprise-attack
warning systems.

Observation satellites could certainly contribute to, if not,
in fact, provide, an inspection system.3135 An observation
satellite could be used to detect and locate missile firings, for
example, serving either to monitor agreements regarding mis-
sile Jaunchings or to assist in reducing the measure of surprise
from an attack. In conjunction with aircraft, satellites could
perform installation inventory, assist ground inspectors in:
locating previously unknown or new military sites, monitor
shipping, and carry out numerous other tasks.

K. Some Possible Observation Satellite Combinations

Attempting to list all possible kinds of observation satellites—
taking note of varying operational altitudes, sensors, purposes,
methods of returning data, etc., makes for a bewildering array.
Table 3 represents an attempt to sort out and classify some of
the possible combinations. It is in no way intended as a com-
plete listing.



TABLE 3.—Some possible observation satellite combinations: a rough outline

Useful life

Data recovery

Typical Long
Basic Typical weight  Typical ground Short (month Physi-
booster on orbit altitude Typical resolution! (week or cal re- Video
component (pounds) (miles) sensor (feet) or less) more) covery link Purpose
150 Photo 60 X X Coverage of millions of square miles
(level A).
IRBM 300-500 150 Photo 20 X X Higher resolution search over limited
areas (level B).
300 Photo-TV 200-500 X X Weather reconnaissance.
300 Photo-TV 200-500 X X Weather reconnaissance.
150 Photo 20 X X Higher resolution coverage of millions
of miles (level B).
ICBM 2,000-10,600 300 Photo-TV 8-12 X X Cyclic surveillance of selected areas—
- warning () (level C).
300 Infrared X X Wamning (ICBM firings).
300 Electronic X X Electronic and communication intelli-
gence, communication relay, etc,
Nuclear or
large
chemical
rocket 20,000-100,000  500-25,000  All types @) X X X All missions listed above plus level D.

1 Ground resolution figures apply only to photographic and television sensors.

2 1 foot at 500 miles.
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L. Scientific and Civil Uses of Observation Satellites

Observation satellites can serve uses other than military re-
connaissance, inspection, weather forecasting, and mapping.
They can also make observations of other celestial objects far
superior to those obtainable within the Earth’s atmosphere.36

The advantage to astronomical photography of reducing
atmospheric effects has been shown dramatically by Sun pho-
tographs from a balloon-borne telescope.3” Project Strato-
scope employed a special photographic telescope weighing
300 pounds, and photographed the Sun from 80,000 feet,
above about 90 percent of the Earth’s atmosphere. Accord-
ing to the project scientists, the photographs taken of the
Sun are the sharpest ever secured, showing Sun detail never
before seen.

The enormous advantages of clear photographs of celestial
objects can be appreciated from a comparison of the pic-
tures of figure 5. The photograph of the Moon shown in this
figure shows the region of Clavius. Taken by the 200-inch
telescope on Mount Palomar, it is considered to be one of the
finest photographs ever made. The ground resolution is about
1 mile. In an effort to show how little lunar detail we can
readily see in such photographs, despite their hich quality, a
photograph of Washington, D. C., was systematically de-~
graded to show ground resolutions of 200, 500 and 1,000
feet.?8 Note the low. level of detail of Washington at the
1,000-foot resolution level. This is five times better than the
“sharp” Moon photograph.

Aerial photography of the Earth has been applied to ex-
ploration; Earth sciences; land planning; crop, soil, and forest
inventories; engineering; ecology; geology; geography; phys-
iography; geomorphology; hydrography; urban-area analysis
and planning; and archeology.39-44

The application of aerial photography to these varied fields
depends first upon the large view afforded and on the record-
ing of fine enough detail to permit accurate identification,
measurement, and comparison.

Satellites will yield a grander view, a larger perspective,
than has ever been attained before. Photographs from rockets
at altitudes of 150 miles have already yielded spectacular
views. The possibility of seeing, as a whole, relationships, for-
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200-1nch photogroph, Mount Wilsan and Polomar O_butvntorlu
The Floor of Clavius

L W———
© 0
miies

200 ft . 500 tt 1000 ft
Ground resolution Ground resolution Ground resolution

Washington, D. C.

FIG. 5. Lunar photography and aerial photography: resolution comparison

mations, and terrain features which require the perspective of
distance is an exciting prospect. The world today is still
poorly mapped, and its resources still not measured.

At least several novel applications of observation satellites
can be foreseen. Ice and snow surveys over vast areas, iceberg
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patrol, and studies of ocean-wave propagation—all require
the coverage of large areas hitherto impossible by conven-
tional airborne observation systems.

The emergence and utilization of such a radically new tool
as the observation satellite will undoubtedly result in the de-
velopment of applications and techniques not yet imagined
or foreseeable.

M. The 24-Hour Satellite

The satellite whose period is exactly that of the Earth—com-
monly called the 24-hour satellite—is of special interest. If
placed over the Equator, moving eastward in its orbit, it
would appear to remain always at the same point in space, as
viewed from the Earth. The orbit altitude required for this
24-hour period is about 22,000 miles. Such a satellite would
have in view, at usable angles of incidence, about 38.2 per-
cent of the Earth’s surface, or approximately 75 million
square miles (figure 6).

60 mi
24-br satellite 23,5
¥ =6.83°

b 2,240 mi ,l 3960mi~|

Equator

FIG. 6. Viewing an area on the Earth at 45° latitude
from the /24 hour’ satellite

Interest in the 24-hour satellite for observation stems
mainly from the somewhat intuitive notion that it would be
useful to observe activities on Earth from a fixed position.
However, it is not altogether clear that useful observations
can be made from such a great distance. A worthwhile pre-
liminary examination of the problems involved can be con-
ducted by assuming a desire to achieve observations with
a ground resolution of 100 feet. This is a better order of reso-
lution, considering the viewing distance, than is commonly
achieved at astronomical observatories such as Mount Wilson
and Mount Palomar.

However, the troubles that limit achievable resolution at
Earthbound observatories are, in large part, chargeable to the
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atmosphere. The optical system in a 24-hour satellite will have
many problems, but not this one. The problem here is simply
one of size. Taking into account practical limitations on pho-
tographic film, etc., it appears that achievement of the as-
sumed resolution of 100 feet would require a lens diameter
approaching 8 feet, with a focal length of about 64 feet. Such
optics are huge, even by terrestrial standards. This is the size
of the Mount Wilson telescope.

Suppose that such a camera were used to take photographs
4 by 5 inches in size of an area at about 45° latitude. The
region photorraphed would be about 152 by 197 miles, an
area of approximately 30,000 square miles. This is only
slightly less than the combined area of Connecticut, Massa-
chusetts, New Hampshire, and Vermont.

Clearly, the achievement of ground resolution such as the
one calculated above would be an engineering and scientific
triumph of the first magnitude. The requirements for stability
of the camera system, given any reasonable exposure time
(such as one-hundredth second), are severe. Angular motions
which tend to blur the photograph must be kept to, say, 0.05
second of arc during the exposure time. This is a formidable
requ1rement indeed.

There is one application of a 24-hour satelhte that would
not require such huge optical systems: weather observation.
Here, relatively poor ground resolution would be adequate;
furthermore, an enormous view would be afforded from such
a high altitude.

N. Uses and Requirements of Very Large Observation

Satellites

A need for very large satellite payloads—say, of the order
of 100,000 pounds—can already be discerned. Current think-
ing about payloads for observation satellites has been shaped
to a considerable extent, not by the inspection of observa-
tional needs, not by optics design, but by booster availability
and performance. Thus, designers of observation satellites
have first looked at rocket vehicles in development, and at-
tempted to use whatever weight such vehicles may allow them
to put on orbit.

These weights have, to date, been fairly small. Roughly,
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they range from something like 20 pounds to a few tons.

Payload limitations constrain the performance of an obser-
vation satellite in three respects: quality of data obtainable;
quantity of data secured; and timeliness with which these data
can be delivered to the user. Current payload limitations pre-
clude observations from satellites of the sort available from
aircraft. Ground objects of interest have been observed suc-
cessfully with reconnaissance equipments operating in aircraft
at altitudes measured in miles, not hundreds of miles. The size
of the photographic gear useful at high aircraft altitudes (say,
of the order of 50,000 feet) are very large, with weights from
several hundred pounds to several thousand pounds. As the
camera is moved away from the observed objects to distances
15 to 100 times aircraft altitudes, the size of equipment
needed for similar observation quality is going to grow
sharply—indicating satellite payloads of many tons. The need
for satellite payloads of this order is supportable by the argu-
ment that observational capabilities of the kind now available
only to aircraft will continue to be needed, perhaps with
growing urgency. Ground objects likely to be of inspection or
observational interest in the future will probably not get
larger than objects of current interest and may, in fact, get
smaller.

Figure 7 shows the relationship among altitude, focal
length, and ground resolution on the assumption of a film
resolution of 100 lines per millimeter. If poorer resolution is
obtained on the film, the required focal lengths increase pro-
portionately.

Observations under twilight, moonlight, and eventually
under night-sky illumination only, are goals no longer con-
sidered unattainable. There are areas of the world that are
continuously dark for considerable periods. Observation, in-
spection, and surveillance of these areas from satellites might
prove impossible unless needed improvements in observation
technolozy are pursued. Nighttime satellite observation would
be desirable, of course, to counter attempts to employ dark-
ness as a shield for various activities. Promising develop-
ments, such as certain refined television techniques, point to
one way of achieving such goals. Photography from airplanes
by the light of a near-full Moon has been accomplished and
described by the Air Force. Either of these kinds of ap-
proaches would involve large-diameter, long-focal-length op-
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FiG. 7. Required focal-length variation with altitude for ground resolutions of
1, 4, 20, and 100 feet assuming that 100 lines per millimeter
are obtained on the film

(Nofe that the speed of the optical system—the f/ number—is left out. The high
resolution used above requires optics of at least /8, preferably faster)

tics to collect as much light as possible and recoup quality
loss inherent in low-illumination operation. A speculative ex-
ample might be a camera system with 100-inch focal length,
at a speed of £/2, thus requiring optics at least 50 inches in
diameter. In addition to auxiliaries such as power supply, con-
trols, and communication equipment, any large, fast optical
systems such as this one would require automatic focusing
mechanisms, temperature control, and other refinements not
needed for smaller, slower, less sensitive systems—all of which
points to payloads of many tons.

Better observational quality—finer detail—will require
weight. Greater total quantity of information also requires
weight. Information quantity depends on total vehicle life, the
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total load of film or other storage media carried, and the
method of returning data to earth. Vehicle useful life depends,
among other things, upon the life of its power supply. For
those satellites powered by chemical batteries alone, the upper
limit of working life is set by the total energy content of the
batteries and the rate at which such energy is used by the
apparatus in the satellite. Working life would increase if more
batteries (weight) were added. When such power supplies can
be supplemented by solar energy, or when the power require-
ments can be cut down, working life will increase for a given
total weight. Nuclear powerplants will eventually be available,
and will save weight. They may also create added problems,
calling for added weight for shielding.

The “quantity” of information deliverable by a satellite
which communicates with the ground by video link is directly
dependent on the bandwidth used and the time available for
communication. Generally speaking, greater bandwidth re-
quires more equipment, hence more weight. The available
time for communication is determined by the number of
ground stations, and the fraction of time the satellite is within
view of a given ground station. For 300-mile-altitude satellites,
this time is about 10 minutes per station, Higher altitude sat-
ellites are in view longer, and in addition have less orbital
speed. Thus a 1,000-mile-altitude satellite would be in view
for more than twice the time of a 300-mile satellite. Very
high satellite altitudes may also permit direct line-of-sight
communication from satellite to ground stations at the mo-
ment that the satellite is picking up data. This might indeed
eliminate the need for data storage aboard the satellite, and
would certainly be desirable for warning applications. Higher
orbit altitudes require large launching rockets—the same
eventual need as that manifested by payload increases.

Environmental factors, about which all too little is known
at present, include the radiation environment at considerable
altitudes. The early data available from Explorer IV are frag-
mentary, and much more information is needed. It may be
suspected that the operation of a film-carrying satellite in the
indicated heavy radiation field will prove to be extremely
difficult. The implication of the data at hand is that consid-
erable shiclding will be needed. Shielding is directly trans-
latable into pounds of payload. If photographic film proves
to be a poor sensor to use under such circumstances, a change
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to another sensor such as television and electrostatic tape may
be required. These would undoubtedly yield poorer resolution
than photographic film; the loss could be recouped by using
larger, heavier equipment.

If a man is to be put aboard an observation satellite, the
total weight required will climb sharply.

Multiple sensors (i.e., combinations of photographic, infra-
red, radar, and other sensors) in satellites would be of value,
and would certainly require larger vehicles than those needed
for each of these separately.

One can envision a need for measures to decrease the vul-
nerability of satellites by changing their orbits, which might
require re-aiming the cameras. All of these would require
weight, hence larger launching rockets.

In brief, large launching rockets are an inevitable require-
ment if observation satellites are to progress vigorously.
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Meteorological Satellites

Weather affects almost every known activity of man either
directly or indirectly; and the probability of success of many
enterprises, civil and military, can be noticeably increased if
the weather factor can be counted as a “known parameter.”
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The various weather services are constantly striving to pro-
vide this knowledge, either in the form of actual data con-
cerning current weather or in the form of a forecast of future
conditions. In either case, the information provided is only
as good as the weather data available to the meteorologist.

It is well known that there is in operation a worldwide
weather data collection network supported by most of the
civilized nations of the world. Furthermore, these data are
freely disseminated to all nations participating in the collection
program. While there appears to be a great wealth of informa-
tion available, it is unfortunately true that there are large
areas of the world (e.g., the oceans and the polar regions)
from which very little day-to-day weather information is
forthcoming. The only means presently available for filling
these gaps in weather data is reconnaissance by aircraft or
the positioning of weather observing ships. At best, even with
great effort, only spotty information can be provided which
by its very nature lacks one quality of observation most neces-
sary to synoptic meteorology, that of complete continuity in
time and space.

A third possibility, however, has been suggested 14 that
might indeed provide the necessary information about remote
regions of the Earth. This is weather reconnaissance by means
of satellites. The questions that one might ask about such a
system are:

1. What are its limitations?

2. Within these limitations, what weather information is
obtainable, and is it adequate to do the job?

3. What is the growth potential of a satellite weather recon-
naissance system?

4. Can this information be fitted into the present weather anal-
ysis and prediction system?

Satellites as weather observing tools seem to offer a new di-
mension in the field of meteorology: area. That is, they would
provide us with the ability to view the Earth as a whole in a
very short period of time. As with any new tool, the ultimate
value of a weather satellite must grow out of experience
gained by using it. Initially, weather observation from a
satellite will be obtained mainly by optical means, by simply
looking down at the visible manifestations of weather. The
first attempt to do this is part of the IGY satellite program,
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and William Stroud and his associates at the Signal Corps
Engineering Laboratories have developed a scanning system
for the Vanguard satellite.?

In this type of operation almost all of the regular quantita-
tive measurements usually associated with synoptic meteor-
ology tend to fall by the wayside. It will be impossible to do
more than make an intelligent guess at the values of tempera-
ture, pressure, humidity, and other conventional meteor-
ological parameters. However, some added information can
be gathered if an ability to look at the Earth and the atmos-
phere in the infrared part of the spectrum is also provided.

The basic limitation of early weather satellites, then, is the
degree to which meteorologists can utilize data that will be
largely qualitative. Since clouds are the objects most readily
discernible from extreme altitudes, they become the pre-
dominant item of observation for use in forming a weather
picture.

While cloud data alone cannot tell everything about the
current weather situation, it does appear that with theoretical
knowledge and meteorological experience with satellite data,
an accurate cloud analysis can produce surprisingly good re-
sults in areas where no other information is available. Further,
in areas where good data are currently obtained from the sur-
face, satellite cloud observations can provide continuity and
completeness that are not given by the present weather-ob-
serving network.

A. Weather Information Obtainable from Early Satellites

THE VISIBILITY OF CLOUDS FROM SATELLITES

On the basis of a rather extensive body of evidence, it appears
that except for the limited cases of snow background or water
illuminated by the Sun low in the sky, clouds will have a bright-
ness at least twice as great as that of the general Earth back-
ground.®® A contrast of this extent between Earth and clouds
means that clouds will be observable with television or photo-
graphic equipment in a satellite.

Cloud photography of useful quality can be obtained with
an observation system exhibiting even rather poor resolution.
For example, gross cloud cover can be obtained with a system
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than can resolve ground dimensions of the order of 1 mile or
more from an altitude of several hundred miles. Study of
cloud pictures taken from rockets, such as figure 1, indicates
that it is necessary to resolve ground dimensions of the order
of 500 to 1,000 feet in order to identify individual cloud
types. Such resolution is attainable with current television and
optical systems, although communication links of rather large
capacity would be required to relay data to the ground if large

FIG. 1. Cloud picture taken from rocket
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areas are to be viewed. Therefore, recognition and identifica-
tion of clouds is readily feasible by satellite weather reconnais-
sance, but communication of the information rapidly to
ground stations will be a limitation in first vehicles.

. THE USE OF CLOUD OBSERVATIONS

Cloud observations from a satellite could provide the meteor-
ologist with a view of the entire world weather pattern that
he can hardly achieve by present indirect methods. In addi-
tion, some detailed information can be extracted from cloud
photographs.} Wind direction may be estimated in several
ways: (1) Present meteorological techniques have established
that certain definite weather situations will produce certain
sequences of clouds preceding or following them. Using math-
ematical models for preliminary orientation, the wind direc~
. tion may then be approximated through a knowledge of the
theoretical circulation associated with a given weather situa-
- tion. (2) Cumulonimbus clouds may extend from as low as
1,600 feet up to 40,000 feet, and their slope becomes an indi-
cation of wind variation with altitude. (3) Use can be made of
the fact that cumulus clouds form on the lee side of mountains.
(4) The direction of movement of atmospheric pollutants
such as industrial gases will indicate the direction of winds
at low altitudes.

Temperatures may be estimated by starting with the statis-
tical normal for the time of year. These preliminary estimates
may then be modified by the various affecting conditions.
Cloud systems, wind direction, and even forms of general
ground cover (snow, etc.) will aid the analyst in deciding
whether the area under observation is being affected by rela-
tively cold or warm air. Upper air temperatures may be esti-
mated in the same manner, clouds indicating the boundary
between air masses (fronts). The slopes of vertically de-
veloped cloud forms will also aid in determining the tempera-
ture gradient of the surrounding area.

No quantitative measures of barometric pressure can be
obtained from observations of the types under consideration.
Furthermore, it now appears to be virtually impossible to
make even a qualitative estimate, other than to determine
whether the area is under the influence of a high- or low-
pressure system.
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INFRARED OBSERVATIONS

Infrared and other electromagnetic measurements provide
powerful tools for investigating and observing our atmosphere.
By proper choice of the regions of the spectrum to use for
observation, it is possible to obtain temperatures at various
altitudes in the atmosphere. The altitudes would actually be
fixed as the tops of various layers of atmospheric gas that
absorb radiation in different parts of the spectrum. Examples
are the ozone layer at approximately 100,000 feet, and the
region at about 40,000 feet where atmospheric water vapor
becomes very tenuous. By very careful observation it may be
possible to determine not only the temperatures at the tops of
these layers, but also the quantities of various gases that exist
in the atmosphere.

Measurement of atmospheric gas content would be of con-
siderable value. The atmosphere can be likened to a large
heat engine, with the Sun providing the power and the air
acting as the working fluid. The reactions of the atmosphere,
and the resulting visible manifestation that we call weather,
depend on the amount of energy absorbed by the various
gases that make up the atmosphere. Thus, the variations in the
amounts of the various gases available are necessary param-
eters in any research leading to an improved ability to fore-
cast weather. More immediately, the local moisture content
or water-vapor content of the atmosphere is needed in fore-
casting the advent of clouds and precipitation.

It is also of interest to note that a comparison of the
amounts of solar radiation entering and leaving the atmos-
phere will yield a better measure of the “heat balance” of the
atmosphere. Better determination of the heat balance should
shed new light on the way in which the Sun-atmosphere heat
engine drives the massive circulation cells that are known to
exist in the atmosphere and which serve to distribute energy
around the Earth,

IMPROVED FORECASTING THROUGH SATELLITE
OBSERVATIONS

It is not clear that the first meteorological satellites will
markedly improve forecasting ability. However, one might
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expect at least a modest immediate improvement in the fol-
lowing ways:

1. Improved coverage and continuity over ocean areas, lead-
ing to improved ability to forecast for the western side of the
North American Continent, and in air and shipping lanes in
both oceans.

2. Improved coverage over areas where hurricanes and ty-
phoons are born and grow, leading to possible improvements in
hurricane and typhoon warning service.

Over a long period of time the greater continuity and total
coverage should itself provide some measure of overall im-
provement in forecasting ability.

COVERAGE AND CONTINUITY

Since weather is a2 dynamic phenomenon, an improvement in
forecasting depends to a large degree upon the opportunity
to observe more or less continuously over a very wide area.
For most weather phenomena, the maximum cycling time is
of the order of 24 hours. Wide coverage within such a period
of time is possible with observation satellites.

DISSEMINATION OF SATELLITE WEATHER DATA

To be useful, weather information must be quickly available
to the various meteorological services. Its value decreases very
rapidly with time after it is first obtained.

The maximum time from the instant of acquisition to ac-
tual dissemination should be held to within something like
an hour. This rate of information flow suggests a rather elab-
orate pickup and relay system. One might visualize a “Satel-
lite Weather Data Center” where incoming data would be
processed to extract the maximum amount of usable me-
teorological information for immediate dissemination.

The problems of data analysis and dissemination warrant
at least as much thought and effort as the design and opera-
tion of the data-gathering vehicle.

B. The Present Meteorological Satellite Program

The Advanced Research Projects Agency (ARPA) has ini-
tiated a meteorological satellite development program Wwith
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the following main divisions: rocket vehicle, to place the
satellite in orbit at an altitude of about 300 miles; satellite
packaging, containing the sensors, storage, power, and radio
communication equipments; ground tracking and data readout
network; data handling and processing system; data analysis
procedures. Parts of the complete system are classified for
the present; however, a description of the data to be obtained
has been released.!? ‘

The primary observations will be of the patterns of cloud
cover, obtained by miniature vidicon television cameras de-
signed by the Radio Corporation of America. One camera
will sweep out a path some 1,200 miles wide and about 6,000
miles long. Ten pictures, 1,200 miles on a side, will be taken
on each orbit revolution, and these will overlap to make the
strip. Since there will be 500 television lines in each picture,
the ground resolution will be about 2.5 miles. The cameras
will be most sensitive in the red part of the spectrum in order
to reduce the blue light which is scattered from the atmos-
phere. In addition, in order to obtain some cloud pictures
with higher resolution for comparison, two other cameras
with longer focal lengths will be provided. These will cover
a smaller area on the ground, though the number of higher
resolution pictures will be greater—34 pictures per orbit
revolution with each camera.

The pictures are to be taken at a point in each orbit which
is most suitable with respect to sunlight and satellite orienta-
tion. Pictures are then to be stored on magnetic tape and sub-
sequently read out while the satellite passes over a ground
station—a period of at least 4 minutes is required for the
readout.

The transmitted pictures will be handled in two ways. On
the ground the video signal will be stored on magnetic tape,
and a direct television display will be photographed as the
pictures are received. Thus, pictures can be available within
minutes from the time of taking. The principal use of these
pictures will be made after they have been rectified and lo-
cated geographically by a central data-processing center.

A variety of infrared sensors will also scan the Earth and
give a new and unique set of observations. These sensors have
been designed by the Army Signal Research and Development
Laboratories (ASRDL), and are a direct outgrowth of the
IGY “weather satellite” built by ASRDL. From these obser-
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vations, the heat budget of each area observed can be esti-
mated.

The value of these infrared measurements, though still un-
tested, is expected to be substantial.

The two agencies responsible for analysis and use of the
data are the Geophysics Research Directorate of the Air
Force’s Cambridge Research Center and the United States
Weather Bureau.

Preliminary experiments in meteorological observation
from a satellite are planned in the Vanguard program with
photocells as sensors in a total payload weight of about 20
pounds.12

C. Lines of Future Development

Future meteorological satellite developments, as indicated
above, should include capabilities to measure cloud motion,
atmospheric temperatures, total moisture content, total ozone
content, and total radiation flow into and out of the atmos-
phere.

It must be emphasized that many of the. ideas discussed
here have not been completely proved by experiment. Enough
information is at hand, however, to indicate clearly the de-
sirability of employing satellites for weather reconnaissance.

The first weather satellites will be exploratory, and as more
experience is gained in the interpretation of these radically
new kinds of observations their usefulness should grow. It is
conceivable that in the not so distant future, satellites may
actually supplant a part of our present weather network.

In addition to direct experiments with meteorological satel-
lites, certain IGY experiments should cast light on this area.
Specifically, useful results should flow from the cloud-cover
experiment of the Army Signal Engineering Laboratory and
the radiation-balance experiment of the University of Wis-
consin.

D. Weather Control

Much has been written and said in the past few years on the
subject of weather control. The reason for such speculation,
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as much of it has been, is obvious when one considers the
effect that weather and its vagaries have on our day-to-day
living (both economically and physically). The ability to
control the weather will not be easily acquired. Rather it will
probably grow out of a better understanding of the basic"
processes in the atmosphere. From this understanding will
come an indication of the chain of physical events that lead
to a particular weather phenomenon. Not until we completely
know and understand this chain and the part that each link
plays will we have any hope of influencing weather. The part
that space experiments can play at present in weather control
is that of providing a research tool, such as the meteorological
satellite, which will aid in gaining the necessary better under-
standing of the atmosphere.
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Navigation Satellites

Artificial satellites can provide the basis for all-weather navi-
gation systems to determine with accuracy the position, speed,
and direction of a surface vehicle or aircraft. Other methods,
such as dead reckoning, Sun and star sighting during clear
weather, and use of inertial guidance devices, can provide
such information with adequate precision in many applica-
tions for limited periods of time. It is, however, necessary in
many cases to check, independently and periodically, the navi-
gation data indicated by these systems.

In checking and correcting navigational data, two distinct
techniques employing a satellite are of interest: (1) sphereo-
graphical navigation, which is very similar to celestial naviga-
tion, and (2) a method which makes use of the doppler-shift
phenomenon. -4 :

A. Sphereographical Navigation

Celestial navigation employs measurement of the angle be-
tween the vertical and the line of sight to a celestial body.
The position of the observer on the Earth’s surface can be
determined from a pair of such observations of two celestial
bodies. The same kind of procedure can be used to determine
position from two successive observations of a satellite. There
are, of course, differences in detail between pavigation by
stars and by satellite, since star positions change very slowly
while a satellite fairly close to the Earth moves at great speed.
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In both applications, the observer must also determine the
local direction of the vertical by pendulum or some other
device.

For all-weather navigation, the satellite would radiate a
continuous radio signal. The observer, equipped with an elec-
tronic sextant and an indicator of the vertical, would then be
able to determine his position from radio observations of the
satellite.

B. Doppler-Shift Navigation

An all-weather navigation system can also be based on a satel-
lite broadcasting a continuous radio signal, by using the “dop-
pler-shift” principle. The basic phenomenon is the following:
The radio signal received from a moving vehicle will appear
higher in frequency as the vehicle approaches the observer
and lower as the vehicle recedes from the observer. The dif-
ference between the observed signal frequency and the known
transmitter frequency is a measure of relative position and
motion of the vehicle and observer; and, therefore, proper
use of such frequency shift information can provide naviga-
tional data.

This type of system does not require determination of the
local vertical by the observer.

C. Navigation Tables

For either of the above methods, the observer must know
the true position of the satellite at the time of observation.
Thus, he must be provided with a table of satellite positions
covering the duration of his trip. These tables must be pre-
pared in advance as mathematical predictions, as is now done
by the Naval Observatory in the case of tables of positions of
celestial bodies for navigation purposes.

Navigation accuracy is dependent upon the precision with
which satellite position can be predicted into the future. This
precision is, in turn, dependent largely upon the accuracy of
observations, the computational procedure used, the accuracy
with which the relevant physical constants are known, and the
magnitudes of unpredictable disturbing effects acting on the
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satellite. The most important of these disturbances is the un-
certain air drag at lower altitudes. Since it is at fairly high
altitudes, the orbit of Vanguard I can be predicted into the
future for about a month with reasonable accuracy, whereas
predictions of the lower Explorer IV orbit are useful for only
about 1 day into the future. Current predictions of Vanguard
I position tend to be in error by some tens of miles after a
month, but are in error by less than 5 miles over a few days.
Prediction a few hours in advance would be off by less than
a mile.

In addition to errors in satellite observations, there are two
sources of difficulty in accurate orbit predictions. First, the
classical methods used for many years by astronomers to de-
termine orbits have not proven to be adequate when used in
connection with artificial satellite orbits. New techniques or
modifications of existing techniques appear to be necessary
in order to improve the accuracy of orbital predictions. Sec-
ond, further study must be made of the disturbing forces in-
fluencing orbital motion.

D. Equipment Requirements

The basic measurements required in sphereographical navi-
gation are the azimuth and elevation angles of the satellite and
the time of observation. The equipment of the navigator con-
sists of a highly directional antenna and receiver, a clock,
and equipment for defining the vertical. The accuracy of navi-
gation is determined by various equipment characteristics.
The factor with greatest implications for vehicle design is the
antenna size.

As an indication of this size, an antenna about 12 feet in
diameter will allow position determination within an error of
about a mile when directed toward a satellite 1,000 miles
away under representative conditions. A smaller antenna
would lead to larger errors. The other equipments involved
are generally comparatively small and light. The satellite
would carry a transmitter.

For using the doppler technique of navigation the physical
extent of the equipment needed on the navigated vehicle is
less. The navigation equipment consists of a sensitive radio
receiver, an accurate frequency reference, and an accurate
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clock. The equipment carried by the satellite would again
be a transmitter, but one specifically designed to emit a very
stable frequency.
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Satellites as Communication Relays

Satellites can be used as components of a communication sys-
tem to relay signals from one point on or near the Earth’s
surface to another.1. 2

Of singular interest for this purpose is the so-called “24-
hour satellite” which completes 1 orbital revolution in 24
hours; so that if its motion is in the same direction as the
Earth’s rotation, and if other features of its orbit are properly
selected, it will remain within line of sight of a fixed region
on the Earth’s surface.

Actually, the subsatellite point could remain truly fixed only
if this point were on the Equator, and if the satellite orbit
were perfectly circular, perfectly in the equatorial plane, and
with precisely the right altitude (approximately 22,000 miles
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above the Earth’s surface.) Even then, natural perturbations
would cause a slight motion of the subsatellite point. Although
these conditions cannot be fulfilled with perfect precision,
reasonable precision in establishing the orbit will result in the
subsatellite point’s moving relatively slowly over a pre-selected
area on the Earth’s surface, and occasional adjustments with
small on-board propulsion units can compensate for such de-
fects indefinitely.

The advantages of a 24-hour orbit for a satellite as a com-
munication relay are twofold:

One such satellite would be within line of sight of nearly half
the Earth’s surface at any given time. Three properly placed
satellites could provide virtually complete global communication
coverage at all times.3

The satellite would have a slow apparent motion relative to a
point on the Earth’s surface, thus simplifying the problem of
properly pointing ground station antennas.

Some disadvantages relative to lower orbits are:

Tt is more difficult to establish any given payload in a 22,000-
mile-high orbit than to establish the same payload in a lower
orbit.

The power required to transmit signals between Earth and
satellite is greater than for a lower satellite.

Satellites having lower orbits, and hence not remaining over
a fixed arca on the Earth’s surface, can also be used as com-
munication relays. The apparent motion of such satellites with
respect to the ground would be more rapid than that of a 24-
hour satellite, but could still be sufficiently slow to make
tracking completely feasible. (For example, a 4,000-mile
satellite would pass from horizon to horizon in roughly 95
minutes.)

The chief disadvantage of lower satellites is that they would
be, at any given time, within line of sight of a smaller area
on the FEarth’s surface. For example, a 4,000-mile satellite
would be within line of sight of only about 25 percent of the
Earth’s surface at any one time. Thus, at least four such satel-
lites would be needed to provide worldwide coverage. Actu-
ally, taking into account the details of the orbital motion, it
turns out that the number necessary to insure worldwide cov-
erage at all times would be greater than four, the exact num-
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ber depending on the precision with which the orbits can be
established. Low-altitude satellites may use data storage de-
vices, such as tape recorders, to retain data received over one
point for retransmission later over the intended point of re-
ceipt.

Communication satellites may be active or passive. An
active satellite has transmitting equipment aboard, such as
a transponder—a device which receives a signal from Earth
amplifies it, and retransmits the same signal back to Earth
(either immediately or after a delay). A passive satellite
merely reflects or scatters incident radiation from the Earth,
a portion of the radiation being reflected or scattered back
in the direction of the Earth.

Passive satellite relays would require surface transmitters
of much greater power than would active relays (unless the
passive reflectors are extremely large); however, active satel-
lite relays must carry aboard receiving and transmitting
equipment and the necessary power sources, thus decreasing
reliability and longevity.

An active satellite can be provided with omnidirectional
transmitting antennas (radiating roughly equally in all direc-
tions) or directive antennas (radiating most of the energy
toward the Earth). Directive antennas would require much Iess
transmitted power, thus saving weight in that part of the pay-
load devoted to transmission equipment and power supply, but
would also require antenna stabilization so as to direct the
radiated energy toward the Earth, thus increasing the payload
weight devoted to attitude stabilization and its power supply.

A passive satellite relay could consist of an omnidirectional
scatterer such as a spherical body, like a balloon satellite, or
a directive scatterer such as a corner reflector. A corner re-
flector has the advantage that it tends to reflect radiation in
the approximate direction from which the radiation came.

To give numerical examples can be misleading, since nu-
merical results depend sensitively on the specific values as-
signed to such quantities as transmitted power, antenna sizes
and directivities, operating frequencies, orbital characteristics,
and other things. However, if reasonable values of these fac-
tors are assumed, an active relay could reasonably be expected
to require about 0.10 watt of transmitted power (from the
satellite) per kilocycle of channel bandwidth, assuming an
omnidirectional satellite antenna. (A voice channel requires 5
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to 10 kilocycles of bandwidth.) On the other hand, for a
passive relay to have approximately the same communication
capacity as an active relay which radiates, say, 10 watts, a
spherical scatterer of the order of a mile in diameter would be
required, or a corner reflector perhaps a few hundred feet in
diameter. Such sizes do not preclude the use of passive relays,
however, since it might be possible to construct such objects,
or their equivalent in scattering power, with surprisingly little
weight. The above numbers could easily change by factors of
ten or even one hundred if different values of relevant para-
meters were assumed.

Perhaps the most important question to consider is that of
the value of satellites as components of communication sys-
tems, both civil and military. This question is generally one of
economics. The eventual feasibility of establishing satellites
as communication relays cannot be doubted. On the other
hand, alternative methods are available for relaying signals
long distances, say around the world, over either land or water.
Among these alternative methods are high-frequency radio;
very-high or ultrahigh frequency wireless communication using
land-based, shipborne, or airborne relay stations; transmission
lines and cables (including submarine cables); and tropo-
spheric, ionospheric, or meteor-burst scatter techniques.* Es-
tablishing the usefulness of satellite relays would involve a
thorough analysis of the comparative cost of using satellites
as opposed to {but, of course, not necessarily to the exclusion
of) other available alternatives, for specified levels of capacity
and reliability.?

In assessing the military usefulness of satellites as communi-
cation relays, the same sort of cost comparison must be made,
taking into account possibly different required levels of ca-
pacity and reliability as well as additional factors such as se-
curity and vulnerability.

Even in cases where satellites may not be economical in
direct dollar cost, they may be very valuable because they can
be set up quickly. Extensive long-distance communication sys-
tems in some forms take years to complete—a satellite can be
launched in a very short time.

Satellites can provide radio broadcasting coverage of wide
areas with the use of several interconnected ground trans-
mitters.

Satellites can be used to pick up messages transmitted
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straight up and rebroadcast them straight down at the intended
point of receipt even if that point is moving, as, for example,
a ship. Low power levels may be used throughout, and inter-
ference among neighboring stations on the same frequency
can be eliminated. This is a point of considerable importance,
since it would greatly increase the number of stations that
could use a given region of the radio-frequency spectrum.

Notes

L Adams, C. C., Space Flight, McGraw-Hill Book Co., Inc.,
New York, 1958, p. 278.

2 Haviland, R. P., The Communication Satellite, presented at the
Eighth International Astronautical Congress, Barcelona, October
6-12, 1957.

3 Clarke, A. C., Extraterrestrial Relays, Wireless World, Octo-
ber 1945,

4 Chu, Ta-Shing, Ionospheric Scatter Propagation at Large Scat-
ter Angles, Antenna Laboratory, Department of Electrical Engi-
neering, Ohio State University Research Foundation, July 1, 1957.

5 Pierce, J. R., Orbital Radio Relays, Jet Propulsion, vol. 25, No.
4, 1955, p. 153.
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Balloon Satellites

There are a number of scientific reasons for wishing to have
an easily visible satellite.! For example, precise orbit deter-
mination will probably be done optically, and it is clearly
desirable to have a satellite which reflects or emits a consider=
able amount of light. An available method is the creation of a
large reflecting object such as a metal balloon.2

Orbit determinations based on optical tracking can be used
to:
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Determine air drag at high altitudes, from which atmospheric
density can be derived. A possible complication is the effect of
an electrostatic charge on the satellite, and the interactions
between this charge, the ions present in the ionosphere, and the
Earth’s magnetic field.

Make geodetic measurements of the size and shape of the
Earth.

Measure ion densities around the Earth, when coupled with
certain precision radio techniques.

Metal balloon satellites also have potentially important mili-
tary applications. Such an object, of very light weight, can be
made in a size suitable to simulate an ICBM nose cone. It
could, therefore, provide a permanent, realistic target for de-
velopment and training activities in support of ICBM defense
systems.? Lightweight metal balloons simulating ICBM nose
cones can also serve as decoys to frustrate ICBM defense sys-
tems.* 5 Correspondingly, one would expect balloons, as de-
coys for military satellites, to be effective in protecting satellites
against attack; or balloon satellites permanently on orbit could
be made numerous enough to “saturate,” on a long-term basis,
ICBM warning radars.®

Balloon satellites that can simulate weapons of military of-
fense suggest some potentially serious implications for warn-
ing systems and retaliation policy. For example, such an object
could take up a trajectory similar to that of an incoming ICBM
as a result, say, of a faulty satellite launch attempt. Further,
such a faulty launch attempt could, in some circumstances,
lead to a situation having the appearance of a mass attack,
since a large satellite payload capacity could be used to carry
a great many metal balloons. To illustrate, the approximately
3,000-pound capacity of the Sputnik III launching system
could be used to carry in 1 package as many as 300 of the
12-foot balloons constructed for Explorer IV, since each of
these balloons weighs less than 10 pounds.

Notes

1 Astronautics and Space Exploration, hearings before the Select
Committee on Astronautics and Space Exploration, 85th Cong.,
2d sess., on H. R. 11881, April 15 through May 12, 1958; Tech-
nical Panel on the Earth Satellite Program, National Academy of
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Sciences, Basic Objectives of a Continuing Program of Scientific
Research in Outer Space, p. 782.

2 NASA Earth Satellite, fact sheet 1, National Aeronautics and
Space Administration.

3 Astronautics and Space Exploration, hearings before the Select
Committee on Astronautics and Space Exploration, 85th Cong.,
2d sess., on H. R. 11881, April 15 through May 12, 1958; Maj.
Gen. J. P. Daley, p. 688.

4 Nike-Zeus May Be Inadequate, Top Defense Scientist Warns,
Aviation Week, vol. 69, No. 19, November 10, 1958, p. 33.

5 Address by Dr. Richard D. Holbrook, Advanced Research
Projects Agency, Institute for Defense Analysis, to the Atlanta
professional chapter, Sigma Delta Chi, Atlanta, Ga., September 9,
1958.

6 Inquiry into Satellite and Missile Programs, hearings before
the Preparedness Investigation Subcommittee of the Committee on
Armed Services, United States Senate, 85th Cong., 1st and 2d
sess., pt. I; W. von Braun, p. 602.
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Bombing from Satellites

The feasibility of delivering devices from a satellite to the
Earth’s surface implies the possibility of bombing from a satel-
lite, note of which has been taken in both the United States
and U.S.S.R.1-6

The extent of the propulsion installation required on the
satellite to eject the warhead depends upon the distance to be
covered by the warhead during its descent phase. If the war-
head is to descend essentially straight down from directly
above the target, the propulsion requirement is very severe,
indeed. However, the problem quickly becomes an entirely
reasonable one if distances of several thousands of miles are
allowed for accomplishing descent, as illustrated in figure 1.
If the descent range is, for example, 5,500 nautical miles,
descent from a 300-mile orbit can be accomplished by reducing
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warhead velocity by less than 1,000 feet per second. This is the
approximate speed of a projectile from a 75-millimeter field
gun, with reduced charge, to cover about 7,000 yards.”

Some additional propulsion capacity would be needed to
deflect the warhead to the right or left, since a prospective
target will rarely lie directly under the satellite orbit path.

Ejection point
/-—-14 Descent range
Sotellite orbit - N
N\
\
Target

FIG. 1. Bomb delivery from a satellite

For unmanned satellites, the descent can be initiated and
controlled directly from a ground radar station in sight of the
ejection point; or, alternatively, ejection from orbit and de-
scent guidance could be carried out on a fully automatic basis
in the satellite at any time after receipt of a general signal from
the ground to proceed to the attack. The accuracy of fully
automatic delivery would depend upon the performance of in-
ternal equipment, as well as upon orbit data acquired from
time to time from ground installations. A critical factor is the
need for very precise knowledge of attitude direction references
in space. For example, an error of one one-hundredth degree
in azimuth reference will cause a strike error of 1 nautical mile
for a 5,500-nautical-mile descent range.
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For such a bombing system, satellite launchings could be
conducted long in advance of a war, with any desired degree
of leisure in a completely peaceful environment. Propellants
used in the launching rockets could be chosen for maximum
payload performance, ' and launchings could be conducted
from one or a few sites located favorably with respect to
weather, population density, convenience to production and
supply sources, etc.

These features of convenience must be balanced against the
fact that the rather extensive installation in a bombing satellite
on orbit must operate reliably for some long period, if the
replacement rate is to be held to a supportable level. Develop-
ment of space-vehicle equipment with a very long reliable life
is a basic necessity for a great many astronautics activities—
working life spans of the order of a year or more would be
representative of the requirements for interplanetary flights,
various satellite missions, etc.

Bombs could also be delivered from manned satellites; for
such a case, the guidance operation could include direct line-
of-sight steering of the bomb-carrying missile to the target—
even a moving target. ‘

Notes

1Gavin, Lt. Gen. J. M., War and Peace in the Space Age,
Harper & Bros., New York, 1958.

2 Pokrovskii, Maj. Gen. G. I. (Red Army), The Role of Science
and Technology in Modern War, The RAND Corp., Translation
T-79, February 5, 1958; translated by H. S. Dinerstein.

3 Inquiry into Satellite and Missile Programs, hearings before
the Preparedness Investigating Subcommittee of the Committee
on Armed Services, United States Senate, 85th Cong., 1st and 2d
sess., pt. I, W. von Braun, p. 601.

4 Leghorn, R. S., Warfare, Stalemate and Security, an address
presented at the Franklin Institute, December 18, 1957.

5 Statement by Senator Clinton P. Anderson in the United States
Senate, May 6, 1958.

¢ Compilation of Materials on Space and Astronautics, No. 2,
Special Committee on Space and Astronautics, United States Sen-
ate, 85th Cong., 2d sess.; C. Holifield, p- 100.

7 Firing Tables for Gun, 75-mm, M 1897, Firing Shell, H. E.,
M 48, Ordnance Department, U. S. Army, FT 75-Z-2, 1940.
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Scientific Space Exploration

Most of the information that man is able to obtain about the
universe comes to him in the form of electromagnetic radia-
tions. Some of these radiations he can see with the naked eye.
But visible light represents a very small part of the total radia-
tion spectrum (see figure 1); the Earth is constantly being
bombarded with other forms of “light,” which are invisible to
the human eye.

If we spread out the entire radiation spectrum as it occurs
in nature, we find that a star like the Sun concentrates most of
its energy in a relatively narrow band stretching from the near
ultraviolet into the infrared portion of the spectrum. That is,
most of the Sun’s energy is visible to us by optical means. In
addition, however, very high energy radiations of short wave-
length in the form of X-rays, gamma rays, and cosmic rays
are present, as well as radiations of low energy and long wave-
length, all of which are invisible to the eye. The eye is sensitive
only to those radiations that fall within a small band of wave-
lengths. Radiations whose wavelengths are longer or shorter
than those to which the eye can respond must be *seen” with
other sensors.1

We can see into these hidden parts of the spectrum by using
various kinds of detectors. Properly coated photographic
plates, for example, allow us to look part of the way into the
infrared region, and they also permit us to look into the ultra-
violet, X-ray, and gamma-ray regions of the spectrum. Other
devices, such as photoemissive cells, photoconductors, and
bolometers, allow us to peer farther into the infrared, while
Geiger counters; scintillation counters, etc., permit us in-
directly to “see” gamma radiation and some of the high-energy
cosmic rays that come through the atmosphere. Radio anten~
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nas, of course, provide us with means to look into the longer
wavelength portion of the radiation spectrum.

While we have developed sensors that will enable us to see
and measure much of this very short and very long wave-
length energy, we have not been able to exploit them fully be-
cause only a part of the energy in these portions of the spec-
trum reaches the Earth. Much of it is blocked or deflected,
absorbed or screened out by the Earth’s atmosphere and mag-
netic field.

Atmospheric turbulence, air currents, and eddies make the
images of the celestial bodies shimmer and dance about on the
photographic plates of telescopes, so that we can only see a
blur where we should see a sharp picture. The biggest tele-
scopes on Earth normally operate with an effective resolution
which is about one-twentieth of the theoretically obtainable
value.

Low-energy radio waves are reflected and absorbed by the
electrons and ions of the ionosphere, and never get through
the atmosphere. In fact, most of the radio-frequency energy
that envelops the Earth cannot penetrate the ionosphere.

The Earth’s atmosphere is completely opaque also to wave-
lengths shorter than a few millimeters, and it does not “open
up” until one reaches the near infrared, where ordinary light
and heat rays exist. At still shorter wavelengths, because of the
influence of ozone and other atmospheric gases, the Earth’s
atmosphere blots out the ultraviolet radiation from the Sun
and the other Stars. The so-called soft X-rays emitted by the
Sun can only penetrate the outermost layers of the Earth’s
atmosphere. The atmosphere in general is opaque to X-rays
and to gamma rays. Only the most energetic cosmic rays suc-
ceed in penetrating the Earth’s atmosphere down to the ground,
so that information about the lower energy primary cosmic
rays is not available on the surface of the Earth. Moreover,
the Earth’s magnetic field repels low-energy primary cosmic
rays and is another factor in keeping them from reaching the
ground.

In fact, the plight of the Earth-bound observer until now
may be likened to that of a man imprisoned in a stone igloo
with walls and roof 10 feet thick. At the time of his imprison-
ment, a small hole in the roof directly overhead was his only
connection with the outside world. Since then, through a great
deal of labor, aided by ingenuity, he has been able to enlarge



260 SPACE HANDBOOK

£
2
<
-4 1]
8 @
£ %
Ed -
Z T £
2 s 2
2 2 £
> £ -
T > B
! s 2
T g
5 £
=
—
Q
'™

102 103 10-4 105 10-6 1077 10-8 10° 1070 10" 102 10713 1071 1075 1076 107

0

Radio window
Some cbscrption, but

102

ofmosphere esseatiofly
1

tong wavelengths (\ Short wovelengths

0% 04 103

~a— [3A10411DRD ) YiBU2I240M Jiun sad xnpy ABiau3l

this roof opening slightly, and also to bore two small holes in
the wall close to the ground, on opposite sides of his prison.
Through these three “windows” comes all the information that
he is able to obtain about the world around him, and it is with
this meager knowledge, coupled with his imagination, that he
must construct a picture of the outside world.
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Applying this idea to the radiation spectrum in figure 1, we
may say that man’s knowledge of the universe has come to him
through three “windows” in the spectrum. Through a radio
window he “sees” a wide range of radio frequencies from
different types of celestial objects: the Sun, the planets, pos-
sibly other stars, clouds of gas in our own galaxy, exploding
stars, and outside universes. Through an optical window, he
has been able to obtain other information about the universe
with the aid of telescopes, spectroscopes, cameras, etc. And
finally, there is the cosmic.ray window, through which still
other bits of information have come to him. Except for these
apertures, however, the wall of the atmosphere shuts him in.2

A. Fundamental Problems

A prime question of concern to astronomers is the composition
of the universe; that is, the relative abundance of different
species of atoms. The most abundant elements in the universe
are thought to be the lighter ones: hydrogen, helium, carbon,
nitrogen, oxygen, neon, etc. Unfortunately, their strongest
spectral lines are in the far ultraviolet region of the radiation
spectrum, which can never be observed from the surface of the
earth, While indirect methods have given us some preliminary
data, the fundamental questions of how much of these sub-
stances exists and whether the stars differ in composition from
one another must still be considered as unsolved. The answers
would be of the utmost importance to astronomy. These spec-
tra, especially in the bright and very hot stars, could be ob-
served with apparatus in the few-hundred-pound satellite-pay-
load range, and the results telemetered to earth with equipment
that is now available. The total amount of information that
must be transmitted to obtain the first spectroreconnaissance
of the stars is in fact quite small, and useful observations could
be done within today’s technology.

Obviously, the nearest star, the Sun, is worthy of the most
detailed study. This is true not only because the Sun is the
prime source of the Earth’s energy, but because the ultraviolet,
X-ray, and gamma-ray radiation of the Sun will be control-
ling factors of man’s environment in space, and they may pro-
vide hazards to man’s survival which are of a nature still un-
known and unsuspected.
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Moreover, the effect of the Sun’s ultraviolet radiation domi-
nates the ionization of the outermost atmosphere of the Earth,
which has an important effect on communication, and possibly
a very much more important one on the weather. The gain
for pure scientific research, however, that could be obtained
through detailed observation of the solar ultraviolet spectrum
will come mainly in explanations of the origin of the hot outer-
most layers of the Sun. While the surface of the Sun is at a
temperature of about 6,000° C., the temperature rises as one
goes out from the Sun, reaching at least a million degrees at
a distance of some 20,000 kilometers from the Sun’s surface.
We have no explanation of the origin of this heating; we do
not know where the Sun’s outer envelope stops, and there is
a good chance that the Earth itself is immersed in this corona.

The Sun is subject to violent storms, manifested by so-called
sunspots, prominences, and solar flares. These disturbed outer
regions of the Sun have an important effect on the Farth’s
ionosphere, geomagnetism, and, in the long rum, ordinary
weather. It is technically feasible to map the Sun in terms of
its emissions in the ultraviolet or even soft X-ray portions of
the spectrum. Such observations, unobstructed by the atmos-
phere, would provide us with a detailed history of what hap-
pens during solar storms and flares. Pictures could be tele-
metered back on a more-or-less continuous basis, providing
warning of solar disturbances which could effect the Earth.

To obtain a true picture of the total cosmic-ray energy en-
veloping the Earth, particularly that which reaches us from
the Sun during solar storms or flares, it will be necessary to
reach beyond the atmosphere and through the Earth’s mag-
netic field to a distance of perhaps 25,000 miles. The longer
wavelength primary cosmic radiation, where in fact most of
the cosmic-ray energy is concentrated, must be investigated
experimentally if we are to obtain information about the origin
of these particles, their effect on the Earth and its inhabitants,
and the hazards they may present to space travel.

The question of photographing other objects in our universe
from space, and the possibility of our finding new kinds of
objects, is an important one. Even low-altitude orbiting satel-
lites, and certainly high-altitude satellites, would permit us to
make detailed observations of the structure of the surfaces of
the planets and the composition of their atmosphere. At the
present time there are indications from ultraviolet measure-
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ments made from Naval Research Laboratory rockets that
there are in space large clouds of gas of an unknown nature
which shine in the ultraviolet. A photograph of even minimum
resolution taken in the far ultraviolet would decide this ques-
tion. In particular, astronomers have found that the most
abundant element in the universe, hydrogen, is present through-
out our Milky Way. This is detectable so far by radio observa-
tions only, although it is known that perhaps 10 percent of the
total mass of our universe is in the form of gaseous hydrogen
in space. Direct photographs, or spectra, of this interstellar
hydrogen can be obtained once a vehicle has penetrated the
atmosphere of the Earth, photography being important both
in the ultraviolet and in the infrared.

Another very important question concerns the distribution
of other systems of stars as one goes farther outward into
space. Because of the apparent expansion of the universe,
there is a shifting of the light emitted by distant objects to-
ward the red portion of the spectrum, known as the “red shift.”
At the present time, external systems of stars, extragalactic
nebulae, have been photographed out to distances of at least
2 million light years, and as far as we know, exist very much
farther out into space. However, at great distances the red
shift becomes larger and all the light of the system is shifted
into the nonphotographable far infrared. There is no doubt of
this effect, and what we do not know is how far out this red
shift can be extrapolated. In particular, it is not necessary to
photograph individual galaxies of very great faintness, but an
important set of conclusions on the nature of the expansion
of the universe and fundamental cosmology could be reached
by merely measuring the total brightness in the far infrared
of all of the galaxies together. Apparatus providing rough
spectral resolution, so that quantitative measures of the bright-
ness of the sky at many different wavelengths in the far in-
frared could be obtained, would perhaps settle some of the
fundamental questions of the expansion of the universe, and
the distance to which it stretches. This has an important bear-
ing also on the age of our universe.

The subject of radio astronomy, which has grown rapldly
in importance in the last few years, has already provided
many scientific surprises. For example, the second brightest
source of radio waves from outside the Earth turns out to be
a pair of colliding galaxies at a distance of 300 million light
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years. Since most of the radio-frequency energy that occurs
in nature does not penetrate the ionosphere, it can be meas-
ured only by probing above the ionosphere. Such investiga-
tions would greatly extend our knowledge of the total energy
involved in radio emissions from these strange sources, per-
haps giving us a clue to their origin.

One very important possibility considered by several scien-
tists in recent years is that the existence of both extremely in-
tense radio-frequency radiation and very high energy cosmic
rays is an indication that we have still to discover some funda-
mental properties of the universe. One may speculate that the
most fundamental processes in the universe are those involv-
ing extremely high energy particles, and that these may be
produced by some as yet unknown physical mechanism. While
tentative explanations of the origin of cosmic rays exist and
suggest that they are merely matter accelerated to ultrahigh
velocities, differing negligibly from the velocity of light, it
would seem desirable to obtain a complete survey of the total
electromagnetic and particle spectra at altitudes where the
Earth is no longer a disturbing factor. Theories of the origin
of the Earth have suggested that all matter was produced in
a primeval explosion some 10 billion years ago. Are there any
relics of this explosion available still in the form of very high
energy radiation? Other theories suggest that matter is con-
tinuously produced in intergalactic space. Is this latter theory
tenable? Are there any evidences in the radiations coming
from space of the continuing creation of matter?

B. Experimental Programs

PRELIMINARY CONSIDERATIONS

Before mounting a large-scale attack on the space frontier, it
is essential that we consider the interactions among possible
experiments to be sure they are done in the proper sequence.
It is conceivable, for example, that an early experiment, done
merely because the means were available, could so alter the
natural environment that other important experiments would
no longer be possible. Experiments must be planned with due
regard for leaving future parts of an overall program intact.

It must also be borne in mind that expensive scientific ven-
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tures in space will only be effective if backed up by adequate
theoretical studies and laboratory research on the ground.

EXPERIMENTS IN SPACE BIOLOGY

Astronautics will provide new approaches to some of the fun-
damental problems in biological science. The study of terres-
trial life forms in radically new environments (and perhaps
even nonterrestrial life forms) will become possible, providing
opportunities for increased understanding of the nature of the
life process, how it originated, how it evolves and functions,
and what forms it may assume under widely different en-
vironmental conditions. An experimental program in space
biology should include:

Experiments to investigate the survival of micro-organisms
under various atmospheric and space conditions.

Experiments to determine the astrophysical properties3 of
micro-organisms.

Actual samples taken at various levels of the atmosphere and
exosphere to determine the presence (if any) of micro-organ-
isms; and, later, samples of the atmospheres and soils of other
bodies of the solar system.

Survival studies should be conducted both in the laboratory
and in space. The laboratory experiments would entail sub-
jecting bacteria, viruses, spores, and seeds to space-simulated
conditions to determine the survival limits of organisms irradi-
ated by X-rays, gamma rays, ultraviolet rays, and high-energy
particles; and to determine the influence of temperature, ab-
sence of atmosphere, moisture, etc., on survival.

These laboratory tests should, of course, be supplemented
by investigations under actual conditions in free space.

EXPERIMENTS WITH SOUNDING ROCKETS

Vertical rockets, of the Viking and Aerobee type, will con-
tinue to be useful, as in the past, for measurements of upper
atmosphere phenomena and composition. They can also be
used for high-altitude observations of the Sun, Moon, planets,
and other celestial objects. (Balloons, of course, are also use-
ful in this connection. )
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EXPERIMENTS WITH SATELLITES

Uses of satellites for scientific observations have been men-
tioned under “Observation Satellites” and ‘“Meteorological
Satellites.”

Satellites can remain in space permanently for long-term
observation to altitudes of about 1 million miles, and would
be most useful for continued mapping of the “radiation belt”
disclosed by the IGY satellites.

Some experiments appropriate to satellites of various pay-
load classes are:

1.

Less than 100 pounds:

Cosmic-ray counters; mass spectrometer; measurements of
total magnetic field, solar ultraviolet radiation, X-rays, and
gamma rays.

Observations of heat balance and albedo of Earth.

Low-resolution pictures of Earth, Moon, and planets.

Density, composition, and temperature in upper atmosphere
and solar corona.

Geodetic information from radio and visual observations of
satellite orbits.

Micrometeorite densities.

Tonospheric density from radio signals.

Growth of spores or yeast in space.

Small mammals in a space environment.

One hundred pounds:

Small recoverable payload.

Higher resolution photographs of Earth, Moon, and planets;
emulsion plates for detecting cosmic rays.

Measurement of vector components of geomagnetic field
and its time variations.

Spectrum of the atmosphere of the Earth and Sun; hemi-
spheric cloud observations.

Location of radiating points in space; cosmic radio noise at
the low radio frequencies.

Tests of space environment on mammals.

Plant-growth cycle under weightlessness.

. One thousand pounds:

Telescope to obtain spectra of planets, stars, and galaxies
from far ultraviolet through infrared.

Combination meteorological satellite involving both tele-
vision and infrared sensors.

Test of the general theory of relativity using atomic or
molecular clocks.
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Small animals in space in a closed ecological system.
Experiments to note animal body rhythms and activity in
space.
4. Ten thousand pounds:
Larger animals and man in space.
Large telescopes for astronomical observation.

LUNAR VEHICLES

Some of the purposes to which lunar rocket experiments
might be turned include measurements of—

The mass of the Moon. The current estimates of this quantity
may be in error by as much as 0.3 percent, and substantial incon-
sistencies exist between mass estimates based on asteroid observa-
tions and those implied by data on the motions of the Earth’s
polar axis.

The Moon’s magnetic field: At present we have virtually no
knowledge whatsoever of the Moon’s magnetic field. Data on
the magnetic field of the Moon would allow us to make some
progress in theories about the history of the Moon, the processes
of its formation, etc.

The composition and physical properties of the lunar atmos-
phere.

The composition and properties of the lunar crust.

Lunar surface temperature and its variation with time and
depth.

Surface radioactivity and atmospheric electricity.

Seismic properties of the lunar interior.

INTERPLANETARY VEHICLES

The measurements that might be made on other planets are
generally the same as those pertinent to the Earth itself, as
modified by the singular features of each planet.

Notes

1 We can, of course, produce many of these radiations, or forms
of energy, on Earth. Radio and radar transmitters, light bulbs,
X-ray equipment, and nuclear explosions all produce electro-
magnetic energy in different parts of the radiation spectrum. We
cannnt, however, as yet produce the highest energy cosmic rays.
which are really solid particles moving at tremendous velocity,
here on Earth.
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2 The areas beneath the curves in the three open regions indi-
cate the amount of energy at various wavelengths that reaches the
Earth. While the total quantity of energy that reaches us in the
form of visible light is quite high, the amounts in the radiowave
and cosmic-ray portions of the spectrum are relatively low. Most
of these energies lie in a region of the spectrum to which we are
denied access from the ground.

3 By astrophysical properties are meant absorption coefficients,
masses, sizes, etc.—in general, those properties which would give
information on how the organisms would react to radiation fields
and other forces affecting their transport and physical state in
space.
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