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LETTER OF SUBMITTAL

DECE-BER 29, 1958.
lion. JoHN W. MCCORMACK,

Majority Leader, Chairman, Select Committee on Astronautics
and Space Exploration.

DEAR MR. CHAIRMAN: There is forwarded herewith for your con-
sideration and submittal to the Congress a special staff report, Astro-
nautics and Its Applications, prepared in accordance with the policy
guidance of the committee, under our direction and with the editorial
assistance of the committee staff.

A real need has been felt for an authoritative study in lay terms
which would set forth clearly the present and definitely foreseeable
state of the art of space flight. The committee, after careful consid-
eration of alternatives, requested The RAND Corporation of Santa
Monica, Calif., to undertake such a study. Under contract with the
United States Air Force, RAND scientists and engineers have been
in the forefront of objective investigation of such problems since
World War II. RAND's reputation for integrity and independence
particularly commended this nonprofit organization to our attention.

The report which follows, tailored to the needs of the Congress and
the public, represents the most comprehensive unclassified study on
the subject now available. The report is confined to technical and
scientific analysis, avoiding expressions of opinion on policy and ad-
ministrative matters. It studiously avoids borderline speculative
judgments on the pace of future development. Such a forward look,
tentative though it may be, is provided by a separate staff study on
the next 10 years in space. The two studies therefore complemnent
each other.

Our particular thanks are due to Dr. Robert W. Buchheim and his
associates at RAND for the combined speed and care with which they
produced this report. George II. Clement of RAND did a commend-
able liaison job in translating our wishes and in smoothing the way
at every stage. The work of preparing this report was undertaken
by The RAND Corporation as a part of its own research program in
the public interest. This is based on their Report No. RM-2289-RC,
copyright 1958 and reproduced here by permission.

Any views expressed do not necessarily conform to those of the
United States Air Force, this committee or any member of the
committee.

GEORGE J. FELDMAN,
Director and Chief Counsel.

CHARLES S. SH.LDON II,
As8istant Director.
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Mr. McCoRMCK. Chairman of the Select Committee on Astronautics
and Space Exploration, submitted the following

STAFF REPORT

[Pursuant to I1. Res. 49W (85th Cong.)]

PART I. INTRODUCTION

1. I NTIRODUCTION

A. HISTORICAL NOTES

The early history of space flight is really the history of an idea
deeply imbedded in the general stream of developm.int of human
thought about the nature of the universe. The notion of flight to
the Moon followed almost instanteously upon the arrival of the idea
that the Moon might be another solid sphere akin to the earth. The
evolution of these speculations from ancient times is treated in a
fascinating manner by Willy Ley, an acknowledged historian of
astronautics.1

The first glimmer of a chance to convert fanciful notions of extrater-
restrial flight into an idea with engineering significance came with
the invention of the rocket.

The first applications of rocket propulsion were, with little doubt,
military, androckets have had a long and varied career in military
service, mostly as on-and-off rivals of artillery.

The current feasibility of space activities is clearly the product of
modern weapons developments, the first substantial step having been
taken in the German V-2 program.' This beginning has been greatly
extended in the IRBM and ICBM programs in the United States and
the Soviet Union.

I Ley. W.. Rockets, Missiles, and Spare Travel, the Viking Press, Inc., New York, 1957.
2 Dornberger, W. a. V-2. the Viking Press, New York, 1954.

1



2 ASTRONAUT 4 S AND ITS APPLICATIONS

For most of their long' history, military rockets were viewed as
"gunless artillery" and estimates of their merits were based on com-
parisons of the performance with that of competing artillery pieces.
Only rather recently have rockets been looked upon as devices applica-
ble to a class of activity far removed from anything achievable by
artillery projectors; they are now more nearly rivals or companions of
long-range bomber aircraft.

It is interesting to note that Maj. J. R. Randolph, an officer of the
United States Army Reserve, deduced 20 years ago that the rocket has
2 likely applications: as gunless artillery, and for bombardment over
intercontinental ranges.8 His assessment, with respect to the applica-
tion now labeled "ICBM," was based on data developed by investiga-
tors interested in interplanetary flight.

Major Randolph also suggested the possibility of using large liquid-
propellant rockets of ICBM class as boosters for manned interconti-
nental bombing vehicles-a notion now being implemented in the
Dyna-Soar program. These ideas about rockets are a strikingly good
broad outline of the more detailed program developed at Peenemininde
for extension of German rocket development to intercontinental
scope.4 5 There have been suggestions that this general theme has also
been operative in U. S. S. R. development planning.'

Military and peaceful application of rockets was pioneered in the
United States by Dr. Robert Goddard, who was in charge of War
Department rocket work during World War I. Dr. Goddard ad-
vanced the state of the rocket art in many ways in the twenties and
thirties, and saw the great potential for scientific experimenatation
inherent in rocket propulsion as a means of reaching altitudes other-
wise unattainable.'

The principal early work in the technological field of space flight
was done in Russia, Germany, and the United States. The chief
United States effort was that of Goddard. The early German work
was done by H. Oberth, beginning in the 1920's. Russian efforts com-
menced at a substantially earlier date, giving them a clear and valid
claim to a "first." Russian activity began with the work of
Mescherskii and Tsiolkovskii near the end of the 19th century?
Tsiolkovskii is generally recognized as the father of astronautics.
Considerable work, both theoretical and experimental, was accom-
plished in the U. S. S. R. in the 1920's and 1930's.

Serious and substantial Government-sponsored rocket-research pro-
grams were established in Germany in about 1930 in the Soviet Union
sometime in or before 1934, and in the United States in 1942. The
astronautical activities of the United States and the U. S. S. R. will
be discussed in greater detail below.

IRandolph, Maj. J. R., What Can We Expect of Rockets? Army Ordnance, vol. XIX,
No. 112, Januarl-February 1939.

* See footnote 2p 1.
'Doroberger, W. R., The Lessons of Peenemtnlde. Astronautics. vol. 8, No. 8, March1958. p. 18.5 See footnote 5.
' Goddard R. H., A Method of Reaching Extreme Altitudes, Smithsonian Institution

publication No. 2540, 1919.5 Krieger, P. J., A Casebook on Soviet Astronautics, The RAND Corp Research Memo-
,andum RM-1760, June 21, 1956 ; A Casebook on Soviet Astronautics-&art II, RM-1922,

June 21, 1957.
* Krieger, F. J., Behind the Sputniks: A Survey of Soviet Space Science, Public Affairs

Press, Washington, D. C., 1958.
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B. GENERAL NATURE OF ASRONAUTICS

Even in its present early and uncertain state, astronautics can be
seen to have important implications for a very wide variety of human
activities.

In tile most immediate and practical sense, astronautics is a very
large engineering job. Equipments and facilities, often requiring
substantial advances over current practice, must be designed and
built. Severe environmental conditions and demands for high re-
liability over very long periods of essentially unattended operation
will require uncompromising dhoroughness and extensive testing.
Bold imagination and painstaking attention to detail must be the
twin hallmarks of engineering for space flight.

Engineering action can be founded on y on scientific knowledge.
The scientist must support the engineer with adequate data on the
many aspects of space environments, and with a growing body of
fundamental knowledge. As a primary end product, astronautics can
furnish unparalleled new opportunities to the scientist to explore and
understand man and his universe. Space vehicles can carry the
scientist's instruments-and eventually the scientist himself-to
regions otherwise not accessible to gather information otherwise un-
attainable. The life sciences are presented with two particularly
challenging facets of astronautics: the problem of maintaining hunman
existence outside the narrow living zone at the earth's surface, and
the possibility of encountering living things on other planets.

The departure of man and his machines from the very Earth itself
is bound to have a profound influenice on humi n thought and the
general view of man's place in the scheme of things. His findings on
other worlds can be expected to influence the broad development of
philosophy to a degree comparable to that resulting from the invention
of the telescope, whereby man discovered that he was not actually
the center of the universe. Perhaps astronautics will show man that
he is also not alone in the universe.

These and other aspects of the revolutionary nature of extra-
terrestrial exploration have prompted serious theological discussion.
Implications of space flight with respect to Christian principles are
matters of lively interest. As early as September 1956, Pope Pius
XII formally stated that space activities are in no way contradictory
to Church doctrine.10

The statesman, endeavoring to promote world peace, can see both
a hope and a threat in astronautics. International cooperation in
space enterprises could help to promote trust and understanding.
Astronautics can provide physical means to aid iiternational inspec-
tion and, thereby, can help in the progress toward disarmament and
the prevention of surprise attack. Astronautics can also lead to mili-
tary systems which, once developed and deployed, may make hopes of
disarmament, arms control, or inspection immeasurably more difficult
of realization.

International cooperation in astronautics is imperative simply as a
matter of efficiency. Scientific space exploration cannot reasonably be

"to Address of Pope Plus XII to the International Astronautical Congress, Castel Gandolfo,
September 20. 1956. See L'Osservatore omanao, September 22. 1956.
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done in isolated national packages. The long history of istronomy as
an international science clearly demonstrates the point. Observation
of natural celestial bodies, which (as viewed from the Earth) are per-
manent and relatively slow moving, has required the closest kind of
international collaboration. The observation (not to mention creation
and retrieval) of artificial celestial bedies, transient and fast moving
will place even heavier, more urgent, demands on international
cooperation.

There is also obvie ous need for international cooperation in such mat-
ters as agreement on radio frequency allocations for space vehicles; and
on rights of access to, and egress from, national territories for recovery
of vehicles, particularly in cases of accidentally misplaced landings of
manned vehicles.

Astronautics raises substantial questions of law, both international
and local. The important issues of international agreement on space
access and utilization must be afforded the most thoughtful sort of at-
tention. Legal factors of a more conventional nature are also inherent
in astronautics. Large tracts of real estate will be required for opera-
tions and testing, for example. The physical needs of astronautics are,
therefore, a matter of important concern also to the civic planner-
somewhat in the manner of airports and marine facilities.

Astronautics is inherently a high-cost activity that will clearly have
an important impact on Government expenditures, taxes, corporate
profits, and personal incomes. It may for the future, hold consider-
able promise of substantial economic benefits-astronautics is an en-
tire new industry.

In astronautics lies the possibility of improved performance in im-
portant public and commercial service activities; weather forecasting,
aids to navigation and communication, aerial mapping, geological sur-
veys, forest-fire warning, iceberg patrol, and other such functions.

For national security and military operations astronautics holds
more than new means for implementing standard operations like re-
connaissance and bombing. It suggests novel capabilities of such mag-
nitude that entirely new concepts of military action will have to be
developed to exploit them. As an obvious parallel, airplane technology
has come a long way since Kitty Hawk; but the military thinking that
determines the role of aircraft in national arsenals has also come a very
long way indeed. A similar companion development of technology
and military concepts can be expected to occur in astronautics also-
but we can no longer afford the comparatively leisurely pace of adjust-
ment that characterized the thinking about aircraft.

Astronautics has another important military dimension if "military"
is interpreted in the broad sense of an organized, trained, and disci-
plined activity. It is hard to conceive of space exploration efforts
such as manned voyages to Mars, involving many months of hazard
and hardship, being undertaken by any lut a "military" type of
organization.

Astronautics is the sort of activity in which anyone can find means
for satisfying personal participation. The work of amateurs in opti-
cal and radio observation of satellites has already been of great value,
and there is no reason to believe that amateur activities in astronautics
will not take up a place alongside and within such vigorous hobbies
as amateur radio and amateur astronomy.



ASTRONAUTICS AND ITS APPLICATIONS

Astronautics is bound to have an important impact on education.
The broad nature of the problems to be faced will require not only
specialists, but minds trained to cut across and exploit various classical
disciplines.

C. CURRENT STATE OF SPACE TECHNOLOGY

The physical assets of the United States and other countries in astro-
nautics now reside in large measure in military activities. More spe-
cifically, these current assets lie mainly in ballistic-missile programs.

The space flight capabilities that can be built on ballistic-missile
assets are very extensive, indeed. The greatest of these are derivable
from ICBM hardware. Adaptation of these vehicles to accommodate
specially developed additional equipment will permit such achieve-
ments as the following:

(a) Orbit satellite payloads of 10,000 pounds at 300 miles
altitude.

(b) Orbit satellite payloads of 2,500 pounds at 22,000 miles
altitude.

I ) mpact 3,000 pounds on the Moon.
Land, intact, 1,000 pounds of instruments on the Moon.

e) Land, intact, more than 1,000 pounds of instruments on
Venus or Mars.

(f) Probe the atmosphere of Jupiter with 1,000 pounds of
instruments.

(g) Place a man or men, in a satellite orbit around the Earth
and recover after a Yew days of flight.

All of these and other feats can be accomplished by starting with
basic rocket vehicles now in development in this country. None, how-
ever, will come from the ballistic-missile programs directly. All re-
quire additional work of a very substantial nature. With diligence
and reasonable luck, the overall rocket machinery necessary to attempt
any of these flights could be available in a few years-probably less
than five. Rocket capabilities of roughly the same order can reason-
ably be assigned to the U. S. S. R. in this period also-perhaps more."1

At some point in the next 5 years the effect of larger engine develop-
ments should make itself felt; so we can already look forward to the
day when the payloads listed above will be 5 to 10 times greater.

These basic vehicle capabilities reflect the status of (a) chemical
propulsion systems (mainly systems using liquid oxygen and kero-
sene) ; (b) vehicle structural materials, design techniques. and fabrica-
tion methods; and (c) vehicle flight stabilization (autopilot) methods.
Much remains to be done in these fields, but a solid footing has been
established.

Other fields, in various states of advancement, must also be consid-
ered, however, to obtain a full view of our current standing.

While knowledge of the space environment is uncertain in many
respects, no important barriers stand in the way of unmanned flights.

11 It Is not at all likely that the 3,000 pounds of Sputnlk ill is the limit of currently active

Soviet rockets. Since the first Soviet ICBM firing was claimed In August 1957, It I. rather
clear that really extensive testing could not have taken place by the time Sputnik IllI was
put Into final assembly. It should be noted in thi@ connection that various development
versions of Atlas have moved progressively up the range scale as testing has proceeded.
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So far as manned flight is concerned, no such definite statement can be
made--partly because the requirements for human survival are much
more severe than for instruments, partly because instrument flights
can be one way while manned flights must be round trips, and partly
because the human risk attached to mistakes is great for manned flight.

Accurate guidance of space vehicles over interplanetary ranges may
require improvement in current knowledge of basic astronomical
constants.

Performance of current guidance and navigation equipment is prob-
ably adequate for most satellite and lunar flight missions, but prob-
ably not at all adequate for flights to the planets.

Systems to control the orientation of space vehicles during free
flight are (except for spin stabilization) in the untested and uncertain
category.

Communication between space vehicles and Earth stations is rather
easy to maintain in satellite or lunar fliglits. Communication as far
as Mars seems reasonably well in hand, Eut at much greater distances
current possibilities become questionable.

Observation and tracking of vehicles will also be comparatively
easy on satellite and lunar flights, and possible, with decreasing pre-
cision, to about the same ranges that apply for low-capacity communi-
cation systems-Venus and Mars, or beyond--with today's technology.

Atmospheric penetration techniques based on ballistic-missile re-
entry developments are adequate for nondestructive landings of instru-
ments on Earth, Mars, or Venus. Methods are available for with-
standing the shock of actual contact with planetary surfaces, or the
surface of the Moon.

Internal power sources now available are probably adequate for low-
power applications over extended periods, or for short-life operation
at moderate power levels. Sources suitable for large amounts of
power over long periods of time are yet to be developed. Supply of
internal power is one of the major problem areas.

A problem area that cannot be overemphasized is that of reliability.
It is utterly meaningless to talk about flights to Mars if the equipment
to be sent there has no reasonable probability of continuing to work for
the duration of the flight and for a useful period after arrival. Keep-
ing modest amounts of equipment working, unattended, for many
months is possible, but it requires good knowledge of the environment,
careful design, and extensive testing.

Electrical propulsion systems that can provide continuous thrust
in the space environment are being investigated. All of these require
extremely large amounts of electrical power-thousands of horse-
power-so that the already important problem of internal power
supply is made even more prominent by consideration of such devices.
Until one of these electrical propulsion systems is developed, all flights
in space will be unpowered ballistic flights, with perhaps occasional
spurts of corrective thrust from conventional chemical rockets.

The broad needs for sustained manned flight in space can be stated
rather simply: Large launching rockets, extensive and highly reliable
space-vehicle equipments a great deal of experimentation and study,
and, above all, actual fight trials in manned satellites or similar
vehicles.
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D. ACTION CONSIDERATIONS

A brief appreciation of the above remarks on technological status
would be just this: Large-scale space exploration is imminently fea-
sible with the beginnings now in hand; its actual accomplishment
still requires a great deal of work.

The value of a vigorous space program-and the urgent need for
one-rests on many considerations, including moral, economic, scien-
tific, defense, and international cooperation. The various objectives
pertinent to these areas are closely related in themselves and in the
kind of devices needed to implement them. A class of device that is
"scientific" when it is originally planned may be "military" when it
becomes a reality, and vice versa. There are, of course, always dis-
tinctions that can be drawn on the basis of primary intent. This is
a matter of human choice-the machinery itself may not be changed
much by shifts in intended purpose.

In trying to assess the value of a given space effort it is important to
recall that new devices and methods must be examined not only for
what they can do better than existing devices, but also for what they can
do that now cannot be done at all. It is quite likely that astronautical
devices will be found to be very poor competitors for many current con-
ventional devices; much of the payoff is likely to lie in the doing of
new kinds of things through ast-onautics. Practical realization of
these payoffs is dependent upon our recognizing the unique capabilitiesin the field and developing (inventib, perTiaps) the applications
that make them useful. This is true in aMl the possible areas of interest.
A space weapon will make no real contribution to national defense
unless it is accompanied by a clear concept of useful employment-an
innovation in military science must be sought in some cases. The
, 'Iysical capability for worldwide live television by satellite relays
is a hollow thing without a complex of planning and agreements that
put suitable receiving sets in the homes on the ground and attractive
program material into the transmitter. The opportunity to put sci-
entific instruments into space is of only minor importance if it is not
adequately supported by attention to basic theory and laboratory re-
search an the ground.

Some of the unique opportunities that seem to hie in astronautics that
are of obvious importance include the following:

Carry scientific instruments out of the atmosphere and avay
from the Earth's magnetic field to permit greatly improved ob-
servations of remote regions of space, to advance basic under-
standing of some of the great fundamental questions about the
nature of the universe and its large-scale tprocesses.

Carry scientific instruments, and eventually people, to the
planets and other bodies in the solar system for direct exploration
of their physical nature and, perhaps, indigenous life forms.

Permit studies of behavior and evoltion of terrestrial biolog-
ical specimens in environments grossly different from that on
Earth.

Enhance understanding of the physical properties of the Earth
by viewing it from the vantage point of space to supplement sur-
face observations.



PART II. TECHNOLOGY

2. SPACE ENVIRONMENT

A. THE SOLAR SYSTEM

The salient known physical data on the principal objects of interest
in the solar system are given in table 1. Many other, more detailed,
characteristics of the planets such as the eccentricities and inclinations
of their orbits, the inclination of their axes, their densities, albedoes,
etc., are available in standard books on astronomy.

For a general appreciation of the environment of space travel the
following characteristics of the solar system should be noted:

All of the nine planets move around the Sun in the same direc-
tion on near-circular orbits (ellipses of low eccentricity).

The orbits of the planets all lie in nearly the same plane (the
ecliptic). The maximum departure is registered by Pluto, whose
orbit is inclined 170 from ti ecliptic.

One astronomical unit (a. u.), the mean distance of the Earth
from the Sun, is 92,900,000 miles in length. The diameter of
the solar system, across the orbit of its remotemst member (Pluto),
is about 79 a. u., or 7,300 million miles.

The four inner planets-Mercury, Venus, Earth, and Mars-
are relatively small, dense bodies. These are known as the
"terrestrial" planets.

The next four in distance from the Sun-Jupiter, Saturn,
Uranus, and Neptune-sometimes called the major planets or the
giant planets, are all relatively large bodies composed principally
of gases with solid ice and rock cores at unknown depths below
the visible upper surfaces of their atmospheres. Little is known
about Pluto.
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The general disposition of planetary orbits is illustrated in
figure 1.

TABLE 1.-Phy8ical data on principal bodies of solar syatem

Mean Intensity
distance Gravita- of sun-

from Sun Mass tional light at
(Earth's (Earth's Diameter force at mean Length Length Num-

Body distance mass (st. ml.) solid distance of day of year her of
equals equals surface (Inten- moons
1.00, or 1.00) (g.'s) sity at
1 a. u.) Earth=

1.0)

Sun -----------------.--------- 329, 000 864,0000 (1) ----------.............................
Mercury ------------ 0.39 -. 05 3,100 -. 0.3 6.7 88 days.. 88 days.. 0Venus ----------- _--- -. 72 .82 7, 500 .91 1.9 (?) ...... 225 days. 0
Earth ............... 1 1 7,920 1.00 1 24hours. 30 days. I
Mars ................ 1.52 .11 4,150 .38 .43 24.6 1.9 years. 2

hours.
Jupiter -------------- & 2 317 87,000 (2) .037 10 hours 12 years. 12
Saturn----- --------- 9.5 95 71,500 (2) .011 .do ----- 29 years. i
Uranus -------------- 19.2 15 32,1000 (2) .0027 11 hours- 84 years. a
Neptune ------------ 30 17 31,000 (2) .001 if hours, 15 2

years.
Pluto ---------------- 39 .8 (?) (M) .0006 (?) ..... 248 0 (7)

years.
Moon -----.--------- L 00 .012 2,160 .17 1 27 days ............ 0

I No solid surface.
I Locetion of solid surface (below the thousands of miles depth of dense atmospheric gases covering these

planets) Is not known; hence, surface gravity figures are meaningless for the 4 giant planets.
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B. TIlE SUN

In astronomical terms, the Sun is a "main sequence" star of spectral
type G-zero with a surface temperature of about 11,0000 F.1 Although
a medium-small star, it is over a thousand times as massive as Jupiter,
and over 300,000 times as massive as the Earth. Its energy output,
as light and heat, is extremely constant, probably varying no more
than about 0.5 percent from the average value.' However, it is much
more variable in its production of ultraviolet radiation, radio waves
(solar static), and charged particles. At infrequent intervals, ex-
tremely intense solar outbursts of charged particles (cosmic rays)
have been observed. The most recent of these outbursts, which oc-
curred on February 23, 1956, and lasted about 18 hours, resulted in
a peak intensity of ionizing radiation above the atmosphere estimated
at about 1,000 times the normal value.'

All usable forms of energy on the Earth's surface, with the excep-
tion of atomic and thermonuclear energy, are directly or indirectly
due to the storing or conversion of energy received from the Sun.

C. THE PLANETS
Mercury

The planet closest to the Sun, Mercury, is difficult to observe because
of its proximity to that body; hence, our knowledge of its physical
characteristics is less accurate than for some of the other members of
the solar system. Mercury has no moon, and its mass is not known
with precision, but is of the order of one-twentieth that of the Earth.
This much is known, however: It is a small rocky sphere, about half
again as large as the Earth's moon, and it always keel) the same side
turned toward the Sun. The sunlit half is thus extremely hot, prob-
ably having maximum surface temperatures as high as 7500 F., while
the side in perpetual darkness is extremely cold, cold enough to retain
frozen gases, with temperatures approaching absolute zero. Mercury
is not known to have any atmosphere, nor would a permanent gaseous
envelope be expected to occur under the conditions existing on the
planet. Its rocky surface is probably somewhat similar to that of
our Moon.
Venu8

Even less is known with confidence about the surface conditions on
Venus. Therefore, many statements about it are necessarily more
speculative than definitive. In dimensions and mass it is slightly
smaller than the Earth, but no astronomer has ever seen its solid sur-
face, since its dense and turbulent atmosplhere, containing white par-
ticles in suspension, is opaque to light of all wavelengths. Neither
free oxygen nor water vapor has been detected on Venus, but carbon
dioxide is abundant in its atmosphere, as determined by spectrographic
analysis of the light reflected from the upper reaches of its visible
cloud deck. On the basis of all the available evidence, it may be pre-
sumed that the surface of Venus is probably hot, dry, dusty, windy,
and dark beneath a continuous duststorm; that the atmospheric pres-
sure is probably several times the normal barometric pressure at the

I Hogle, . Frontiers of Astronomy, Harper & Bros.. New York, 1955.
o Rorts, W 0., The Physics of the Sun the Second International Symiposum on the
lPeysic and Medicine of the Atmosphere ana Space, San Antonio, Tex., November 12, 1958.

s Schaefer, H. J., Appraisal of Cosmic-Ray Hamards in 10Htra Atmospheric Flight, Vista@
in Astronautics. Pergamon Press. 195b.
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surface of the Earth; and that carbon dioxide is probably the major
atmospheric gas, with nitrogen and argon also present as minor con-
stituents.'
Mars

Much more complete information is available about Mars, but many
uestions about surface conditions still remain unanswered. With a
iameter halfway between that of the Moon and the Earth, and a rate

of revolution and inclination of Equator to orbital plane closely sim-
ilar to those of Earth, it has an appreciable atmosphere and its surface
markings exhibit seasonal changes in coloration. Its white polar caps,
appearing in winter and vanishing in summer, are apparently thin
layers of frozen water (frost) of the order of fractions of an inch to
several inches in thickness. The atmospheric pressure at the surface
has been estimated at 8 to 12 percent of Earth sea-level normal, and
the atmosphere is believed to consist largely of nitrogen. No free
oxygen has been detected in its atmosphere.' Nothing definite is
known about the presence or absence of marked differences in the
altitude of the terrain. The "climate" would be similar to that of a
high desert on Earth to an exaggerated degree (about 11 miles high,
in fact) with noon summer temperatures in the Tropics reaching a
maximum of perhaps 800 to 900 F., but falling rapidly during the
evening to reach a minimum before dawn of the order of -1000 F.
The interval between 2 successive close approaches of Earth and Mars
is slightly over 2 years. At opposition, that is, when the 2 planets
lie in the same direction from the Sun, the approximate distance
between Earth and Mars ranges from 35 million to 60 million miles.

Bleak and desertlike as Mars appears to be, with no free oxygen and
little, if any, water, there is rather good evidence that some indigenous
life forms may exist.

Tle seasonal color changes, from green in spring to brown in
autumn, suggest vegetation. Recently Sinton has found spectro-
scopic evidence that organic molecules may be responsible for the
Martian dark areas.6 The objections raised concerning differences
between the color and infrared reflectivities of terrestrial organic
matter and those of the dark areas on Mars have been successfully met
by the excellent work of Prof. G. A. Tikhov and his colleagues of the
new Soviet Institute of Astrobiology.' Tikhov has shown that arctic
plants differ in infrared reflection from temperate and tropical plants,
and an extrapolation to Martian conditions leads to the conclusion
that the dark areas are really Martian vegetable life.

Although human life could not survive without extensive local en-
vironmental modifications, the possibility of a self-sustaining colony
is not ruled out.
The giant planets

The four members of this group of planets (Jupiter, Saturn, Uranus,
Neptune) have so many characteristics in common that they may

'Dole. S. H., The Atmosphere of Venus, The RAND Corp.. paper P-978, October 12, 1956.
mKulper, G. P. (editor), The Atmospheres of the ,arth and Planets, the University of

Chicago Prese, Chicago, i1.,1952
'Sinton. W. U.. Further ]vidence of Vegetation on Mars, to be presented at the meeting

of the American Astronomical Society. OalnstnVlie. Fla., December 27 e0, 1958.STlkhov, . AA Is Life Possible on Other Planets? Journal of the British Astronomical
Association, voL do, No. 8. April 195. p. 193.
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well be treated together. They are all massive bodies of low density
and large diameter. They all rotate rapidly. Because of their low
densities (0.7 to 1.6 times the density of water) and on the basis of
spectral information, they all are thought to have a "rock-in-a-snow-
ball" structure; that is a small dense rocky core surrounded by a thick
shell of ice and covered by thousands of miles of compressed hydrogen
and helium. Methane and ammonia are also known to be present as
minor constituents.8 Because of the low intensities of solar radiation
at the distances of the giant planets, temperatures at the visible upper
atmospheric surfaces range from -200* to -3000 F. A number of
the satellites of Jupiter, Saturn, and Neptune are larger than the
Earth's moon, and some may be as large as Mercury. XIthough re-
liable physical data on these satellites are lacking, it is possible that
they might be somewhat more hospitable for space flight missions
than the planets about which they orbit.
Pluto

Almost nothing is known about this extreme member of the known
solar system except its orbital characteristics and the fact that it is
extremely cold, with a small radius and a mass about 80 percent that
of the Earth.

D. MOON

The Moon is about 240,000 miles from the Earth and its diameter is
about 2,160 miles, a bit more than one-fourth the diameter of the
Earth. The mass of the Earth is about 81.5 times that of the Moon.

The Moon has no appreciable atmosphere, and its surface is prob-
ably dry, dust-covered rock. On the basis of terrestrial experience
it would be expected that this rocky surface is far from uniform in
chemical composition and physical arrangement.

The face of the Moon is covered with many large craters, the ori-
gin of which is still a matter of debate. Mountains on the moon are
higher than those on Earth, presumably because they are free from
weathering. A Soviet astronomer recently reported observation of
an erupting volcano on the moon. Whether or not the observations
actually support the stated interpretation has been questioned by
some authorities.

E. ASTEROIDS

In addition to the planets and their moons there is a group of sub-
stantial bodies known as agteroids in the solar system, more or less
concentrated in the region between the orbits of Mars and Jupiter.
It is possible that these chunks of material may be the shattered re-
mains of one or more planets.

Most of the asteroids have dimensions of some miles, but quite a few
are as much as 100 miles across. The largest, Ceres, is nearly 500 miles
in mean diameter.

Some asteroids come within a few million miles of the earth from
time to time.

F. COMETS

Comets are very loose collections of orbital material that sweep into
the inner regions of the solar system from space far beyond the orbit

*Urey H C The Planets, Their Origin and Development. Yale University Press, New
Haven, bonn., 1952.
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of Pluto. Some return periodically; some never do. Their bodies
consist of rarefied gases and dust, and their heads are thought to be
frozen gases or "ices."

0. METEORITES

The Earth receives a large quantity of material from surrounding
space in the form of meteoritic particles. Most of these are decom-
posed in the upper atmosphere, but some reach the Earth's surface.

These particles enter the Earths' atmosphere with velocities of 7 to
50 miles per second, producing visible light streaks called meteor&.
Estimates of numbers, sizes, and speeds of incoming meteorites are
based in part on optical observation of meteors, and in part on radio-
wave reflections from the ionization trails left by meteorites. Data
about smaller particles are deduced from other effects, such as sky
glow at twilight.

Estimates, based on various assumptions, of the total volume of
incoming meteoritic material range from 25 to 1 million tons per day.
A very recent estimate made by the Harvard Observatory favors a
value of 2,000 tons per day.9 Soviet scientists announced in August
1958 that their satellite data indicated an estimate of 800,000 to
1 million tons per day.1

The vast range of variability in these estimates is due in part to
uncertainties in densities of meteoritic material, experimental inade-
quacies, and incomplete theoretical basis for interpreting observa-
tions.

The information concerning meteoritic input to the Earth's atmos-
phere is very uncertain. The meteoritic content of other space regions
is largely an open question, pending direct experimentation with space
vehicles.

H. MICROMETEORITES AND DUST

The smallest dust particles called micrometeorites are concentrated
for the most part in the ecliptic, the plane of the Earth's orbit, and
since they originate as cometary refuse they may also be found dis-
tributed along the orbits of comets."

Evidence that cosmic dust is concentrated in the plane of the ecliptic
consists of observations of a faint tapered band of light that can be
seen at twilight extending up from the horizon centered along the
ecliptic. This band of light, which can be photoelectrically traced
through the complete night sky, is called the zodiacal light.

The layer of small meteoritic particles must extend from the sun
well beyond the orbit of the earth, being concentrated toward the
ecliptic or fundamental plane of the solar system. Further, this dust
cloud must be continuously being resupplied by cometary wastage
and possibly by material from asteroid collisions. It is at the same
time being drained off by the action of solar radiation which causes
the particles to spiral in toward the Sun. It has been estimated that
in 60 million years all particles smaller than 1 millimeter in diameter,
starting nearer to the Sun than the orbit of Mars, would reach the
Sun due to this effect.

_ Whipe FIr. ,, The Meteoritic Risk to Space Vehiles. Vista@ in Astronautics. Pergason
Preek~5 . .1,1A. 1. N., Rocket and sateilite invesatlstons of Noteos Preeted at thefit
meetng of the Comltd Sp6eale de l'Auude 4dophyslque lnteruaice Meeow. AX!ust
1958. Nazarova has very recently revised the estimate of meteor influx downward by •
factor of about 1000."32 Beard D. , Interplanetary Dust Distribution and Uroeson Wifecta, Amerlen Astm.
nautical eocei, Preprint No. 28--8, August 18-19. 1958.

__ _ _ _ _
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I. RADIATION AND FIRMS

At the surface of the Earth, man and his machines are sheltered by
the atmosphere from many radiations that exist in space. These radia-
tions include X-rays, steady ultraviolet radiation, and cosmic rays.

At times of solar flares there may be great quantities of radiation
less energetic than cosmic rays, in addition to the particles now known
to be trapped in the geomagnetic field.

Cosmic radiation is a general term for high-speed particles from
space. About 80 percent are protons, which are nuclei of hydrogen
atoms carrying a unit positive charge, with the remainder distributed
among a number of other subatomic particles.

Corpuscular cosmic rays, although "hard" or highly energetic radia-
tion, are not so numerous as other corpuscular radiations within the
solar system. The Explorer IGY satellites observed an encircling
belt of high-energ radiation extending upward from a height of a few
hundred miles. This belt ranges from at least 650 north to about 650
south latitude, although the radiation is most intense in the equatorial
region.

Explorer IV data indicate that radiation intensity increases by a
facior of several thousand between 180 and 975 miles, with a rapid
rise beginning at about 240 miles. The level of radiation may reach
as much as 10 roentgens per hour-enough to deliver an average lethal
dose in 2 days to an unshielded human being.

Results from Sputnik 111, which did not travel quite so far out in
space but went to higher northern and southern latitudes, seem roughly
compatible with the Explorer results. Tentative data from Pioneer
indicate a rapid decay of radiation intensity with increasing distance
beyond about 17,000 miles from the Earth.

Since the Earth's magnetic field, which stores and traps the particles
comprising the radiation belt, decreases in strength with increasing
distance from the Earth, it ultimately becomes too weak to store a
significant amount of radiation.

Trapping of electrons or protons in the Earth's magnetic field is not
expected to be of importance in very high latitudes, and, therefore, the
radiation hazard will be much less near the poles than in the lower-
altitude radiation belt.

The apparent dose rate at altitudes between about 300 and 400 miles
lies within the accepted AEC steady-state tolerance level for human
beings of 300 milliroentgens per week (1.79 milliroentgens per hour).
Therefore, this radiation belt does not interdict low-altitude manned
satellites. It does imply that manned satellites orbiting at altitudes
greater than 300 to 400 miles would require some shielding, the weight
of shielding increasing up to the greatest altitude for which we have
fairly firm information (roughly 1,200 miles). Beyond this altitude,
the radiation levels are uncertain, but it is expected that at some alti-
tude a maximum must be reached after which the dosage rates should
diminish.

Depending upon the extent of the equatorial radiation belt, manned
space flights could use the technique of leaving or returning to the
Earth via the polar regions, or could penetrate directly through the
radiation belt with adequate shielding to protect human beings during
the transit.
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The Sun, in addition to its steady radiations, also delivers great oui-
bursts with radiation levels as much as 1,000 times normal at the time,
of large solar flares, which appear roughly about once every 3 years,
as well as smaller increases almost daily.

At the present time, it is not possible to predict exactly when these
large solar flares will occur. A man in a vehicle above the Earth's pro-
tective atmosphere, if exposed to the radiation from such a flare during
its entire period of activity, might absorb enough radiation to make
him ill (not immediately but by a week or two later). Since our
knowledge is incomplete as to the peak intensities of solar flares, their
frequency of occurrence, and their durations, the risk to human beings
from this source cannot now be assessed with any real accuracy.

The constant radio noise background emitted by the Sun is also
greatly enhanced during solar flares. This solar noise is reinforced
somewhat by radio noise from distant galaxies. Some localized areas
of far space radiate very intensely. Such a source is in the region of
the Crab nebula.

.J. BEYOND THE soLAR SYSTEM

Although not a theater of operations in the first phases of the space
age, it is worthwhile to mention the larger setting in which the solar
system itself figures.

The nearest neighbor of our solar system is the star system Alpha
Centauri, a bright object in the southern sky at a distance of about 4
light-years. (Pluto is 5y2 light-hours from the Sun.) Alpha Cen-
tauri is a double star whose two main components orbit about one an-
other. A third star called "Proxima" is also associated with this sys-
tem and is actually at the present time the star closest to our solar
system. ("Proxima" itself may also be doubled.)

It is not known whether the Alpha Centauri system has any planets,
but observations of some other nearby stars, e. g., 61 Cygni, indicate,
from wobbles in their motion, the possible presence of orbiting dark
bodies with masses comparable to Jupiter's. There is, then, what
might be considered indirect evidence for the existence of other plane-
tary systems. Within 20 light-years of the Sun there are known to be
about 100 stars with possibly 2 or 3 planetary systems, if the interpre-
tation of the "wobbles" are correct. Kuiper estimates on the basis
of the ratio of the masses of components of double stars that not more
than 12 percent of all stars may have planetary systems.12 When we
realize that there are some 2 X 10 11 stars in our galaxy, this would give
1 to 10 billion with planetary systems. It seems reasonable to speculate
that out of this vast number there surely must be some systems with
earth-like planets, and that on some of these planets life similar to our
own may have evolved."3-16

2, Kulper, ( P., Thý Formation of the Planets, Journal of the Royal Astronautical so-
ciety of Canadap vol. 50 No. 2, p. 167."=Jeans, Sir James, Life on Other Worlds, A Treasury of Science, edited by H. Shapley,
farp~r & Bros New York, 1954." pShaley, H.. Of Stars and Men The Human Response to an Bapanding Universe.
Beacon Press, Boston, 1958

0 Planets: Do Other "Humans" Live? Newsweek, vol. LII, No. 20, November 17, 1958,
28."P Hsidane, J. B. S., Genesis of Life, The Earth and Its Atmosphere, edited by D. R.

Bates, Basic Books. Inc., New York, 1957.
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(b)
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(c)
Parabolic path

Illipticol path

Fig. I -Types of paths

B. ESCAPE VELOCITY

The type of path that will be taken up by an unpowered space vehicle
starting at a given location will depend upon its velocity. It will take
up an open-elnded path if its velocity equals or exceeds escape velocity;
escape velocity is, by definition, that velocity required at a given loca-
tion to establish a parabolic orbit. Velocities greater than escape veloc-
ity result in hyperbolic orbits. Lower velocities result in closed ellip-
tical orbits-the vehicle is tied to the neighborhood of the planet.

Since it essentially separates "local" from "Iong distance" flights,
escape velocity is clearly a primary astronautical parameter. rThe
exact value of this velocity is dependent upon two factors: (a) The
mass of the parent planet and (b) the distance from the center of the
planet to the space vehicle. Escape velocity increases as the square
root of the planet's mass, and decreases as the square root of the dis-
tance from the planet's center. The speeds required for escape di-
rectly from the surfaces of various bodies of interest are listed in
table 1. These escape velocity requirements are a measure of the
difficulty of departure from these bodies.



A'IIwONAULICS ANI) IIS APPLICATIONS 21

TAnm 1.-Surface escape velooity

Peel er IFee# ,W
aecoudsecond

Mercury---.... 13, 600 Mars ---------------.. ------- , 700
33,600 Asteroid Eros --------------- -50

Earth --.-.-- ...------------ 36, 700 Jupiter ------------------- 197,000
Moon ------..... . -,800

The projection speed required to escape directly from the Earth's
surface is about 36,700 feet per second. If a vehicle takes up unpow-
ered flight (end of rocket propulsion) at an altitude of, say, 300 miles,
it requires the somewhat lesser speed of 35,400 feet per second to escape
into interplanetary space. This reduction in required velocity has,
of course, been obtained at the expense of the energy expended in lifting
the vehicle to an altitude of 300 miles.

C. SATELLITE ORBITS

The elliptical orbits generated by velocities below escape velocity
are the type followed by artificial satellites, as well as by all the
planets and moons of the solar system.

The period of the satellite-the time required to make one full cir-
cuit-is dependent upon the mass of the parent body and the distance
across the orbit at its greatest width (the length of the major axis).
The period is less if the parent body is more massive-the Earth's Moon
moves more slowly than similarly placed moons of Jupiter. The
period gets longer as the length of the major axis increases-the period
of the Moon, with a major axis of about 500,000 miles, is much longer
than those of the first artificial satellites, with major axes of about
9,000 miles.

The velocity required to establish a satellite at an altitude of a few
hundred miles above the Earth is about 25,000 feet per second. This
required orbital velocity is less at greater altitudes. At the distance
of the Moon it is only about 3,300 feet per second.

D. LUNAR FLIGHT

The gravitational attraction of the Moon affords some assistance
to a vehicle for an Earth-Moon flight However, the Moon is so far
removed that this assistance is only enough to reduce the required
launching velocity slightly below escape velocity.

E. INTERPLANETARY FLIGHT

To execute a flight to one of the other planets, a vehicle must first
escape from the Earth. Achievement of escape velocity, however, is
only part of the problem; other factors must be considered, particu-
larly the Sun's gravitational field and the motion of the Earth about
the Sun.

Before launching, the vehicle is at the Earth's distance from the
Sun, moving with the Earth's speed around the sun-about 100,000
feet per second. Launching at greater than Earth escape velocity
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results in the vehicle taking up an independent orbit around the Sun
at a velocity somewhat different from that of the Earth. If it is
fired in the same direction as the Earth's orbital motion, it will have
an independent velocity around the Sun greater than that of the
Earth. It will then take up an orbit like A, figure 2 which moves
farther from the Sun than the Earth's orbit; the vehicle could, if
properly launched, reach the outer planets Mars, Jupiter, and so forth.
The minimum launch velocities required to reach these planets are
given in table 2.

If the vehicle is launched "backward," or against the Earth's

velocity, it will assume an independent velocity less than that of theEarth and move on an orbit like B, figure 2, so that it could reach
the inner planets Venus and Mercury.

To reach the more distant portions of the solar system requires
that the vehicle take up a velocity, relative to the Sun, that is con-
siderably greater than that of the Earth. A large launch velocity
is required to produce this excess (after a good deal of it has been
absorbed by the Earth's gravitational field). On the other hand, to

travel in close to the Sun requires that the vehicle take up a velocity,
relative to the Sun, that is considerably 1e88 than that of the Earth.
A large launch velocity is this time required to cancel out the com-
ponent of vehicle velocity due to the Earth's motion, and again much
of the launch velocity is absorbed by the Earth's gravitational field.
Thus, as seen from table 2, it is almost as hard to propel a vehicle in
to Mercury as it is to propel it out to Jupiter.
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TALuZ 2.-Minimum launch velocities. with transit times, to reach all planets

Minimum
launching

Planet Velocity Transit time
(t' t per
second)

Mercury-----------------------------------------------------------44,, ,,) 110 dsys.
M~erury----------------------------------------------------------------- .380 1&) bys.Mars ----------------------------------------------------------------------- 3s. tAX) 2(1 days.Jupiter --------------------------------------------------------------------- 4,; U 2.7 ye"rs.
Jupturn---------------------------------------------- *------------------- 1 M elsSat rn.. .......................................... ............... 41,.W0 6i years.

Uranus------------------------------------------------------------------ 1M ~ ~aS
Neptune -------------------------------------------------------------------- (x K) 31 years.
Pluto ------------------------------------------------------------------------ 53. OO 46 y.ars.

The velocities in table 2 are nminimum requirements, and lead to

flight times as shown. Higher velocities will reduce flight times.

F. ESCAPE FROM TIlE SOLAR SYSTEM

If a vehicle reaches escape velocity with respect to the sun it will
leave the solar system entirely and take Ul) a trajectory in interstellar
space. Starting from the surface of the Earth, a launch velocity of
about 54,000 feet per second will lead to escape from the solar system.
The course of the vehicle will be a parabola, with the Sun at its focus,
until Pons later it is deflected by some star or other body.

The flight capabilities that become available as the total velocity
potential of a ballistic rocket vehicle increases are illustrated in sum-
mary form in figure 3.
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G. POWERED TRAJECTORIES IN SPACE

Once a vehicle is in space, moving at high velocity, say in a satellite
orbit, it requires no further propulsion to stay aloft. Its flight path
can, however, be very appreciably influenced and great increases in
velocity imparted by very small forces acting over long periods of
time. The fact that useful results can be derived from small thrusts
in space-thrusts that would be entirely insignificant on the earth-
leads to interest in unique propulsion systems based on electrical ac-
celerator principles. One kind of application of particular interest
involves use of heavy conventional propulsion systems to develop
orbital velocity (stLy, 25,000 feet per second) and then to build up
the remaining 12,000 feet per second to reach escape velocity by a
low-thrust electrical system.' 2

II. VELOCITIES NEAR T11AT OF LIGHT

As the velocity of a space vehicle nears that of light (not likely to
be achieved in the foreseeable future), the effects of relativity theory
enter into the situation. Of particular interest is the so-called "time
dilatation" effect predicted by this theory-and supported by experi-
mental evidence in the physics of high-speed particles.

Briefly, the predicted effect is as follows: Consider 2 men, A and B,
of identical age, say 20 years old. A will remain at home on the
Earth, and B will undertake a voyage in space at a speed very near
that of light and eventually return to Earth. The total duration of
the voyage will be different, as measured by the two men, the exact
amount of the difference depending upon how close B's vehicle ap-
proached the speed of light.

As an example, suppose B took a round trip to the vicinity of a
nearby star at a speed very near that of light (about 186,000 miles
per second). It would appear to A that the trip took, say, 45 years-
he would be 65 years old when his friend returned. To B, however,
the trip might appear to take about 10 years, including a year or so
for acceleration to flight speed and deceleration for the return land-
ing-lhe would be 30 when he returned.

Different values of vehicle speed will lead to widely different time
disparities. By approaching ever closer to the speed of light, B could
take more extended trips that would last millions of years in earthtime,
but still appear to him to take only a few years.

I Boden, R. H., The Ion Rocket Engine, North American Aviation, Rocketdyne Division,
Rept. No. R-645, August 26. 1957.

S Stuhllnger, E., Space Travel With Electric Propulsion Systems, Army Ballistic Missile
Agency, November 11, 1958.
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Achievement of near-light velocities would require stupendous
amounts of propulsion energy-nothing less than complete conversion
of matter into usable energy will do.4-5

In addition to the fact that no presently foreseeable propulsion
scheme will deliver the required quantities of energy there are also
problems of a very severe and uncertain nature concerning environ-
ment. The traveler at speeds approaching that of light willfind him-
self immersed in a grossly altered natural environment and will also
face the problems of carrying with him a source of extremely intense
radiation-in whatever form his propulsion system may take.

4 Gamow. G., One, Two, Three-Infinity, Mentor MS 97. Paperbound Books. c. 1947.
'Von Handel, P. F., and H. Knothe, Relativistic Treatment of Rocket Kinematics andPropulsion, Air Force Missile Development Center. Rept. No. AFMDC TR 58-3, January

1958.
SHaskins, J. R., Notes on Asymmetrical Aging in Space Travel. QSarterlyReearch

Review No. 18, Army Rocket and Guided Missile Agency. iept. No. 2A18, September 1, 1958.



4. ROCKET VEHICLES

A. GENERAL DESCRIPTION OF ROCKET VEHICLES

The principal elements of any rocket-powered flight vehicle are the
rocket engine, to provide the propulsive force; the propellants con-
sumed in the rocket engine; the airframe, to contain the propellants
and to carry the structural loads; and the payload, including any
special equipment such as guidance or communication devices.

The rocket engine provides the propulsive forces to accelerate the
vehicle byejecting hot gaseous material at very high speeds through a
nozzle. The initial source of the ejected material is the propellant
carried in the vehicle in either liquid or solid form. The propellant
may be converted to hot gas for ejection by one of a number of possible
heating processes in the engine, such as chemical combustion, nuclear
fission, etc.

Vertical takeoff from the Earth requires a thrust force that exceeds
the weight of the complete missile by some 30 to 50 percent (a thrust-
to-weight ratio of 1.3 to 1.5). For easiest engine operation the thrust
produced during the entire propulsive period is usually constant, caus-
ing the vehicle to be accelerated at a progressively higher rate as the
vehicle weight diminishes due to propellant consumption.

In rocket vehicles intended to reach velocities of interest in
astronautics, the largest fraction of the missile weight is devotetd to
the propellants, and the largest volume to the storage of these
propellants.

The propellant tanks, and the supporting structure which carries
the structural loads imposed during flight and ground handling, com-
prise the airframe of the flight vehicle. The material in the airframe
is considered "dead weight," since it does not contribute directly to
the production of thrust or to the useful payload. Rather, the dead
weight imposes a limitation on the maximum velocity that a given
rocket can achieve--even with no payload.

Another factor contributing significantly to the total dead weight
of a vehicle and restricting its maximum performance is any unused
propellant trapped in the propulsion system (rocket engine, plumbing,
and tanks) at thrust cutoff. In liquid-propellant rockets, two pro-
pellant fluids are stored in separate tanks which should be emptied at
very nearly the same instant.' The engine will stop when either
propellant is exhausted, and the remaining portion of the other pro-
pellant will be trapped as residual dead weight.

The flight velocities required for astronautics far exceed those ob-
tainable with a single rocket unit using conventional propulsion tech-
niques, regardless of the size of the rocket. The multistage rocket
can provide adequate velocities, however. On this type of vehicle,
one rocket (or more) is carried to high speed by another rocket, to be

,&Greenwood, T. L.. A High Accuracy Liquid Level Measuring System, Army Ballisti
Mlsalle Agency, Redstone Arsenal, Ala.. Rept. DTI-Tl-1-5S8, July 29, 1958.
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launched independently when the first rocket is exhausted. If, for
example, the first stage reaches a terminal velocity of 10,000 feet per
second and launches a second stage also capable of developing 10,000
feet per second, the net terminal velocity of the second stage will be
20,000 feet per second.

Staging can be extended to include 3, 4, and more stages to develop
higher velocities. The total velocity that may be attained is the sum
of the individual contributions of each stage. A practical difficulty
will generally restrict the number of stages that can be profitably
employed, since the weight of structure required to connect the stages
tends to increase dead weight and defeat the purpose of staging

Control of the flight path of a rocket-propelled vehicle is achiueved
by altering the direction of engine thrust by one of a variety of
methods including swiveling the engine itself. Velocity control is
provided through termination of all rocket thrust at the exact time
the desired velocity is reached.

B. VEHICLE PARAMETERS

The performance of a rocket is determined largely by the rocket-
propellant combination and the total amolunt of usable propellants.2
The performance of propellants is characterized by the spec fic im-
pulse, a measure of the number of pounds of thrust produced per
pound of propellant consumed per second. The unit of specific impulse
is lb/lb/sec., or, more simply, seconds. The velocity that a vehicle
can attain is directly proportional to the specific impulse of its pro-
pellants, all other things bing equal. For example, if a given rocket
reaches a velocity of 10,000 feet per second with propellants giving a
specific impulse of 250 seconds (a typical current value), an increaseof 10 percent in specific impulse to 275 seconds would increase the

attainable velocity to 11,000 feet per second.

The performance dependence upon the propellnt fraction-the
fraction of the total vehicle weight accountedfor by us able propel-
]ants--and the interdependence of specific impulse and propellant frac-
tion are more complex relationships. The maximum velocity increases

rapidly as the propellant fraction is made larger, as shown in figure 1.
For a given velocity to be achieved, the required propellant fraction
is greatly affected by the performance of the propellant combination,
as indicated by the three values of specific impulse given in this figure.
(The relationship between the propellant fraction and the mass ratio,
the ratio of takeoff weight to weight at propellant exhaustion, is given
by the lower scale of figure 1.) The very high propellant fractions
associated with high velocities can only be achieved by severely re-
ducing to a minimum all components that contribute to the weight at
propellant exhaustion, including the payload.

I A more complete discussion of propellants appears in a later section.
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Fig. I -Velocity choracteristics of rocket vehicles
(Single stage)

The gross weight at takeoff of a rocket vehicle to propel a given
payload . a given flight velocity is determined, then, by propellant
performance, the minimum practical fraction of dead weight, the
number of stages, and the size of the payload to be carried.

Improved materials, design techniques and component miniaturi-
zation have led to large reductions in dte fraction of dead weight
associated with large rockets. The progressively improving state of
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the art is graphically illustrated in figure 2, from a value of 0.25 forthe GerinanV-2 development in 1939'3 to 0.21-0.16 for the United
States Viking rockets in 1948-51,' to a reported value near 0.08-0.06
for current large rocket developments in the United States."
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Fig.2 - Rocket venicle choracteristics
(Single stage)

The gross weight (and thrust) required for a specified fli ht ob-jective is very nearly proportional to the size of the payload to be
carried. To double the payload, the gross weight-and the thrust-
must also be about doubled for similar designs and vehicle configura-
tions. This is the predominant reason for development of large-thrust
engines. Additional stages and improved propellants may be used to
obtain increased performance from existing rocket booster components.

I The Missile A-4 Series B as of January 2, 1945, translation, General Electric DF-71869.'Viking Design Summary, RTV-N-12a, Glenn L. Martin Co., HER-O4. August 1955.'Astronautics and Space Exploration, bearings before the Select Committee on Astro-"nautices and Space ExPloration. 85th Cong .d se2a. on H. R. 11881, April 15 throughMay 12, 1958.

Il. ..



5. PROPULSION SYSTEMS

A. PRINCIPLES OF OPERATION OF ROCKET W.NGINFS

The only known way to meet space-flight velocity requirements is
through the use of the rocket in one of its several forms.

Rocket thrust is the reaction force produced by expelling particles
at high velocity from a nozzle opening. These expelled particles mnay
be solid, liquid, gaseous, or even bundles of radiant energy. The
engine's ability, to produce thrust will endure only so long as the supply
of particles, or working fluid, holds out. Expulsion of material is the
essence of the thrust production, and without material to expel no
thrust can be produced, regardless of how much energy is available.

Because of this fundamental fact, a prime criterion for rating rocket
performance is specific impulse, which provides an index of the efli-
ciency with which a rocket uses its supply of propellant or working
fluid for thrust production. For gaseous working fluids, specific im-
pulse can be increased by (1) attaining higher temperatures in the
combustion chamber and (2) increasing the proportion of lighter
gases, preferably hydrogen, in the exhaust.

The other important factor in assessing the merit of a propulsion
sstem in a given application is the weight of engine and working
fluid container required, since these weights influence achievable pro-
pellant fraction.

B. TYPES OF ROCKET ENGINES

Rocket engines are distinguished by the type of mechanism used to
produce exhaust material. The simplest "engine" is a compressed air
bottle attached to a nozzle-the exhaust gas is stored in the same form
as it appears in the exhaust. Ejection of compressed air, or other gas,
from a nozzle is a perfectly satisfactory rocket operation for some
purposes.

The most common rocket engine is the chemical type in which hot
exhaust gases are produced by chemical combustion. The chemicals,
or propeuEants, are of two types, fuel and oxidizer, corresponding to
gasoline and oxygen in an automobile engine. Both are required for
combustion. They may be solid or liquid chemicals.

In other types of rockets no chemical change takes place within the
engine, but the working fluid may be converted to a hot gas for ejection
by the addition of heat from a nuclear reactor or some other energy
source.

These and other variations of the rocket engine are discussed below.,

C. SOLID-PROPELLANT ROCKET

In the solid-chemical rocket, the fuel and oxidizer are intimately
mixed together and cast into a solid mass, called a grain, in the comn-

Onee also "Propellants.
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bustion chamber (fig. 1).' The propellant grain is firmly cemented to
the inside of the metal or plastic case, and is usually cast with a hole
down the center. This hole, called the perforation, may be shaped in
various ways, as star, gear, or other, more unusual, outlines. The
perforation shape and dimension affects the burning rate or number
of pounds of gas generated per second and, thereby, the thrust of the
engine.

After being ignited by a pyrotechnic device, which is usually
triggered by an electrical impulse, the propellant grain burns on the
entire inside surface of the perforation. The hot combustion gases
pass down the grain and are ejected through the nozzle to produce
thrust. C0

Fig. I -Schematic of solid-propellant rocket

The propellant grain usually consist of 1 of 2 types of chemical.
One type is the double-base, which consists largely of nitroglycerine
and nitrocellulose. It resembles smokeless gunpowder. The second
type, which is now predominant, is the composite propellant, consist-
ing of an oxidizing agent, such as ammonium nitrate or ammonium
perchlorate intimately mixed with an organic or metallic fuel. Many
of the fuels used are plastics, such as polyurethane.

A solid propellant must not only produce a desirable specific im-
pulse, but it must also exhibit satisfactory mechanical properties to
withstand ground handling and the flight environment. Should the
propellant grain develop a crack, for example, ignition would cause
combustion to take place in the crack, with explosion as a possible
result.

It can be seen from figure 1 that the case walls are protected from
the hot gas by the propellant itself. Therefore, it is possible to use
heat-treated alloys or plastics for case construction. The production
of light-weight, high-strength cases is a major development problem
in the solid-rocket field.

Since nozzles of solid rockets are exposed to the hot gas flowingthrough them, they must be of heavy construction to retain adequate
strength at high temperature. Special inserts are often used in the
region of the nozzle throat to protect the metal from the erosive effects
of the flowing gas.

For vehicle guidance it is necessary to terminate thrust sharply upon
command. This may be accomplished with solid rockets by blowing
off the nozzle or opening vents in the chamber walls. Either of these

s8bater J L. Solid-Rocket Propulsion. Jet Propulsion Laboratory, Calfornia Institute
of Technology. external publication No. 451. AprrU 10, 1958.
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techniques causes the pressure in the chamber to drop and, if properly
done, will extinguish the flame.

The specific impulse of various solid-propellant rockets now falls
in the range 175 to 250 seconds. The higher figure of 250 applies to
ammonium perchlorate-based propellants."

D. LIQUID BIPROPELLANT CHEMICAL ROCKETS

The common liquid rocket is bipropellant; it uses two separate pro-
pellants, a liquid fuel and liquid oxidizer. These are contained in sep-
arate tanks and are mixed only upon injection into the combustion
chamber. They may be fed to the combustion chamber by pumps or
by pressure in the tanks (fig.2).

(o) Pump-fe rockeNigh-Pressure-d roake

Oxidizer Fuel o qnppe ' W"' ro.
tank tank?

O04izor Fuel
P tank tonk

Pump Turbine Pump

Gas
veene~rfo

Volvo Volvo

Thrust chomibff Thrust chamber

(a) Pump-fed rocket (bP pressure- •fed roCkst

hia. 2-Schemnatic of liquid- propellant rocket

Propellant flow rates must be extremely large for high-thrust
engines, often hundreds of gallons per second. Pump-fed systems
may require engines delivering several thousand horsepower to drive
the pups, This power is usually developed by a hot-gas turbine,
supplied from a gas generator which is actually a small combustion
chamber. The main r~ocket propellants can be used for the gas genera-

' Same Cauddemstone Pertteinif to 111nes NavW01boa. Aevojet-Onera Corp.. Special

Akmne~4Sw,~ 'ni1 %.teme C oin RIOk Pgeforualkee
,seeraf. Roe t u~eetlI. ho tate st~e 0vhip lowy 15,p. 30a
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tor, although, as in the case of the V-2 and the Redstone, a special
fuel like hydrogen peroxide can be used for this purpose.'

The pressure-feed system eliminates the need for pumps and tur-
bines; however, the high pressure, perhaps 500 pounds per square
inch, required in the tanks leads to the necessity for heavier struc-
tures, thus adding dead weight to the vehicle that may more than
offset the weight saved by removing the pumping system.6 On the
other hand, removal of pumping equipment may raise overall relia-
blet walls of the combustion chamber and nozzle must be protected

from the extremely high gas temperature. The method most com-
monly used is to provide passage in the nozzle wall through which
one of the propellants can be circulated. In this way the walls are
cooled by the propellant, which is later burned. This technique is
referred to as regenerative cooling.'

Thrust termination is easily accomplished with the liquid rocket by
simply shutting the propellant valves; however, this operation must
be precisely timed and controlled. The amount of thrust delivered
can be controlled by controlling the rate of propellant flow.

E. LIQUID MONOPROPELLANT ROCKET

Certain liquid chemicals can be made to form hot gas for thrust
production by decomposition in a rocket chamber. The most common
such monopropellant is hydrogen peroxide. When this liquid is passed
through a platinum catalyst mesh it decomposes into hot steam and
oxygen. These gases can then be ejected to develop thrust.

Vngines of this kind have comparatively low specific impulse, but
have the advantage of simplicity, require only one tank in the vehicle,
and can be readily turned on and off. Since they are adaptable to
repetitive operation they find application in various control systems
where efficiency of propellant utilization is of minor importance.'

F. NUCLEAR ROCKETS

Research and development on the use of a nuclear reactor as a rocket
energy source is currently being carried out in Project Rover.' The
nuclear rocket does not utilize any combustion process. Rather, the
hot exhaust gas is developed by passing a working fluid through a
fission reactor (fig. 8). Liquid hydrogen is the propellant most often
considered for a nuclear rocket because it yields the lightest exhaust
gas possible. The hydrogen could be stored in liquid form in a single
tank and forced into a reactor by a pump. After being heated in the
reactor, it would be exhausted through a conventional rocket nozzle
to obtain thrust°

BSutton. George P., Rocket Propulsion Elements, John Wiley & Sons, New York, 1949,
.h! 7.

*Corporal Propulsion System, Jet Propulsion Laboratory, California Institute of Tech-
nology. external publication No. 417, September 30, 1957.

t Atias Propulsinn System Background, North American Aviation, Rocketdyne division,press release No. R8-4, March 10 1958.5
s*RTV-N-i2a Vlking Design hnmmary, Glenn L. Martin Co. Rept. 53-6584, August

1955.
'Outer Space Pro=uhdon by Nuclear Zermy.a, " before subcommittees of the Joint

Committee on Ato ner, Cons o te Una States, 85th Cong., 24 seas., January
32223, and February 6, 195.

Bussard, 3. W., and B. D. DeLsuer, Nuclear Rocket Propulsion, McGraw-UIl, New
Tork, 1958.
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Fig.3-Nuclear rocket

Other methods of using the fission reactor have been proposed to
avoid the severe materials problem attendant on transferring heat to
the gas directly by the extremely hot reactor walls. One device
would place gaseous fissile material in the center of an open reactor,
retaining it in position by magnetic means. Then the propellant gas
would be heated by radiation from the hot gaseous fissile material,
without the interposition of a solid wall. The feasibility of such a
device is still a subject of in vest igatioh.1

pU sustard, B. W., Some Boundary Conditlons for the Use of Nuclear Energy In Rocket
ropulsion, American Rocket Society Preprint No. 600-58, 1958.

-4
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Specific impulse figures for conventional nuclear rockets may be as
high as 1200 second.12

-1

It has also been proposed that atom (fission) bombs of limited power
be exploded below a space vehicle to push it along. Heavy construc-
tion would be required to protect the interior of the vehicle from blast
and radiation effects."

0. THERMONUCLEAR ROCKETS

Harnessing thermonuclear reactions to obtain power is a subject
of continuing interest throughout the world. The United States effort
is being conducted under Project Sherwood.1 t It is reasonable to sup-
pose that a thermonuclear reactor could be used as an energy source for
a rocket in ways not basically different from those suggested for
nuclear reactors."

The use of thermonuclear reactors or other advanced schemes for
propulsion (plasma rockets, ion rockets) involves phenomena of the
type falling under the general term, magnetohydrodynamics: study of
the behavior of ionized gases acted upon by electric and magnetic fields.
Magnetohydrodynamics is one of the very active fields otresearch in
engineering today.1'

H. SOLAR PROPULSION

A number of schemes have been proposed to employ radiation from
the Sun to obtain propulsive power for a space ship. Although the
energy density of solar radiation in space is rather small in compari-
son with the tremendous power of chemical launching rockets, it can
be useful for propulsion in "open" spaces. Once a vehicle is well away
from the Earth or other planetary body , or is established in a satellite
orbit, a very small amount of thrust will serve to alter or accelerate
its flight significantly.

Solar propulsion schemes fall into two categories. In one, the radia-
tion pressure of solar rays would be used to supply thrust on a large,
lightweight surface attached to the space ship-quanta (bundles) of
radiant energy, or photons, are the working materials of such a rocket.

n2 Sutton, G. P., A Preliminary Comparison of Potential Propulsion Systems for Space
Flight, a speech before the Witehlta Section, American Rocket Society, June 30, 1957.2

Outer Space Propulsion by Nuclear Energy hearings before subcommittees of the Joint
Committee on Atomic Energy, Congress of the United States, 85th Cong.. 2d sees., January
22, 23, and February 6, 1958; Col. J. T. Armstrong, p. 186.

1 Outer Space Propulsion by Nuclear Energy hearings before subcommittees of the Joint
Committee on Atomic Energy, Congress of the United States, 85th Cong., 2d sees., January
22, 23, and February 6, 1958; R. Schreiber p. 28.

is National Aeronautics and Space Act, hearings before the Special Committee on Space
and Astronautics U. S. Senate, 85th Cong., 2d seas., on S. 3609, pt, 1, A. Silverstein, p. 39.

", Outer Space Propulsion by Nuclear Energy hearings, before subcommittees of the Joint
Committee on Atomic Energy, Congress of the United States, 85th Cong.. 2d ses., January
22, 28, and February 6, 1958: Dr. S. Ulam, p. 47."it Physical Research Program, hearings before the Subcommittee on Research and De-
velopment of the Joint Committee on Atomic Energy, February 1. 1958 p. 895

IsB2ussard, R. W., Concepts for Future Nuclear Rocket Propulsion, Jet P'ropulsion, vol. 28,
No. 4 April 1958, p. 223.

to oler, Y. A., Home Magnetohydrodynamie Problems in Aeronautics and Astronautics,
Boeing Airplane Co., Document No. DI-'000- 2 6, September 1958.

P Gauger J V. Vail and T. E. Turner Laboratory Experiments in Hydromagnetic
Propulsion LoAheed Airraft Corp., Missile System Division.
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Thus, propellant is supplied in an endless stream from the Sun and no
storage tanks are required on the vehicle. This device has been called
solar 8ail (fig. 4).21 The other approach is to use the solar rays to heat
hydrogen gas, which is then expelled through a nozzle to produce
thrust.

In both of these approaches the weight of mechanism relative to the
thrust obtainable is likely to be so large as to severely limit the use-
fulness of solar propulsion.

Large metallized reflection balloon

S~Sun's rays

Thrust

force

Instrument packaoge

Fig. 4- Solar sail

1. ION PROPULSION

In the various devices for ion propul8ion," each molecule of pro-
pellant (usually assumed to be an alkali metal, notably cesium) is
caused to have an electric charge* that is, the propellant is ionized
(fig. 5). This might be accomp ished by passing the propellant over
heated metal grids. It is then possible to accelerate the charged mole-
cules, or ions, to very high velocities through a nozzle by means of an
electric field. (Electrons are accelerated in a television picture tube in
this fashion.) The performance of such an ion engine is very good,
with values of specific impulse estimated to be as high as 20,000
seconds.2' However, the amount of electric power required is very

G GarwIn, R. L., Solar Sailing, Jet Propulsion March 1958, p. 188.
* Ion Rockets and Plasma Jets, Air Force ORce of Scientifie Research. April 17 1958.

W W.Ilnski, M. I. and B. C. Orr, Project Snooper, Jet Propulsion, November 1968, p. 723.
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Fig. 5-Ion rocket engine

large, so weight of the power-generating equipment becomes a major
obstacle to an efficient vehicle. It is contemplated that some type of
nuclear fission (or fusion, farther in the future) could be used to sup-
ply the energy for the electric powerplant, although this step would
still not eliminate the need for heavy electrical generators, unless
direct conversion of fission to electrical energy in large quantities be-
came practical.212 5

For example, an ion rocket offering 20,000 seconds of specific im-
pulse, using cesium for the propellant, would require about 2,100 kilo-
watts of electric power to produce 1 pound of thrust, assuminm good
efficiency. Optimistic estimates of electric-power-supply wei,%ht in-
dicate that the power unit would weigh about 8,500 pounds. The
weight of the ion accelerator itself is small in comparison. Therefore,
an ion rocket can accelerate itself only very slowly (about 1/16,000
of 1 g in this example).

J. PLASM[A ROCKET

Another possible method for using electric power to operate a rocket
engine uses electricity to heat the propellant directly by means of dis-
charging a powerful arc through it. In this way, very high tempera-
tures can be obtt...,ed, leading to high specific impulse, perhaps several
thousand seconds, while avoiding the materials problem involved in
heating a gas by pao.sing it over a hot surface, as would be done for
example, in the conventional nuclear rocket. Such a device has ieen
generally te med a plasma rocket.21" It, too, requires large quantities
of electric power, about 150 kilowatts for each pound of thrust. While
the included sketch (fig. 6) shows a conventional cooled rocket nozzle,

Im See footnote 23, p. 87.
0 WIllinski, M. I and B. C. Orr Project Snooper: A Program for Reconalssance of the

solar System With Ion Propelled Vehicles, North American Aviation, Rocketdyne Division,
June 19. 1956.

s Outer Space Propulsion by Nuclear Energy hearings before subcommittee of the Joint
Committee on Atomic Energy, Congress of the anlted States, 85th Cong., 2d sees., January
22, 23, and February 6. 1958; T. Merkle, p. 560.SReid, J. W., The Plasma Jet: Research at 25,000" F.. Machine Design, February 6,
1958.SOnter Space Propulsion by Nuclear Energy, hearings before subcommittees of the Joint
Committee on Atomic Energy, Congress of the United States, 84th Cong., 2d sees., Janiary
22, 23 and February 6, 1958; A. Silverstein, p. 80.
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it may be possible to use magnetic fields to direct the jet, as the healed
propellant has been ionized (made into a plasma) by the arc (another
application of magnetohydrodynainics).

To electric power supply

r To propellant toantk

Positive
electrode

injected propellant
Injected propellant-

Heating are

Negative electrode

Nozzle

Fig.6-Plasmo jet

K. PIIOTON ROCKET

It has been proposed by several different research workers that
photons, that is, light or other radiation, be generated and emitted
from the rocket in a focused beam. A certain amount of molmentum
is associated with the photon beam, and thrust would be generated by
such an engine. Such a system, however, would use energy very inef-
ficiently, unless matter could be converted completely into energy. 9

For example, a large military searchlight is a photon rocket in a sense,
but yields less than one ten-thousandth of a pound of thrust for a
power consumption of 100 kilowatts.

L. SUMMARY

There are two general measures of the performance of a rocket en-
gine. On)e is the specific impulse, which will determine the amount of
propellant that must be used to accomplish a given task. The second
is the fixed weight of the engine, including the necessary tankage,
power supply, and structure.

The chemical rocket engine is a fairly ligrhtweight device. However,
the specific impulse is not high. Solid and iuid propellants in
present use deliver an impulse of around 250 seconds. Thebest liquid
propellants so far conceived and evaluated yield an impulse of about
350 seconds. Certain solid propellants, proposed on the basis of

a Huth, J H Bome Fundamental Considerations Relating to Advanced Rocket Propul-
sion Systema, Tie RAND Corp., Paper P-1479, November 21, 1958.
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theory alone, might yield 300 seconds. The fundamental theory of
chemical binding energies precludes the possibility of any substantial
gains over these numbers. Even some as-yet-undiscovered superfuel
is unlikely to raise the specific impulse beyond 400 seconds or
thereabouts.

The heab4transfer nuclear rocket is not limited by propellant bind-
ing energies, but by the temperature limitations of wall materials.
Using hydrogen as a propellant, values of specific impulse of perhaps
1,000 seconds or more are feasible. Should gaseous containment of
the fissioning fuel be possible, specific impulses of several thousand
seconds might be achieved. This type of rocket engine appears very
promising, and research on nuclear rockets and controlled thermo-
nuclear power reactors may yield information useful to the construc-
tion of such a device.

The primary consideration in obtaining useful thrust from ion or
plasma rockets is the construction of lightweight electric power sup-
plies. A gross reduction in electrical generation equipment, as com-
pared with the most advanced of present equipments, is required to
make the electric rocket really interesting for flight in the solar
system.

In any event, the electric rocket is likely to remain a low-thrust
device. Therefore, large chemical or nuclear rockets would still be
required to boost a space ship from the surface of the earth.

No prospects are now apparent for realization of propulsion schemes
of the "antigravity" variety, because the negation or reversal of the
gravitational attraction of matter would violate basic physical laws
as presently understood. Pending discovery of a new class of physical
phenomena, the notion of antigravity now stands in a state similar to
that of the perpetual motion machine.

X. AIR-BREATHING AND RECOVERABLE BOOSTERS

The use of air-breathing engines, principally turbojets or turbo-
fans, as first-stage missile boosters is certainly feasible. However, for
boosting large missiles (current ICBM's or larger) an air-breathing
booster would be a relatively complex and expensive device, either
composed of many jet engines already being developed for aircraft
applications, or requiring the special development of large jet engines
having several times greater thrust than conventional jet engines.
Conse._uently, from an economic point of view, air-breathing boosters
are of interest only in these cases where the operation permits the re-
peated use of the boosters (perhaps 10 times or more) ; thus, recover-
able boosters might be of interest for possible future large-scale
satellite-launching operations, but not for ICBM systems requiring a
quick-reaction salvo capability. It is possible that, when all the oper-
ational factors are considered, the potential savings from using re-
coverable air-breathing boosters will turn out to be relatively small,
perhaps considerably less than 20 percent.
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Since the possible economic advantage of air-breathing recoverable
boosters arises from the recoverability and reuse feature of these
boosters, rather than from the fact that they are air-breathing, recov-
erable rocket boosters are also worthy of consideration. For exam-
ple, the rocket motor, and perhaps also the empty propellant tank, of
a liquid rocket booster could be returned to earth intact by means of
parachutes, gliding wings, lifting jet engines, or a combination
thereof. A reasonable compromise among the desirable qualities of
reliability of launch and recovery, ease of return of booster to launch
site, and minimum booster cost might result in a liquid rocket booster,
whose rocket motor is returned to the launch site by means of relatively
small turbojet engines; these jet engines would also assist the rocket
booster during ascent through the lower atmosphere.



6. PNorELLAzrs

A. GENERAL FEATURES OF ROCKET PROPELLANTS

Chemical propellants in common use deliver specific impulse values
ranging from about 175 up to about 300 seconds. The most energetic
chemical propellants are theoretically capable of specific impulses up
to about 400 seconds.

High values of specific impulse are obtained from high exhaust-gas
temperature, and from exhaust gas having very low (molecular)
weight. To be efficient, therefore, a propellant should have a large
heat of combustion to yield high temperatures, and should produce
combustion products containing simple, light molecules embodying
such elements as hydrogen (the hlghtest), carbon, oxygen, fluorine, and
the lighter metals (aluminum, beryllium, lithium).

Another important factor is the density of a propellant. A given
weight of dense propellant can be carried in a smaller, lighter tank
than the same weight of a low-density propellant. Liquid hydrogen,
for example, is energetic and its combustion gases are light. How-
ever, it is a very bulky substance, requiring large tanks. The dead
weight of these tanks partly offsets the high specific impulse of the
hydrogen propellant.

Other criteria must also be considered in choosing propellants.
Some chemicals that yield excellent specific impulse create problems
in engine operation. Some are not adequate as coolants for the hot
thrust-chamber walls. Others exhibit peculiarities in combustion
that render their use difficult or impossible. Some are unstable to
varying degrees, and cannot be safely stored or handled. Such fea-
tures inhibit their use for rocket propulsion.

Unfortunately, almost any propellant that gives good performance
is apt to be a very active chemical; hence, most propellants are corro-
sive, flammable, or toxic, and are often all three. One of the most
tractable liquid propellants is gasoline. But while it is comparatively
simple to use, gasoline is, of course, highly flammable and must be
handled with care. Many propellants are highly toxic, to a greater
degree even than most war gases; some are so corrosive that only a
few special substances can be used to contain them; some may burn
spontaneously upon contact with air, or upon contacting any organic
substance, or in certain cases upon contacting most common metals.

Also essential to the choice of a rocket propellant is its availability.
In some cases, in order to obtain adequate amounts of a propellant, an
entire new chemical plant must be built. And because some propel-
lants are used in very large quantities, the availability of raw materials
must be considered.

42
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B. SOLID CHEMICAL PROPELLANTS

Two general types of solid propellants are in use. The first, the so-
called double-base propellant, consists of nitrocellulose and nitro-
glycerine, plus additives in small quantity. There is no separate fuel
and oxidizer. The molecules are unstable, and upon ignition break
apart and rearrange themselves, liberating large quantities of heat.
These propellants lend themselves well to smaller rocket motors. They
are often processed and formed by extrusion methods, although casting
has also been employed.

The other type of solid propellant is the composite. Here, separate
fuel and oxidized chemicals are used, intimately mixed in the solid
grain. The oxidizer is usually ammonium nitrate, potassium chlorate,
or ammonium chlorate, and often comprises as much as four-fifths or
more of the whole propellant mix. The fuels used are hydrocarbons,
such as asphaltic-type compounds, or plastics. Because the oxidizer
has no significant structuralstrength, the fuel must not only perform
well but must also supply the necessary form and rigidity to the grain.
Much of the research in solid propellants is devoted to improving the
physical as well as the chemical properties of the fuel.

Ordinarily, in processing solid propellants the fuel and oxidizer
components are separately prepared for mixing, the oxidizer being a
powder and the fuel a fluid of varying consistency. They are then
)lended together under carefully controlled conditions and poured

into the prepared rocket case as a viscous semisolid. They are then
caused to set in curing chambers under controlled temperature and
pressure.

Solid propellants offer the advantage of minimum maintenance and
instant readiness. However, the more energetic solids may require
carefully controlled storage conditions, and may offer handling prob-
lems in the very large sizes, since the rocket must always be carried
about fully loaded. Protection from mechanical shocks or abrupt
temperature changes that may crack the grain is essential.

C. LIQUID CHEMICAL BIPROPELLANTS

Most liquid chemical rockets use two separate propellants: a fuel
and an oxidizer. Typical fuels include kerosene, alcohol, hydrazine
and its derivatives, and liquid hydrogen. Many others have been
tested and used. Oxidizers include nitric acid, nitrogen tetroxide,
liquid oxygen, and liquid fluorine. Some of the best oxidizers are
liquified gases, such as oxygen and fluorine, which exist as liquids only
at very low temperatures; this adds greatly to the difficulty of their
use in rockets. Most fuels, with the exception of hydrogen, are liquids
at ordinary temperatures.

Certain propellant combinations are hypergolic; that is they ignite
spontaneously upon contact of the fuel and oxidizer. Others require
an igniter to start them burning, although they will continue to burn
when injected into the flame of the combustion chamber.

In general, the liquid propellants in common use yield specific im-
pulses superior to those of available solids. On the other hand they
require more complex engine systems to transfer the liquid propellants

87162"-59---4
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to the combustion chamber. A list showing solid- and liquid-propel.
lant performance is given in table 1.

TAeaz 1.--pedie impulse of some tivzow? oaemical iopelanlest

Propellant combinations: lo, revs
Monopropeliants (liquid): (S.a)

Low-energy monopropellautsL ................... 160 to 190.
Hydrazine
Ethylene oxide
Hydrogen peroxide

High-energy monopropellants:
Nitromethane --------------- 190 to 230.

Bipropellants (liquid) :
Low-energy bipropellants --------------------------- 200 to 230.

Perehloryl fluoride-Available fuel
Analine-Aeid
JP-4-Acld
Hydrogen peroxide--JP-4

Medium-energy bipropellants ------------------------ 230 to 260.
Hydrazine-Acid
Ammonia-Nitrogen tetroxide

High-energy bipropellants -------------...... ...---- 250 to 270.
Liquid oxygen-JP-4
Liquid oxygen-Alcohol
Hydrazine-Cblorine trifluoride

Very high-energy bipropellants ------------------ 270 to 330.
Liquid oxygen and fluorine--JP-4
Liquid oxygen and ozone-JP-4
Liquid oxygen-Hydrazine

Super high-energy bipropeilants ------------------- 300 to 385.
Fluorine-Hydrogen
Fluorine-Ammonia
Ozone-Hydrogen
Fluorine-Diborane

Oxidizer-binder combinations (solid):
Potassium perchlorate:

Thiokol or asphalt ---------------------------- 170 to 210.
Ammonium perchlorate:

Thiokol ----.- ........---------------------- 170 to 210.
Rubber ---------------------------------------- 170 to 210.
Polyurethane ---------------------------------- 210 to 250.
Nitropolymer ---------------..........-------- 210 to 2.50.

Ammonium nitrate:
Polyester -------- 170 to 210.
Rubber --------------------------------- 170 to 210.
Nitropoiymer - . . ..----------------------------- 210 to 2.50.

Double base -------------------------------------- 170 to 250.
Boron metal components and oxidant --------------- 2OW0 to 250.
Lithium metal components and oxidant ------------- 200 to 2.50.
Aluminum metal components and oxidant ---------- 200 to 150.
Magnesium metal components and oxidant ----------- 200 to 250.
Perfluoro-type propellants ---------------------- 250 and above.

I Some Considerations Pertatning to Space Navigation, Aerojet-aeneral Corp.. Special
Rept. No. 1450, May 1958.

Liquid oxygen is the standard oxidizer used in the largest United
States rocket engines. It is chemically stable and noncorrosive, but
its extremely low temperature makes pumping, valving, and storage
difficult. If placed in contact with organic materials, it may cause
fire or an explosion.

Nitric acid and nitrogen tetroxide are common industrial chemicals.
Although they are corrosive to some substances, materials are available
which will safely contain these fluids. Nitrogen tetroxide, since it
boils at fairly low temperatures, must be protected to some degree.
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Liquid fluorine is a veyr low temperature substance, comparable
with liquid oxygen, and is highly toxic and corrosive as well. Further.
more, its products of combustion are extremely corrosive and dan-
gerous; hence, the use of fluorine raises problems in testing and oper-
ating rocket engrines.Mkst liquid fuels with the exception of hydrogen, are closely alike

in performance and handling. They are usually quite tractable sub-
stances. Hydrogen, however, exists as a liquid only at extremely low
temperatures--lower even than liquid oxygen; hence, it is very difficult
to handle and store. Also, if allowed to escape into the air, it can
form a highly explosive mixture. It is a very bulky substance, about
one-fourteenth as dense as water. Nonetheless, it offers the best per-
formance of any of the liquid fuels.

D. LIQUID-CHEMICAL MONOPROPELLANTS

Certain unstable liquid chemicals which, under proper conditions,
will decompose and release energy, have been tried: as rocket propel-
lants. Their performance, however, is inferior to that of bipropel-
lants or modern solid propellants, and they are of must interest in
rather specialized applications, like small control rockets. Out-
standing examples of this type of propellant are hydrogen peroxide
and ethylene oxide.,

E. C;, [BINATIONS OF THREE OR MORE CHEMICAL PROPELLANTS

The use of more than two chemicals as propellants in rockets has
never received a great deal of attention, and is not considered advan-
tageous at present. Occasionally a separate propellant is used to op-
erate the gas generator which supplies the gas to drive the turbopumps
of liquid rockets. In the V-2, for example, hydrogen peroxide was
decomposed to supply the hot gas for the main turbopumps, although
the main rocket propellants were alcohol and liquid oxygen.

F. FREE-RADICAL rROPELLANTS

If certain molecules are torn apart, they will give up large amounts
of energy upon recombining. It has been proposed that such unstable
fragments, called free radicals, be used as rocket propellants. The
difficulty is, however, that these species tend to recombine as soon as
they are formed; hence, a central problem in their use is development
of a method of stabilization. Atomic hydrogen is the most promising
of these substances. Use of atomic hydrogen might yield a specific im-
pulse of about 1,200 to 1,400 seconds.'

0. WORKING FLUIDS FOR NONCHEMICAL ROCKETS

Devices such as the nuclear rocket must use some chemical as a
working fluid or propellant, although no energy is supplied to the
rocket by any chemical reaction. A the heat comes from the reactor.
Since the prime consideration is to minimize the molecular weight
of the exhaust gas, liquid hydrogen is the best substance so far con-

'North Ameriean Avation.ninc, press release NL-45, October 15. 1958.
'Outer Space Propulsion Using Nuclear EnergY hearings before subcommitteee of the

Joint Committee on Atomic Energy. Congress 4th e United States& 85th Cong., U seen..
January 22. 28. and February 6, 1i, Lt. CoL P. Atkinson, p. 14L.
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sidered, and it does not seem likely that any substance with superior
performance can be found. The problems of handling liquid hydro-
gen are the same for the nuclear rocket as for the chcnical rocket.

Another substance mentioned for use as a propellant in the nuclear
rocket is ammonia. While offering only about one-half the specific
impulse of hydrogen for the same reactor temperature as a conse-
quence of its greater molecular weight, it is a liquid at reasonable
temperatures and is easily handled. Its density is also much greater
than hydrogen, being about the same as that of gasoline.

Propellants that would be suitable for use in electric propulsion
devices are the easily ionized metals. The one most generally con-
sidered is cesium; next best are rubidium, potassium, sodium, and
lithium.

H. UNCONVENTIONAL PROPELLANT PACKAGING

Some unconventional approaches in the propellant field include the
following:

Use of a liquid oxidizer with a solid fuel the oxidizer being
pumped through the perforation of the solid grain for burning.

Sealing liquid propellant in small capsules, so that a liquid
load can be handled and tanked as a mass of dry "propellant
pills." a

*Encapsulated Liquid Fuel Study Initiated. Aviation Week, vol. 69, No. 19, November 10.
1958. p. 29.



7. INTERNAL POWER SOURCU8

A. POWER NEEDS

All space vehicles will require some source of electrical power for
operation of communication equipment, instrumentation, environment
controls, and so forth. In addition, vehicles using electrical propul-
sion systems like ion rockets will have very heavy power requirements.

Current Satellites and space probes have relatively low electrical
power requirements-of the order of a few watts. Bolder and more
sophisticated space missions will lead to larger power needs. For
example, a live television broadcast from the Moon, may require kilo-
watts of power.' Over the distance from Earth to Mars at close
approach, even a low-capacity instrumentation link might easily
require hundreds of kilowatts of power.' The net power needs of
men in space vehicles are less clearly defined, but can probably be
characterized as "large."'3 Electrical propulsion systems will con-
sume power at the rate of millions of watts per pound of thrust.

Power supply requirements cannot be based on average power de-
mands alone. A very important consideration is the peak demand.
For example, a radio ranging device may have an average power of
only 2 watts but it may also require a 600-watt peak. Unfortunately
most foreseeable systems are severely limited in their ability to supply
high drain rates; consequently they must be designed with a continuous
capacity nearly equal to the peak demand.

A third important consideration is the voltage required. Voltage
demand may be low for motors or high for various electronic applica-
tions. Furthermore, alternating current may be required or may be
interchangeable with direct current. Transformations of voltage
and/or direct to alternating current may be effected, but with a
weight penalty.'

B. BATTERIES

The power supply most readily available is the battery, which
converts chemical to electrical energy. Table 1 summarizes the ulti-
mate and the currently available performances of a few selected bat-
tery systems. The theoretical performance figures refer to cells in
which all of the cell material enters completely into the electrochemical
reaction.' These theoretical limits, are, of course, unobtainable in
practice because of the necessity for separators, containers, connectors,
etc. The hydrogen-oxygen (H--O-) system refers to a fuel cell.

I Crain. C. M. and R. T. Gabler, Communication in Space Operations, The RAND Corp.,
Paper P-2394. *ebruary 24. 1958.

*IRiesearch In Outer Space, Science, vol. 127, No. 2302, April 11, 19S8, p. 793.
Ingram, W. T., Orientation of Research Needs Associated With Environment of Closed

Spaces. Proceedings of the American Astronautical Society. Fourth Annual Meeting,
January 1958.

4 Smith, J. G., Transistor Inverters Supply 400-Cycle Power to Aircraft and Missiles,
Aviation Age, vol. 28, No. 6. December 1957, p. 112.

"Potter, E. C.. Electrochemistry. Principles and Applications, Macmillan. 195•.
47



48 ASTRONAUTICS AND ITS APPLICATIONS

Hydrogen and oxygen, stored under pressure, take the place of stand-
ard electrodes in a battery reaction, and about 60 percent of the heat
of combustion is available as electrical energy.. The figures listed
under "Currently available performance" in table 1 refer to long dis-
charge rates (in excess of 24 hours) and normal temperatures.

TAUBI 1.--lectrochemical #yetema

Limiting Currently available
theoretical performance

Type ol c performano -
(watt-hours
per pound) Watt-hours Watt-hours

per pound per cubic inch

eaod-acid ..................................................... 75 16 L 0
Nickel-cadmium-------------------------------------------- 892 13 1.0
Zinc-silver ----------------------------------------------- 178 40 & 0
Bydruien-oxygen ----------------------------------------- 1 70W 3CI

Batteries as prime energy sources do not give really long life-
times; they do not operate well at low ambient temperatures or
under heavy loads. Batteries are best suited to be storage devices
to supply peak loads to supplement some other prime source of energy.

Other factors to be considered with regard to chemical batteries
are: (1) They are essentially low-voltage devices, a battery pack
being limited to about 10 kilovolts by reliability limitations; (2) a
high-vacuum environment and some forms of solar radiation may
have deleterious effects; and (3) many batteries form gas during
charge and have to be vented, which is in conflict with the need for
hermetic sealing to eliminate loss of electrolyte in the vacuum environ-
ment of space.

C. SOLAR POWER

Solar energy arrives in the neighborhood of the Earth at the rate
of about 1.35 kilowatts per square meter. This energy can be tapped
by direct conversion into electricity through the use of solar cells
(solar batteries), or collected I to heat a working fluid which can
then be used to run some sort of engine to deliver electrical energy.

Solar cells are constructed of specially treated silicon wafers, and
are very expensive to manufacture. They cost about $100 per watt
of power capacity.

Table 2 gives the performance at 800 F. of some current silicon
cells produced by the Hoffman Electronics Corp. These cells gen-
erally operate at about 9 percent efficiency on the overall solar spec-
trum. On a weight basis they deliver about 30 watts per pound
(bare). Possible hazards to solar cells include the impingement of
micrometeorites (which might have an effect similar to sandblasting)
and various forms of solar radiation. Experiments on high-speed-
impact phenomena have not yet clarified the extent of damage to be
expected when impacts do occur°l As for radiation effects, it has

'Rydrox Fuel Cells-An Eleetrkial Power Source for Civilian and Military Applications.
Pattersou-Moos Research Division of Univerml Winding Co.. Jamaica. N. Y.

v Miller. 0. V. J. H. Mcleod, and W. T. Sherwood. Thin Sheet Plastic Freasnel Lenses of
Bigh Aperture. Iournai of the Optical Society of America, vol. 41, No. 11. November 1951,
pp.h J B5 • J S. Theompson, and M. R. Vanvalkenbarg. H Impact Phenomsma,
JournalA'pplied Mechanics. vol. 24. No. 1. March 1957. pp. 6•5U.
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been estimated that solar cells should survive for many years in a
solar environment.' Surface cooling may be necessary for use of
solar cells.

T~A=z 2.-Performance of solar cells
[Solar power available at the top of the Earth's atmospherem 13 milliwatts per square centimeter I

Output In lull sulght, with a matched load
Aetivesr•ee

Overall dimensions (centimeters) Activeen Vola e Curet Power Mlliiwatt,
Umet=1) (volta) (millIlampsa) (milwatt,) per square

centimeter

3.195 (diameter) ........................... 7.9 0.32 140 44.8 & 7
2.8 (diameter) -................. 4.75 .40 110 44.0 9.25
IX2 1.80 .40 42 W08 9.38
0.5X2 rectangular) ...----------------- -. s80 .40 20 & 0 10.00

For satellite applications of solar cells there is a need to store energy
for use during periods of darkness. This storage is the sort of appli-
cation for which batteries are appropriate. As a rough indication of
total weight, a combined installation of solar cells and storage batteries
can be expected to weigh about 700 pounds per kilowatt of capacity.

There are a number of possible future improvements in solar cells.
Of all the energy striking a solar cell, part is effectively used in pro-
ducing electrical energy, part is reflected (about 50 percent), and
part is actually transmitted through the cell, particularly in the
longer wavelength end of the spectrum. Therefore one improvement
would be to reduce the reflectivity of the cell; another would be to
make the cells thinner."0 Another possibility might be to actually
concentrate solar energy through a lightweight plastic lens. It would
be desirable to develop cells for high-temperature operation.11 Tem-
perature control problems for solar cells have been investigated in
the U. S. S. R. for satellite applications?'

The second possibility for utilizing solar energy is through heating
of a working fluid. An example o:s possible system of this sort is
shown in figure 1. Here a half-silvered, inflated mylar plastic sphere
(about 1 mil thick) 8.5 feet in radius, might serve as a collector,1' at a
weight cost of only about 8 pounds per 30 kilowatts of collected thermal
energy."" An installation of this size would require roughly 100
square feet of radiator to reject waste heat (assuming a 10-percent
overall conversion efficiency). This kind of system is roughly similar
to a solar cell system as to weight for a given power capacity. Again
meteorite effects present an unknown factor in this case with respect
to puncture of the collecting sphere and/or the radiator. The greater
the actual meteorite hazard turns out to be, the thicker and conse-
quently the heavier the radiator will have to become. The develop-
ment potential of solar energy sources seems good.

9 Proceedings of the 11th Annual Battery Research and Development Conference. Power
Sources Division U. 8 Army Signal Corps Znoneerlng."16 Jackson, M. 1P., Ar•as for improvement o the semiconductor Solar Energy Converter,
presented at the Conference on Solar Energy at the University of Arizona. October 1955."" Halsted, R. E, Temperature Consideration In Solar Battery Development, Journal of
Applied Physics, vol. 28, No. 10, October 1951, p. 1131.

Vavilov, V. S., V. M. Malovetskaya, C. N. Galkin, and A. P. Landsman, Silicon Solar
Batteries as Electric Power Sources for Art'flcial Earth Satellites. Uspekkit isleheskikh
Nauk vol. 68, No. la, September 1957. pp. 128-129.

a uch a colletor ii capable of producing considerably higher temperatures than can be
Otillsed b existing materials.

E' Ehrlce, K. A., The Solar-Powered Space Ship, American Rocket Society, paper No. 810-
56. June 196.
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Solar energy

Transparent ifae

Heating element

Pump

\Radiator

Fig.I - Solar- oo-t-rod alternator unit

D. X0UCTEAR SOU1[tC11,

Nuclear power sources can be available either with a reactor or
through the use of isotopes.

TABLE S.-Specific power of pure liaotopes

specific Specific
power Power at
of pure attainable

isotope isotope isotope Half-ifte Source
(watts pr compound

graint (watt, per
gram)

Strontium 9------------------------ 0 921 a (093 28 years--- Figsion product.
Protoetheum--------------------------- ---- 141 033 26 years.--- Do.
Polonium----------....-.-...- - 4-' £38 days-__Neutron crfadla.

Lion ol Biismuth.

NoTh.-Estimated flutionprodluct power Jim nuclear power industry:

Cumnulative Approsimate
installed total beta
reactor and) gamma

megawatts kilowatta

------------------------------------------------------ K 000ot 000i
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Table 3 lists the specific powers available from a few selected pure
isotopes. These figures refer to the fresh isotope (that is, to a newly
produced isotope; as time goes on, the power available from a given
quantity of isotopes will progressively decrease). Since it is diffi-
cult to obtain isotopes in a pure form, figures are also given for real-
izable compounds (oxides). Isotopes are generally quite expensive and
may not be realistically suitable for really large-scale operations. How-
ever, for satellite power demands, isotopes may offer some interesting
possibilities. One direct way of using isotopes is in the form of a
battery, through collection of beta particles (electrons) thrown off by
an isotope such as strontium 90 (see fig. 2). This will produce a bat-
tery yielding several kilovolts, a gain over electrochemical batteries
which are essentially low-voltage devices. However, strontium bat-
teries, although they have a very long lifetime, yield a rather low
number of watt-hours per pound as illustrated. Also, nothing can
be done to alter the rate at which the isotope releases energy. Another
possibility might be to use an isotope such as polonium-which is in-
cidentally rather easy to shield, with reference to external radiation
hazard-as a heat source and connect thermocouples from this source
to a radiator. Such assemblies have yielded about 300 watt-hours per
pound over their half-life. (Conventional metallic thermocouples are
very inefficient; semiconductor varieties are better, but subject to radia-
tion damage, etc.'s Isotope batteries are expensive; $375,000 for the
one illustrated. 16

zs Goldsmith, H. J., Use of Semiconductors in Thermoelectric Generators, Research. May
1955, p. i72.

I' Hammer, W. J., Modern Batteries Institute of Radio Engineers Transactions on Com-
ponent Parts, voi. C'P-4, No. 8, September 1957. pp. 86 96.
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Radiator (aluminum)

R uThermocouple$ 

(.401

Polonium 210 (32 gins) In a metal cylinder

Half-life performance (138-day drain-rote)

320 watt-hrs lb 750 millivolts open-circuli

SStrontium 90 embedded in gold foil

Aluminum collector

Polystyrene insulating medium

Half-life performance (28 year drain-rate)

0 .2 u o tt- • , /ib I w oa ll- nr/ cub ic 'in.
Delivers 50 X 10-12 amps at 104 volts

Fig.2 - Utilization of isotope power

Figure 3 shows the Elgin-Kidde prometheum battery (originally
designed to operate a watch). All of these batteries have very low
efficiencies as regards converting isotope decay energy.
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~Photo cells

( w -Prametheum 147-phosphor mixture

4--Plastic window

faolf-life performance (25yr drain-rote)

Unshielded f 320 watt-hrs/lb
(90r/hr) l. 22.8 wott-hrs/ cubic in

Delivers 20 X 10-6 amps at I volt

Shielded f 8.5 walt-hrs/lb
(Tungsten

alloy) L,4.6 watt-his/cubic in

(Continuous exposure of human extremities permissible)

Fig.3 -Prometheum battery

Another possibility would be to use a polonium (or cerium) heat
source essentially as a boiler. Rotating conversion equipment could
then probably provide higher conversion efficiencies, but with possibly
less relability.

In summary, isotope power supplies, although they can probably
outperform the electrochemical systems, are still quite limited in a
number of respects. They dissipate energy at an unalterable rate
determined by the half-life of the isotope (290 days for cerium 144).
Consequently they must be designed for the expected peak demand.
Also there is the problem of throwing away excess heat at the start.
They are expensive, and there will probably never be enough material
for any large-scale operation. Also, the hazard is quite high for
a number of isotopes. (For example, polonium is a bone seeker.)
Furthermore, this hazard is greatest just at launching when the unit
is fresh. An isotope power supply using cerium 144, called Snap I,
is in development. The Martin Co. is the prime contractor, with
Thompson Products as subcontractor for the rotating conversion
equ i pment."

Nuclear reactors have a criticality requirement which sets a lower
limit to weight, and they may require more shielding .However, they
do offer essentially an unlimited lifetime and less hazard at takeoff.
Reactors are attractive means for generation of large quantities of
heat energ~y for very long times. In the foreseeable future the weight
of a large installation based on a reactor source is likely to lie mostly
in the machinery required to convert reactor heat into electricity.
A reactor power supply called Snap 1I is also in development. The
prime contractor is the Atomics International Division of North Amer-
ican Aviation. It is to use the same conversion equipment as Snap 1.18

17 Oater Space Propulsion by Nuclear Energy, hearings before subcommittee of the Joint
Committee on Atomic Energy, Congress of the United States, 86th Cong., 2d sees., January
22, 23, and February 6, 1958; Col. J. L. Armstrong, p. 122.

38 See footnote 17.
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A polonium heat source can be used to heat a thermocouple to
generate electricity. Polonium encapsulated in a pellet and attached
to one end of a thermocouple will heat the assembly to a temperature
of about 15000 F. The unheated end of the thermocouple will radiate
waste heat to space. It is estimated that such units in development
at the Westinghouse Electric Co. as Snap IlI will deliver 3 watts for
6 months witf a total weight of only 10 pounds. The cost of such
a unit is expected to be about $25,000. The efficiency of the conver-
sion from thermal to electrical energy is about 8 percent. No shield-
ing from radiation would be required for most applications.19

b See footnote 17, p. 53.



8. STuRCREs AND MArTIAs

The materials used in the construction of rocket boosters and space
vehicles range from special high-density material for heat absorption
to high-strength, lightweight materials to carry flight loads. For each
application, the requirement for minimum weight is dominant. Any
unnecessary pound of material used in the construction of the flight
vehicles reduces the useful payload by at least 1 pound.

A. POSSIBILITIES FOR MATERIALS IMPROVEMENTS

Some possible future improvements in structural materials are dis-
cussed in the following paragraphs.

Structural strength
At present, designers have achieved structural configurations which

have more than two-thirds of the maximum possible strength per
pound of material. Some further gain can yet be expected from
novel designs, closer control of material properties and manufacturing
tolerances,' and the use of very large single shapes. Today's most
efficient structural materials for normal temperatures, such as alum-
inum and titanium, can be surpassed in the future by new materials
such as beryllium 2 and composite materials using high-strength fila-
ments.8

Extreme thermal environment'
The best current high-temperature metals, e. ., nickel and ferrous

alloys, may soon be replaced by molybdenum. A better future prospect
for higher temperatures is tungen; however, there is today rather
little metallurgical work being done on tungsten, and no effort toward
alleviating such problems as its affinity for oxygen. Another excellent
prospect for high-temperature use is carbon, possessing a host of at-
tractive properties. But structural use of carbon will be severely re-
stricted by its brittle behavior and the need for protection against oxi-
dation, hydrogenation, and nitrogenation, problems on which little
research is being done at present.

Ceramics such as carbides have very high melting points and show
much promise for high-temperature use. They do not exhibit any
ductile behavior, except in a few rare cases under meticulously con-
trolled surface conditions; but they remain an attractive field of
investigation.

Since each available material possesses only one outstandingly good
property (for example, tungsten's ductility, ceramics' high-tempera-

RHoffman, 0. A., A Criterion for Choosing Sheet Tolerances In Aircraft Materials, The
RAND Corp.. Research Memorandum RM-2127, Mar. 7, 1958.

s Micks, W. R., and G. A. Hoffman, A Reevaluation of Beryllium as a Potential Structural
Material for Use In Flight Vehicles, The RAND Corp., Research Memorandum RM-1642,
May 7, 1956.

3 Hoffman, G. A., Fibered Materials for Flight Structures, The RAND Corp., Research
Memorandum RM-1868, Feb. i8, 1957.

RHoffman, G. A., Materials for Space Flight, The RAND Corp., Paper P-1420, July 1,
1958.
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ture strength), the ideal material would be a composite of two or more
materials, each component being utilized only for its best property.

In some applications it may be advantageous to protect conventional
structures from severe thermal environment, rather than to make a
structure of high-temperature materials. Relatively brief encounters
vwith a hot environment can be survived by the protection method, as in
the insulation of rocket nozzles and reentry nose cones.

B. TMINT SHILL STRUCTrURE8

In attempting to reduce weight, vehicle skin thickness must be as low
as possible. But since very thin sections of -material possess appreci-
able strength only under tension (stretching) loads and in no other
direction, unique design and handling problems are created that will
continue to require study and experimentation.&

There are several methods for using thin-walled structures. In
some cases the structure can be internally pressurized to keep the
walls from buckling. The net stretching force due to internal pres-
sure is made greater than the compressional force due to flight loads,
so that the tank walls experience no compression, and buckling is
avoided.

Another method of stabilizing thin sheets is commonly used in the
construction of conventional aircraft (fig. 1). In this case (sheet
and stringer construction), stiffening members (stringers) are fas-
tened to the skin in the direction of the compressive load.

Fig. I-Sheet stringer construction

'sandort, P. v., Structures for Spacecraft. American Rocket Society Paper No. 788 -58
Nov. 20. 1958L
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The same results can be obtained in a single pieee by chemical mill-
ing or machining of a solid sheet to remove all metal except ribs or
"wgafles" that act as stringers (fig. 2).

Fig. 2-Waffle construction

Thin sheets can also be stabilized agailnst buckling b7v placin a
liihtweight supporting core between two sheets to fo.p m a n sandwic

The core mighbe in the form of honeycomb fig. 3) or corrugation,
or possibly a light plastic or metal oam. S andwich construction
is becoming increasingly important in higher temperature &P 11c-
tions. This type of construction should be useful in such vehicles as
hypersonic gliders.'

Fig. 3- Typical sandwich panel
with hexagonal cell care

'Braun, M. T., and R.G0. Curnechl, Structural Aspects of Earth Glide ReeatrU Vehice..
Boeing Airplane Co., Aug. 18-19, 105&
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C. LARGE STRUCTURES

A number of space-flight applications, such as collection of solar
radiation for power generation, involve very large structures-cover-
ing areas of millions of square feet in extreme cases. The weight of
these structures must be kept very low in order to make the associated
systems feasible at all. Added to the problems of operatinf such
structures in space are the problems (perhaps more serious) of pack-
aging extensive amounts of fragile material compactly for carriage on
launching rockets.

D. STRUCTURAL DYNAMIC PROBLEMS

The bending and vibration of very light rocket structures interact
with the flight-control system to such an extent that the structure and
control system must be approached as an integrated design problem.

E. TEMPERATURE CONTROL

The equilibrium temperature of a space vehicle is determined prin-
cipally by the nature of the structural surface. The radiation prop-
erties of this overall surface determine the relative rates of absorption
of solar energy by the vehicle and the radiation of vehicle heat into
space. This lalance, along with the quantity of heat internally gen-
erated, determines vehicle temperature. Measures available to adjust
this temperature balance include choice of surface color and smooth-
ness of finish, as on Vanguard, Explorer, and Pioneer.8 The overall
surface characteristics can also be controlled in flight by operating
"flaps" that cover or expose more or less surface area finished black,
as was done on Sputnik 111.0 10

F. METEORITE HAZARD

Data on entry of meteorites into the earth's atmosphere can be used
to estimate crudely the number of encounters with meteorites that can
be expected for a space vehicle by a simple comparison of the surface
area of the earth with that of the vehicle. A vehicle close to the earth,
such as a satellite, would be sheltered somewhat by the earth from
meteoroid collision. However, this reduction (by a factor of about 2)
is small compared with other uncertainties-estimates of numbers of
meteorites vary by factors of 1,000 or more.

The depth of vehicle skin penetration due to meteoroid impact is
a somewhat speculative calculation, since no facilities are yet available
for experiment on effects at such high relative velocities.

The combination of great uncertainties in number and size of mete-
orites, in relative velocities, and in the phenomenology of high-speed
impact, lead to widely uncertain estimates of the hazard to space vehi-
cles due to meteoritic matter.

SSandorft, P. E., and J. a. Prigge. Jr., Thermal Control In a Space Vehicle, Journal of
Astronautics, surnn 1956.a Medaris. MaJ. 4,en. J. B., The Explorer Satellites and How We Launched Them, Army
Information Digest. vol. 13, No. 10. October 1958. p. 5.

'Sopttnik lIII-Laboratory In Space, U. S. S. R., No. ? (22), p. i.
'1The Third Soviet Artificial Earth Satellite Pravda, May 18, 1958, p. 8L
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As a specific example, consider a spherical vehicle with a diameter
of I yard. Calculations based on available information indicate that
the average period between punctures would be somewhere between
3 months and 170 years, if the skin were 1 millimeter thick. If the
skin were one-quarter inch thick, the mean interval between punctures
is variously estimated at 300 to 150,000 years. In spite of the wide
degree of uncertainty, the implication is clear; any skin thickness
likely to be used in a substantial vehicle carrying men and machinery
will be virtually free of hazard from this source. However, very thin
structures like solar-radiation collectors and the like should be de-
signed with a fair likelihood of puncture in mind.

The encounter with smaller particles (i. e., too small to penetrate)
would be more frequent, of course. Thus, one might expect a "sand-
blasting" on the surface before penetration occurs. It has been esti-
mated that surface erosion by small particles would be comparable
to that produced by solar-particle radiation and by interaction with
the gases of the solar corona. The erosion due to these 3 effects would,
it is estimated, destroy the optical properties of a surface after about
I year.

G. MULTIPURPOSE STRUCTURES

Because of the great premium on weight reduction in a space vehicle,
desig'ns that use a single item of structure for more than one purpose
wouMd be highly desirable. It has even been suggested that material
for propellant tankage, say, be made of combustible material (like
lithium, for example) that might itself be used as fuel.

H. ADDITIONAL AREAS OF INVESTIGATION

Areas in which important uncertainties may exist include the effects
on various materials of prolonged stay in total vacuum (particularly
critical with respect to lubricants and paints and containers of gases
and fluids) and prolonged exposure to radiations.

27102"- ---



9. FuGHT PATH AND ORxINTAnoN CoNrroL

A. CONTROL IN POWERED FLIGHT

The primary function of a control system during powered flight is to
orient and stabilize the rocket vehicle. To orient the vehicle in some
desired angular direction, it is necessary to develop torque to turn
the body. Control ceases and the body is stabilized when sensing
instruments, usually gyroscopic devices, indicate that the proper atti-
tude has been achieved.1

During the propulsion phase, control torque is usually developed
either by aerodynamic forces acting on control surfaces or by rocket
forces.

Techniques for aerodynamic control are essentially the same as those
used in conventional aircraft. At very high altitudes, however, aero-
dynamic surfaces become ineffective because of low air density.
Therefore, other means of producing torques are required in the
vacuum environment of upper altitudes and space.

The method employed o.- the V-2 and Redstone missiles is to de-
flect the exhaust jet of the main propulsion motors by carbon vanes
(fig. 1). Both missiles actually use aerodynamic control surfaces,
as well as jet vanes. At takeoff, the missile speed is zero, and the
jet vanes provide stabilization. As the missile speed increases, the
aerodynamic surfaces becomes effective and aid in the control process.'

I Miller. J. A., Designing Flight Control Systems for Ballistic Missiles, Aviation Age.
t4ovember 1957, p. 92.

Redstone, Flight, May 23, 1958, p. 705.
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Fig.( -Jet-vane control

A variation of the jet vane is the jetavator.6 This device is a ring
placed around the circumference of the motor nozzle. Deflecting the
ring deflects the exhaust, just as with vanes. However, the jetavator
has the advantage of not causing propulsion losses when in the neutral
position, since, unlike vanes, it does not interfere with the exhaust
flow. Jetavators have been most frequently applied to control of
solid-propellant rockets.

Control of liquid rockets is frequently based on swiveling the entire
rocket motor, as on the Thor."- Separate rocket nozzles may also
be used to obtain a sideward coinonent of thrust for control. Such
small separate rockets are usually employed to control orientation
about the longitudinal or rol axis of a vehicle.

Regardless of the details of mechanism, the magnitude of the con-
trol torque produced by the ejection of mass from the vehicle is equal
to the sideward reaction force multiplied by the perpendicular dis-
tance from the center of gravity to the line of action of the sideward
force.

'Subsonic Snark Adds Weetiveness to SAC Forces. Aviation Week. vol. 69, No. 11.

SP North Americ a, Aviation, Inc.. Rocketdreeto

press release No. 1124, March 10, 1958.sor ProI Iston System Backjroand, North American Aviation, Rocketdyne Division,
press re=e1= o. R3-5. Marc W1 A r aeD
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By deflecting the rocket exhaust or by swiveling the rocket motor,
the body of a vehicle may be rotated in any desired maniier. Since
the thrust from the main propulsion system is normally along the
longitudinal axis of the craft, rotating the vehicle also rotates the
direction of primary thrust in space. Adjusting the direction of the
thrust in this manner may be used in turn to control the direction of
flight of the vehicle.'

The magnitude of control torque required during the propulsion
phase is determined by the various disturbing influences which act
upon the vehicle during this period, including aerodynamic effects,
wind, sloshing of propellants,8 and various structural effects, such as
body bending.'

I. ORIENTATION CONTROL IN FREE FLIGHT

Nature of the control problem
In unpowered flight in space the principal control problem is that

of controlling the attitude or orientation of the vehicle with respect to
a specified reference system. The techniques used in attitude control
are rather widely different for different kinds of space missions.10

The attitude control problem has two major parts: (1) Applying
control torques, and (2) establishing an orientation reference system.

Control torque8
An aircraft utilizes surfaces to deflect the airstream in order to ob-

tain control torques. Without an external airstream to deflect, space
vehicles are able to produce torques only through the use of self-con-
tained mass. In some special cases there are exceptions to this rule,
which will be considered later. In general, however, either a mass must
be ejected by rocket units, or masses must be rotated internally to pro-
duce the required reaction torque.

Unlike the large rocket motors used for primary propulsion, the
small rockets used for control only rotate the vehicle about its center
of mass and do not influence the flight path. Generally, the thrust
of such units is small, a matter of a few pounds, and they may be of
the monopropellant type using a gas stored under high pressure or
decomposing hydrogen peroxide.

Control torques may also be produced by rotating masses within the
craft. The physical principle involved is the law of conservation of
anglular momentum. A familiar illustration of the consequences of
this law is the manner in which the rotational speed of a swivel chair
or a piano stool may be controlled by extending and retracting weights.
If the stool is spun with the weights extended and the weights are then
retracted to a position closer to the axis of rotation, the rate of spin of
the stool will increase. If the weights are extended outward from their
original position, the spin rate of the stool will decrease.

SOrr, J. A., Powered Flight. Navigation, spring 1958.s Wang. C. J., and R. B. Reddy, Variational Solution of Fuel Sloslhing Modes, Jet Pro-
pulsion, November 1958.SBeharrell, J L and H. R. Friedrich. The Transfer Function of a Rocket-Type Guided
Missile with Consideration of Its Structural Elasticity, Journal of Aeronautical Sienesm;
vol. 21, No. 7; July 1954.

U Roberion, R. B., Attitude Control: A Panel Discussion: Problms and Principles,
Navigation; vol. 6, No. 1; spring 1958.
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Now consider a wheel mounted so that its spin axle is perpendicular
to the Ion itudinal axis of the space vehicle (fig. 2). If, initially the
wheel and the vehicle are not rotating, the angular momentum of the
system comprising the vehicle and the wheel is zero. Now if the wheel
is caused to rotate, it will have an angular momentum. However, the
total angular momentum of the vehicle and the wheel must remain
zero. Thus, the reaction of the vehicle to the motion of the wheel is to
rotate in the opposite direction so that the total angular momentum of
the system is zero."

In actual application, three wheels with their spin axes mutually at
right angles are usually required to control the vehicle about its roll,
pitch, and yaw axes; rotating masses are used in a variety of ways.

One axis of the vehicle can be made to remain fixed in space by spin-
ning the entire vehicle about the axis to be stabilized." In spin-stabi-
lizing the payload stage of a Moon rocket as in the Pioneer lunar
probe, the vehicle is spun at propulsion cutok in an orientation which
when the vehicle reaches the Moon's vicinity, enables it to be placed
in orbit around the Moon by the firing of a reverse-thrust rocket.¾

Rate of spin
is zero

spin axis---,

Fig.2-Control by rotating mass

I Angle R. E.. Attitude Control: A Panel Discussion: Attitude Control Techniques,
N4aation , voi. 6, No. I; spring 1958

uBuchhelm, R. W., Lunar Instrument Carrier-Attitude Stabilization, The RAND Corp..
Research Memorandum Rm-1780, June 5, 1956.
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VDurbng torque
The attitude control system must be able to overcome any external

or internal disturbing influences. Disturbing torques that must be
considered when designing a stabilization and control system may be
due for example to--i-'t

Residual aerodynamic forces.
Magnetic or electric fields.
Gravitational field gradients.
Solar radiation pressure.
Meteor impact.
The unintentional or uncompensated motion of internal masses.

The relative importance of these disturbing torques depends upon
the particular vehicle under consideration.

Torques due to aerodynamic effects are of primary importance to
satellites. With proper aerodynamic design, such forces might actu-
ally be used to aid in the attitude stabilization of a low-altitude, short-
duration satellite.i At altitudes of 1 million feet and above, the air
density is so low that aerodynamic effects usually are of little
importance.

Torques due to magnetic fields might arise from induced currents
in the conducting parts of the vehicle. Torques of this nature are
also primarily of concern to satellites. Care in design details will
assure that these effects are negligible.'9

The Earth's gravitational field acts more strongly on a nearer mass
than on a farther one. As a consequence, a torque arises that tends
to force an elongated vehicle to orient itself in such a way that its
long axis points toward the Earth's center. This gravitational
gradient torque can also be used as a control torque if the vehicle is
pro)erly designed.20-22

The gradients of the gravitational fields of the other members of
the solar system will also apply torques to space vehicles. However,
unless the craft is in the vicinity of a planet, all such torques are
negligible except that exerted by the Sun.

Torques due to solar radiation pressure "3 are present when there
is an inequality in the effective reflecting area of the vehicle about
the center of mass. Conceivably, such torques could be used for con-
trol purposes by adjusting the reflectivity of the proper part of the
vehicle. At best, however, radiation pressure torques are quite small,

u Roberson, R. P., Attitude Control of a Satellite Vehicle-An Outline of the Problems.
=resented at the Eighth International Congress of Astronautics, Barcelona. 1957. AmericanItcket Society Paper 485-57.

1, Vinti. J. P. Theory of the Spin of a Conducting Satellite in the Magnetic Field of the
Earth. Ballistics Research Laboratory Rept. No. 1820, Aberdeen Proving Ground, July
1957.

m itoberson, R. F., Grav!tational Torque on a Satellite Vehicle, Journal of the Franklin
Institute, vol. 265, No. 1 : January 1958.

Ni Manring and Dubin, IGY World Data Center, Satellite Rept. No. 3, May 1, 1958."Roberson, R. M., Torques on a Satellite vehicle From Internal Moving Parts, Journal
of Applied Mechanics; vol. 25, No. 2. June 1958.

' DeBra, D. B.. The Effect of Aerodynamic Forces on Satellite Attitude, Loockheed Air-
craft Corp., Missile Systems Division. Rept. No. MSD 5140.

10 See footnote 14.
21 Baker. R. M. L., Attitude Control: A Panel Discussion; Passive Stability of a

Satellite Vehicle, Navigation vol 6 No 1, spring, 1958.
& Klemperer, W. B., and' R. *. Baker, Jr., Satellite Librations, Astronautics Acts,

vol. III, 1957.
= The Investigation of the Passive Stability of a Satellite Vehicle, Aeronutronic Systems,

Inc.,publication No. U-225, July 8, 1958.
*See footnote 12, p. 63
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particularly if care is taken to balance the effective reflecting area on
either side of the craft's center of mass.

The importance of torques due to meteorite impact is rather difficult
to determine. It is true that the impact of even a small meteorite
could cause an angular disturbance; but the probability of such an
occurrence seems to be very low.-

The importance of disturbances due to the motion of internal
masses depends upon the detailed design of the vehicle. Unless great
care is taken, the torques caused by internal rotating machinery, such
as power units, or by people, are likely to be the predominant disturb-
ing influence that the control system must handle.25

When a properly designed aircraft is given a small angular dis-
placement, say in pitch, it will return to a neutral position without
the need of control surface deflections. However, space vehicles re-
quiring attitude stabilization must be under continuous active control.
If a disturbance acts on the vehicle, only by applying a control torque
can the resulting displacement be removed. Without control, even
very small disturbing torques will eventually subject the craft to large
orientation errors.

The very small magnitude of the forces involved in space vehicle
orientation control leads to a need for equipments that may be rather
difficult to test under conditions at the Earth's surface.2

Reference system instrumentation
The establishment of reference coordinates is a problem that is not

unique to space vehicles. However, the great distances and long
durations of time over which the reference system of a space vehicle
must be maintained lead to difficulties that do not occur in the case
of aircraft.

Gyroscopes, which are merely elaborate spinning wheels, will main-
tain a fixed direction in space if they are not subjected to disturbances.
In a practical case, however, it is just a question of time before the
orientation of a gyro drifts away from the desired reference direction.
The disturbing effects of high accelerations during launching, coupled
with the relatively long duration of space flights, make it very di ffcult
to establish a satisfactory preset reference system using gyros alone.

Instruments such as accelerometers or pendulums are of no use here.
An accelerometer will always indicate zero in the weightless environ-
ment of a space vehicle, and a pendulum will simply assume any
random position.

The stars provide a natural reference system which may be used in
orienting a space vehicle. Star-tracking telescopes attached to the
space vehicle can detect any disturbance of the attitude of the vehicle
and signal operation of an appropriate torque-producing mechanism
for correction.

Another device for instrumenting the orientation control of a sat-
ellite would be an optical one to scan the Earth's horizon, and thus
establish the vertical direction.

aBee footnote 16, p. 64.
* See footnote 17, p. 64.

Space Vehicle Attitude Control Experiments. Aeronutronle Systems, Inc., PublicationrNo. U-1142, January 28. 195L.
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The Earth's magnetic field can also be used to sense direction in
space for ori'ntation reference, as was done in Sputnik 111.21

C. VEHIC PACKAGING

The overall shape of the vehicle and distribution of internal equip-
ments are of vital importance in orientation control. Two cases of
particular importance are (a) spin stabilization; and (b) satellite
orientation.

For successful spin stabilization it is necessary that the axis of spin
be the axis about which the vehicle has either maximum or minim, m
inertia.2S 29 The third, intermediate inertia, axis of a vehicle is not
usable for stable spin. Thus a spin-stabilized vehicle should be flat
(a coin-shaped body would be an example) or long (like a pencil).
Uniform spherical shapes are generally undesirable for spin stabili-
zation.

Stable orientation of a nor. 3pinning satellite is greatly aided by useof the gravitational gradient ,rque, and this torque is available only if
the vehicle is packaged to be ,elatively long and thin with its long
axis pointing toward the center of the Earth. Distribution of internal
equipment must be arranged to accommodate, and be usable in, this
aspect.

31 Stockwell. R. F. Sputnik III's Guidance System, Missile Design and Development, vol.

4, No. 9, September 1958, p. 12.
," See footnote 12. p. 63.mlraeew,.-1, R. N.. andr 0. K. aarriott, Rotation of Artificial Earth Satellites, Nature,'e1. 182, September 20, 1958, p. 760.



10. GUIDANCE

A. THE GUIDANCE OF SPACE VWHCLES

The guidance process
The guidance process consists of measurement of vehicle position

and velocity, computation of control actions necessary to properly ad-
just position and velocity, and delivery of suitable adjustment com-
mands to the vehicle's control system.

Guidance phases
Guidance operations may occur in the initial, midcourse, or terminal

phases of flight.
Ballistic missiles are commonly guided only during the initial flight

phase, while rocket engines are burning.
A cruise type of missile, such as the Snark or Matador? uses nmid-

course guidance, operating continuously during cruising flight. Air-
to-air missiles such as Sidewinder employ terminal guidance systems
that lead the missile directly to the target on the basis of measurements
on the target itself.

Any or all of these three kinds of guidance will be necessary for
space flight, depending on the type of vehicle and mission involved.

Initial guidance
Space-flight missions in the immediate future will use ballistic

rockets, and the guidance of such vehicles will be extensions of cu'rent
ballistic missile guidance te'hniques. For ballistic missiles, guidance
(sometime referred to as ascent guidance) is used only during powered
flight, and guidance accuracy depends upon accurate establishment of
flight conditions at the point of transition from powered to free flight.
The necessary initial free-flight conditions are the position and
velocity.

There is no single set of initial conditions required to arrive at a
specified target, but rather there are an infinite number of possible
free-flight paths originating at points in space in the vicinity of some
nominal starting point which terminate at the desired destination.
For each such point there is a corresponding proper velocity. It is
the task of the guidance system to cause the rocket to take up any one
of these free-flight paths. The path selected for a given flight is de-
termined ad hoc by the system as a running decision process during
powered flight, on the basis of a complex of criteria involving struc-
tural loading, propellant economy, accuracy, etc. This approach is
used because of the extreme difficulty of guiding a rocket along a single
fixed powered trajectory in the face of detailed uncertainties in engine
performance, aerodynamic and wind effects, component weights, etc.
While the number of acceptable trajectories is infinite, practical limits
on rocket behavior actually restrict the usable range to a zone fairly
close to a nominal "optimum" trajectory.

67
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All radar systems for guidance employ one or more radar beacons
(repeater transmitters) in the rocket, a ground computer, and a radio
command link to the vehicle. The achievable accuracy is largely
affected by the baseline length or distance between individual antennas
on the ground, the path of the vehicle during propulsion, the unpre-
dictable features of the propagation path between the radar system
antenna and the vehicle, and, of course, equipment errors.

These guidance systems, like any radio device, are susceptible to
jamming and other interfering measures. However, modern electronic
design practice includes rather effective means for counteracting exter-
nal interference.
Combined radar-inertial 8ystems

It is possible, in principle, to combine the measurements of vehicle
velocity made by a radar and by an accelerometer to obtain a better
overall measure of velocity than can be obtained by either measure-
ment technique alone.' 2 The reason for the possibility of improvement
by such a dual system is the fact that radar systems are better for
measuring slowly changing velocities, while accelerometers are better
for rapidly changing velocities, and both occur in rocket flight. This
process, of course, complicates the guidance system, adding either
ground and airborne radar components to an inertial system or an
airborne inertial system to a radar guidance system.
llulstrative accuracy data

An ICBM at a range of 5,500 nautical miles will have an impact
miss distance in the direction of flight of approximately 1 nautical
mile for an error of 1 foot per second in the magnitude of its cutoff
velocity. The following table is presented to indicate comparative
miss distances for various space-flight missions. The tabulation gives
representative miss distances (in nautical miles) calculated for 1-foot-
per-second error in the magnitude of velocity at thrust cutoff : 13

TABLE 1.-Miss distances
Destination: Nautical miles

Point on Earth (5,500 nautical mile ICBM) --------------------- -1
Moon -------------------------------------------------- 20-100
Mercury ------------------------------------------------------- 40, 000
Venus -------------------------------------------------------- 25, 000
Mars ---------------------------------------------------------- 20,000
Jupiter ------------------------------------------------------- (5, 000
Saturn ------------------------------------------------------- 200,000
Urnims -------------------------------------------------------- 700, 000

For establishing a satellite at an altitude of 1,500 miles, for example,
an error of 1 foot per second in orbital velocity will cause the orbit to
depart from circularity by about 1 mile.
Navigation in 8pace

Each "fix" on the orbit of an unpowered vehicle in free space (under
the gravitational attraction of a single body, the Sun) requires six
independent measurements of vehicle position or velocity.

A number of combinations of quantities might conceivably be meas-

"3' Mundo. C. J., Aided Inertial Systems, Arma Engineering, vol. 2, No. 2, October-
November 1958, p. 15.

UEhnrlcký. K. A.. Instrumented Comets: Astronautics of Solar and Planetary Pzobes,
Convair Rept. AZP-019, July 24. 1957.
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ured by optical or radar instruments to obtain the six independent
measurements. Some possible examples are:

Two sets of radar range measurements, separated by a sufficient
interval of time, made on three celestial bodies moving in pre-
cisely known orbits around the Sun.

Three photographs of a major planet against its background
of stars, separated by sufficient intervals of time.1'

Three radar range measurements I r velocity meas-
urements made simultaneously, at -tant of time, on
three separate celestial bodies moving m precisely known orbits
around the Sun.

These measurements must be related to a known reference system,
and this reference system must be maintained by some form of instru-
mentation on board the rocket. The best known way of implementing
such a reference system is by a gyrostabilized platform. Three
mutually perpendicular directions or axes precisely defined on the
platform can be oriented so that these three directions are parallel to
the directions defined by the axes of the reference system to be used in
navigation. The gyros will act to keep the reference system from
rotating in space no matter how the vehicle moves. Over a long time,
however, imperfections in the gyros will cause the platform and the
reference to drift out of alinement. To remove these errors.- it is nec-
essary periodically to correct the platform alinement by sightings on
the fixed stars.

If some rocket thrust is used (an ion rocket, for instance), the tra-
jectory followed by the spacecraft will not be so simply determined
as that of an unpowered vehicle, and more frequent measurements will
be required for use in more elaborate guidance computations by auto-
matic equipment.1'

B. PIIYSICAL CONSTANTS

Precision in guidance depends not only upon the performance of
instruments, but also upon the accuracy of the fundamental standards
used, directly or indirectly, in the guidance measurements.'"'-

One of the most basic and obvious of these fundamental constants
is the specification of distance between the starting point and intended
target point of a desired trajectory. The precision of this distance is
dependent mainly upon the precision of knowledge of the Eartlh's
radius. The current figure for the mean radius of the Earth is prob-
ably correct to within an error of a few hundred feet. If the error is,
say, 300 feet, the strike error at the end of a 5,500-nautical-mile ballis-
tic trajectory will be a little less than 1,000 feet-there is a nIagnitica-
tion factor of about 3 between radius error and implact error at such

"4Porter, J. G.. Navigation Without Gravity, Journal of the Britisb Interpdnnetary
Society, vol. 13, No. 2. March 1954.

tt, ,h~ers, . E., Remarks on the Guilance of Ion-Propelled Vehicles, NorUtl American
Aviation. Autonetles Division, tune 21. 1958.

.6 I[errick. Sanmuel. Formulae, Constants, Definitions, Notations for Geocentric Orbits.
Syste•s Laboratorics Corp., rept. SN-I. May 28. 1957."n Herrick, Samuel, It. M. I,. Raker, and C. G. Blhtton, Gravitational and Relatpd Con-
etauta for Accurate Space Navigation, American Rocket Society. Preprint No. 4917-57.

18 Buchhelm, It. W.. Motion of a Small Body in Earth-Moon Space. Tile RAND Corp.,
Research Memorandum RM-172t, June 4, 1956.

Ia Study of Higb-Precislon Geocentric Orbits, Aeronutronics Systems, inc., Doe. U-094,
August 12. 1957.

•High-Precision Orbit Determination, Aeronutronlcs Systems, lac., publication No.
U-220, June 27, 1958.
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a range. The magnification factor increases sharply with increasing
range.

Another basic constant is the mean value of gravity at sea level.
The current estimate of "g" is probably correct to within an error of
less than 0.001 percent. This mean value of g, together with the mean
radius of the Earth, effectively defines a quantity roportional to the
total mass of the Earth. The total mass of the Earth figures in all
trajectory calculations. For example, the period of a satellite is
dependent upon this parameter; and, in fact, measurement of satellite
periods is a good way to determine the total mass of a parent body.
As a result, we have good data on the masses of those planets that have
satellites (moons), and less accurate data on the masses of planets
without moons.

Since the Earth is not a perfect uniform sphere, it is not enough
to specify its mean radius and gravity. It is also necessary to
specif the degree of departure from the ideal sphere. The principal
one olthese additional specifications is the "flattening," the measure
of difference between the radius of the Earth at the poles and at the
Equator. The Earth is about 30 miles thicker across the Equator
than from pole to pole.

"The net assembly of these geophysical constants is known with a
precision that is adequate for most space-flight purposes except for
flights to actually contact other planets without midcourse or terminal
guidance. Present knowledge is also probably inadequate for cir-
cumlunar flights intended to return to a small preset recovery area on
the Earth; but the errors here can also be made good by midcourse
or terminal guidance.

The mass of the Moon is also a parameter of importance for lunar
and interplanetary flights. The Moon's mass is roughly one-eigthtieth
of the Earth's; and current estimates are probably correct to within
about 0.3 percent. This precision is adequate for all but very refined
lunar flights-particularly for the circumlunar case just mentioned.

The constant of greatest importance in interplanetary flights is the
astronomical unit-the mean distance from Earth to Sun. All of
the dimensions used bv the astronomer in the solar system are known
to very great precision in terms of the astronomical unit as a refer-
ence base; for example, the distance from Earth to Mars at a given
instant can be obtained very accurately, from available data, in astro-
nomical units. However, the length of the astronomical unit in
terrestrial dimension standards, like meters or statute miles, is rather
poorly known; and, therefore, such a measure as the distance from
Earth to Mars is rather poorly known in terms of standards like
meters or miles. No vehicle using initial guidance alone is likely
to make a hit on any of the planets (except by accident) until the
length of the astronomical unit is better known in terms of Earth
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standards usable in guidance systems. The expected miss in shots to
Venus and Mars, from this source of error, is likely to be many tells
of thousands of miles.

These physical constants of primary relevance to astronautics are
part of the general family of astronomical constants, and any im-
provements in their precision will be reflected in improvements in
others.

2
1

Another related area that needs wholesale improvement is detailed
specifications of the high upper atmosphere, which are vital to accu-
rate determination or prediction of satellite orbits.

In the future, it will be necessary to have the same kind of refiiied
knowledge about the other planets as is now needed for the Earth.

21 Clemence, G NI.. On the System of Astronomical Constants, The Astronomical Journal,"vol. 53, No. 6, May 1948.



11. CO•MUrNCATIO-

Much has already been accomplished in space communications; for
example:

The minitrack I and microlock ' systems and other communica-
tion equipment associated with our own satellite and lunar probe
programs.

The communication systems associated with the sputniks.
The communication design studies associated with military

uses of satellites.
It is probable that for a long time to come communication tech-

niques in space will evolve from those techniques already in use in
current space-flight programs, and from closely related techniques
developed in fields such as air-defense surveillance and radio astron-
omy. Basically, the same equations will govern the propagation of
electromagnetic energy and the transmission of information in space
as on the Earth.

We may, of course, expect certain practical differences between the
conditions of space-flight communications and those of terrestrial
comnninications. Among these are the following:

The space en-ironment. This refers both to the physical en-
vironment in which equipment will operate and to the propaga-
tion environment of interplanetary space and the various atmos-
pheres and ionospheres of extraterrestrial bodies.

Very large communications ranges.
Severe size and weight limitations in space vehicles and severe

reliability requirements for lengthy unattended operat'on.
One can combine what is known about the conditions under which

space communications will have to operate with the basic equations
of compiunication thEi',rv to predict the general lines of research and
development -iiich will he reeded to accomplish the communication
tasks required by space-flight programs. The discovery of any really
novel effect-ssuch as an unexpected propagation effect in one of the
planetary atmospheres, or the l)racticability of using some other means
than electromagnetic energy in communications-must await further
developments.

Coniinunications engineers have already investigated in considerable
detail the basic requirements in terms of radiated power, antenna
performance, and so forth, for a variety of space-communications
tasks.

R cEaton, R. L., r'. 8. Naval Research Laboratory Report No. 5035, Project Vanguard

Rrjrt No. 21: Minitrack Report No. 2, The Mark II Minitrack System, September 1957.
Rlcht*ýr, H. L., W. V'. Sampson, and R. Stevens, Microloek: A Minimum Weight Radio

Instrunentation System for a Satellite. Vistas in Astronautics (proceedings of the first
annual Air Force Office of Scientific Research Astronautics Symposium), Pergamon Press,
1958.
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The factors of primary importance in communications are: radiated
signal power; area and directivity of transmitting and receiving an.
tennas; communication frequency; receiver sensitivity external inter-
ference; communication range; and channel bandwidth. Others of
importance are termed "loss factors," such as absorption losses, polari-
zation losses, losses due to inefficient conversion of consumed power
to radiated power, and losses due to inefficient types of modulation.

The feasibility of communication across lunar distances (about
240,000 miles) with present components is well established. With
components that carn be made available in a relatively few years,
communication will be possible over distances as great as 50 million
miles (about the distance to Mars or Venus when these planets are
relatively close to the Earth) although the communication bandwidth
for such a distance would probably be small. For communication
to Jupiter (about 500 million miles) or farther, additional technical
advances would be required.

Following are some areas of research and development which are
important for communications tasks associated with space flight:

Electrical energy and power sources. Clearly, space communica-
tions will be dependent upon the availability of electrical energy and
power sources. This factor may in many cases be a limiting one in the
useful lifetime of a space vehicle, as in the case of the initial Earth
satellites.

l~adio-frequency power sources. Research is necessary to improve
the efficiency of conversion of energy from various sources to electro-
magnetic energy of the desired frequency.

Data storage and data encoding. Many situations will arise in
space flight applications in which it is necessary to store data for
retransmission at some later time, or at a slower rate than they are
received.

Also , greater communication efficiency, resulting in power savins-,
can be achieved by improving methods of signal encoding or mod-
ulation.

Receiver sensitivity. in communication engineering, interference
with a received signal is refiu td to as "noise." There are two kinds:
receiver noise, which arenes in t-he receiver itself, and external noise.
Major sources of externsa' noic are man-made interference, and solar
and cosmic radiations. mAt mw present time, receiver noise, in the
majority of cases, is the most important limiting factor in sensitivity
of signal recept ion. However, certain ultrasensitive types of receivers,
such as cooled detectors and masers,' 10 are well along in development,
and these may reduce receiver noise to 10 percent or as little as 1 per-
cent as that in present-day receivers. With such receivers, external
noise would become the dominant type of interference in space com-
munications, and because of it, overall interference levels might be
reduced only 80 or 90 percent, even if receiver noise were reduced a
hundredfold. Since power requirements are proportional to the
overall interference level, however, even an 80-percent reduction is
worth striving for.

2Culver. W. I.. The Maser: A Molecular Amplifier for Microwave Radiation, Science,
vol. 126. No. 3278, October 1957.

, Higa. W. H., Maser Engineering, External Publication No. 381, Jet Propulsion Labora.
tory, California Institute of Technology, April 25. 1957.
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Directive vehicle antennas. Antennas may be either omnidirec-
tional-that is, radiating energy roughly equally in all directions or
receiving energy equally from all directions-or directive, radiating
to or receiving from a preferred direction. The power saving from
using directive antennas is very large-from ten to a thousand times,
depending upon the directivity. However, the use of directive
antennas on space vehicles would require a certain amount of attitude
stabilization of the antenna to insure that the energy is radiated to or
received from the right direction in space. This could be achieved
most easily by attitude stabilization of the vehicle itself. The better
the attitude stabilization, the more highly directive all the antennas
and the greater the resultant power savings. Attitude control of
antenna beams on space vehicles, therefore, offers one of the most
promising avenues for research and development.

Very larqe surface antenvas. Radio astronomy, the air-defenge sur-
veillance net, and current space-flight tracking activities are building
up a backlog of experience in the use of very large steerable ground
antenn-as, which will be needed for many space communication
missions.

Circuit components. Work must be continued on improved mninia-
turization and packaging of components: greatly improved reliability
for unattended operation up to perhaps several years; and investiga-
tion of, and protection from, damage caused by meteoric inmpact or
radiation in space.

Research on cosmic, solar, and other exterval ro;se sourres. As
noted above, solar and cosmnic noise may become the main source of
signal interference with the advent of ultrasensitive receivers. Radio
astronomers 5 have already conducted much detailed investigation of
the intensity of solar and cosmic noise as a function of direction in
space, frequency, and solar activity. Continued research in this
field is necessary with a view to compiling the most complete maps
possible of noise intensity as related to these various factors.

Research on physics of the solar system. The fact that the Earth's
gaseous atmosphere and ionosphere crucially affect present-day com-
munication is well known. Similarly, the atmospheres and iono-
spheres of other bodies in the solar system will affect communication
to or from the surface of these bodies. In the vicinity of the Earth's
moon, which has negligible gaseous atmosphere, electron densities may
reach the value of 1 million or 10 million per cubic centimeter, which
would certainly affect communication in this region.a Even in the
space between Earth and Moon, electron densities may be as much as
1,000 per cubic centimeter. This affects, among other things, the
velo-ity of light in Earth-Moon space. More precise measurement of
electron densities in these regions constitutes an immediate possibility
for useful research.

&Proceedings of the Institute of Radio Engineers, radio astronomy Issue, Vol. 46, No.
1. January 1948.

a Chapman, S., Notes on the Solar Corona and the Terrestrial Ionosphere, Smithsonian
Contributions to Astrophysics, voL 2, pp. 1-14, 1957.



12. OBMVATION AxD TRACKING

A. VISUAL OBSERVATION

The visibility of space objects
The apparent brightness and probability of detection of objects in

space depend upon the following important factors, each of which must
be specified in order to estimate the visibility accurately:

The object's physical characteristics: size, shape, surface tex-
ture, color (if visible only by reflected light), or luminosity and
spectral nature (if self-luminous).

The distance between object and observer.
The brightness and character of the background or field against

which the object is being observed.
The visual acuity of the observer and the magnifying power of

his optical aids (if any).
The spectral absorption characteristics and the light-trans-

mitting ability of the medium between object and observer.
The apparent motion of the object, and the change in its ap-

pearance as a function of time (whether steady, flickering, flash-
Ilg, etc.).

In normal experience, we are compelled to view extraterrestrial
objects through the Earth's atmosphere, which scatters light, is often
cloudy, and is in constant motion. The movement of the atmosphere,
even in the clearest weather imjDoses a severe limit on the resolving'
power of large telescopes (their ability to produce finely detailea
images or photographs). Thus, a large telescope employed above the
atmosphere-say, on the surface of the Moon-would have a greatly
enhanced ability to resolve details on the surfaces of the planets and
the Sun and would tremendously improve man's ability to explore
the entire visible universe.

The factors influencing the visibility of objects in space, listed above,
are quite obvious and well recognized in ordinary everyday experience.
However, to take them all into account simultaneously in calculating
the visibility of distant objects usually becomes quite involved. Since
simple mathematical expressions which would be useful under a wide
variety of conditions cannot be formulated, a number of examples are
given below to illustrate some size-distance relationships in the detec-
tion of just barely visible objects.,

1 Dole, S. H., Visual Detection of Light Sources on or Near the Moon, The BAND Corp.,
Research Memorandum RM-1900, May 24, 1957.
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Speci/fw cases

TABL3 1.-Minimum diameters of objects for detection at the distance of the
Moos as a point o1 lght from Barth under good viewing conditions

Type of object (visible by
Locaion f obect -i ~reflected sunlight)L~ocation of object and opticl aid employed

Diffuse white Circular pisme

disc mirrir

Approximate diameters

2,000 miles from full Moon:
Naked eye----------------------------------------------25fe ...... e 14 feet.
7 x •0 binocular• ------------- -380 feet- 2.5 feet.

10-lncb telescope ---- ----------- - ------------------------- 47 feet- 3.5 ince.
110-inch telescope --------------------------------------------------- 4.7 f'et 0 . ....... 0,35 inch.

On surface of full Moon:
Naked eye ----------------------------------------------------------- 25 miles -------720 feet.
7 1 50 binoculars ----------------------------------------------------- 3.5 miles ------ l15 feet.
10-inch telescope -----------------------------------------------------. 1K feet -------- [ ) inches.
100-inch telescope ---------------------------------------------------- 80 feet -........ Inches.

This table illustrates the fact that plane mirrors of even small size,
reflecting the Sun's image, may appear to be as bright as quite large
expanses of diffuse white material. The mirror reflects the Sun's
image in a narrow beam, however, so the orientation of the mirror with
respect to the plane of the Sun, the mirror, and the observer is very
critical; whereas, with a diffuse white object, the angular relationships
are much less critical.

As examples of light emitters:
An ordinary automobile headlight (if aimed properly) located

on the dark half of the half-full Moon could be detected by the
200-inch telescope.

The detonation of several pounds of magnesium illuminant on
the dark half of the half-full Moon could be detected with the aid
of large telescopes from the Earth.

To a human observer in space, at a distance from any planetary
body, the most conspicuous object would, of course, be the Sun, which
would appear somewhat brighter than it does when viewed through
Earth's atmosphere. In directions away from the immediate vicinity
of the Sun and its corona, the sky would appear black but more bril-
liantly star-studded than the night sky as seen from Earth under the
most favorable conditions; the "twinkling" would be absent. All the
familiar constellations would be visible at once, from Ursa Minor to
Octans (the constellations above the North and South Poles of the
Earth). Against this rich starry background, artificial objects would
be diflicult to detect unless made highly conspicuous by reason of color
or brightness. Sophisticated search techniques would be needed to
locate faint objects.

To an observer on the surface of the Moon facing the Earth, a simi-
lar sky would be presented, except that only one hemisphere could be
observed at any one time, and in it the Earth would hang always in
almost the same position above the horizon. The Earth would dis-
play phases (as the Moon does from Earth) : about half its surface
would be seen to be covered with clouds at all times; where not
obscured by cloud cover, the oceans would appear dark, the continents
lighter in color; the specular reflection of the Sun's image on the
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bodies of water would appear as a bright spot of light. At its
brightest, the Earth would provide about a hundred times as much
illumination as the full Moon as seen from Earth.
Detection of Earth 8atellites

The problem of visually detecting satellites of the Earth from the
surface of the Earth is especially complicated by the fact that small
bodies visible only by reflected light must be in sunlight to be seen
at all, and yet to the observer they must appear against a dark back-
ground. Thus it is only during the hours shortly after sunset and
before sunrise that small satellites may be observed optically. Also,
if they are close to the Earth, they may be seen only along a relatively
narrow band on the Earth's surface beneath the track of the satellite.
Larger satellites, of course, may be seen against more brightly illumi-
nated sky backgrounds. As an extreme example, in order to be visible
to the naked eye during daylight hours with clear skies, a satellite at
an altitude of 1,000 miles would have to be about 600 to 700 feet in
diameter (white or specular sphere).

B. INFRARED OBSERVATION

Infrared detection systems are playing an increasingly important
role in scientific and military app'lications.2" Two fundamental
physical phenomena are responsible for this:

Radiations in the infrared (heat) portion of the electromagnetic
spectrum interact strongly with the molecular structure of matter.

Every physical object emits thermal radiation, the radiation
intensity being a rapidly increasing function of its temperature.

Transmission or reflection of infrared radiation can serve as a probe
of the structure and composition of chemical and biological matter.
Not merely limited to laboratory analysis, infrared probes have per-
mitted man to begin to understand the composition of the atmospheres
of the planets and other celestial objects. The principal hindrance to
such extraterrestrial observations has been the confusion offered by the
intervening Earth's atmosphere. Observations from immediately out-
side the atmosphere will permit examination of planetary atmospheres
with sufficient precision to study the environment that future planetary
explorers will have to cope with.

Similarly, infrared observation of the Earth's atmosphere from an
orbiting vehicle will permit measurements of cloud cover, water-vapor,
and carbon-dioxide concentrations, and the like, which will be valuable
for meteorological observations. In addition, infrared sensors in simi-
lar vehicles may have some utility for military reconnaissance and
surveillance of the Earth. In particular, especially large sources of
infrared energy such as afterburning engines of supersonic vehicles
and exhaust flames of ballistic missiles may be detectable from orbital
platforms.

Infrared detection range is severely limited within our atmosphere
by scattering and absorption, so that most military applications, such

. Tozer, E., Uncle Sam's New Wonder Weapon, This Week magazine, November 16, 1958,
•eEstey, R. S., Infrared: New Uses for an Old Technique, Missiles and Rockets, June

1958.
4 Powell, R. W., and W. M. Kauffman, Infrared Application to Guidance and Control,

Aero-Space Engineering, May 1958.
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as guidance for air-to-air missiles of the Sidewinder type, are of a
short-range (i. e., less than 10 miles) nature. However, the space
environment will permit full exploitation of the ultimate sensitivity
of infrared detectors, permitting extension of detection range by sev-
eral orders of magnitude. Of course, celestial sources will be detect-
able at even greater ranges.

Infrared sensors will permit the surveillance of space vehicles in a
manner distinct from either optical detection, based on reflected sun-
light, or radar based on reflection of radio waves. The utility of this
technique will be dependent in part upon the amount of heat expended
in future vehicle power supplies and propulsion systems. One ad-
vantage of infrared for ground-based observation of space objects is
the ability of infrared to produce a clear image even through haze and
scatteredlight.

Since sunlight has an appreciable portion of its spectrum in the
infrared region, it is also possible to observe space vehicles with sys-
tems that combine both optical and infrared sensors. A detector such
as lead sulfide is sensitive to both these classes of radiation, and may
therefore be better in some applications than a narrow sensor limited
to a single region of the spectrum.

Infrared can also be useful for detection of celestial objects in space
navigation. For such an application, infrared possesses many of the
advantages of optical techniques, such as angular accuracy and small
equipment size and weight; however, it has one important and unique
ad vantage due to the temperature-magnitude relationship inherent in
celestial objects. The tremendous number of optically detectable ob-
jects may tend to cause confusion if an optical system is used for navi-
gation or surveillance, unless some method for logical discrimination
on the basis of space relationships is built in or is available by virtue
of the human element. A properly filtered infrared detection system,
however, will be limited to detection of a much smaller number of
celestial objects which, fortunately, include the most interesting near
objects such as the planets, thus offering a simplified background
problem. When combined with a measure of spectral analysis, infra-
red sensors would permit clear identification of a planet, for example,
which may be of considerable value in navigation and terminal guid-
ance of space vehicles.

C. TRACKING

Purpose and problem of tracking
The general purpose of tracking is to establish the position-time

history of a vehicle, for guidance, navigation, observation, or attack.
The techniques employed are essentially the same for these various
purposes. In current satellite and Moon rocket projects the relatively
heavy components of guidance equipment are jettisoned after powered
flight, and the vehicle is tracked in freefli ght by other radio or optical
means. Navigation in space will undoubtedly require tracking of
sources on the planets and in other vehicles as well as tracking of the
vehicle itself from Earth and other bases.
Types of tracking systems

The principal types of ti acking systems are:
Radar and radio systems.
Optical systems.
Infrared systems.
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Radar and radio es8tem.
These systems employ radio frequencies that are generally in the

range from 100 kilocycles to 80,000 megacycles. Below this frequency
range, antennas with adequate directivity become impractically large,
and ionospheric propagation difficulties become severe. Above this
frequency range, there are, at present, practical limitations on the
power that can be generated. There are also regions near the upper
end of this frequency range (at least for Earth-based stations) that
must be avoided because of water-vapor absorption and attenuation
due to scattering by rain. In tracking against a background of cosmic
noise certain frequencies and frequency regions must also be avoided.

Radar and radio systems may be further classified into active and
passive systems, the first requiring transmitting equipment in the
vehicle, generally referred to as a beacon or transponder. Passive
systems depend upon the reflective properties of the vehicle in bounc-
"ing off the incident radio waves. These properties may be enhanced
by the use of special reflectors or may be degraded by special surface
treatment. Active systems are generally superior to passive systems
with respect to range capability and tracking accuracy, but they re-
quire special equipment aboard the vehicle. Therefore, in general,
active s•ystems can only be used in connection with friendly vehicles
in working order.

Radio tracking systems are also categorizAd as "continuous wave"
and "pulse" systems depending upon the scheme used for measurement
of range. Angle measurements are sometimes accomplished by a
scanning technique in which the antenna pattern is moved either by
mechanical or electronic means about the direction of maximum signal
return. This method is employed by' the more conventional types of
radars and by some of the radio telescopes used in radio astronomy.
Another method uses the principle of the interferometer to compare
the phases of signals received in separate antennas on well-established
baselines. This method is employed by Minitrack 5 used for Van-
guard and Microlock " " for Explorer. The frequency of the return
signal from a vehicle being tracked depends not only upon the trans-
mitted frequency but also on the relative motion of the vehicle and the
tracker. This doppler effect makes it necessary to design the tracker to
automatically follow the changing frequency. By the same token it is
also possible to use this frequency change to measure the relative
velocity of the vehicle and the tracker.

Optical tracking systems
Optical systems make use of the visible-light portion of the electro-

magnetic spectrum. They all consist essentially of a telescope mounted
on gimbals to permit rotation about two axes. One type, the cinetheod-
olite produces a photographic record of the position of the target
image with respect to cross hairs in the telescope, along with azimuth
and elevation dial readings and a timing indication. With two or more
such instruments on accurately surveyed baselines, the position of a

5 Mengel, John T., Tracking the Earth Satellite and Data Transmission by Radio, Pro-
ceedings of the Institute of Radio Engineer., vol. 44, No. 6, June 1956, p. 755.

4 Sampson, William F., Henry L. Richter, Stevens, Robertson Microlock: A Minimum
Weight Radio Instrumentation System for a satellite, Progress Kept. No. 20-308 ORDCIT
proJect contract No. DA-04-495-ORD 18, Department of the Army, Ordnance Corps, Jet

Puroulsion Laboratory, California Institute of Teehnology, November 14, 1956.
'Sampson, William F., Microlock: Capabilities and Limitations, Technical Note N&

HTR 58-009, Hallamore Electronics Co., November 4, 1958.
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target in space is obtained by triangulation. Tracking is usually
manual or partially manuaL

Another type of optical tracking instrument is the ballistic camera
which determines angular position by photographing the vehicle
against a star background. This instrument is capable of a very high
order of accuracy,but the data require special processing by skilled
personnel and the time delay involved is sometimes a disadvantage.
Schemes for making some, or all, of the procedures automatic are
being considered. An instrument of the ballistic camera type designed
especially for optical tracking of Earth satellites is the Baker-Nunn
satellite-tracking camera.'

Angle tracking with optical equipment can be accomplished with
much greater precision than with radio equipment, but, for Earth-
based trackers, darkness, clouds, and haze limit the usefulness of opti-
cal equipment. Another limitation of optical trackers is the fact that
data reduction sometimes delays the output beyond tile period of
usefulness. The eventual solution is to make these procedures auto-
matic.
Infrared tracking

For tracking certain objects some advantage is gained by using
the infrared portion of the spectrum. Infrared radiation from the
object being tracked may provide a better contrast with the back-
ground radiation, and certain fog and haze conditions are more readily
penetrated. In general, however, infrared radiation is also absorbed
by the lower atmosphere, and the range and general utility of infrared
tracking are enormously increased by carrying tLe equipnment in high-
altitude vehicles essentially above the Earth's atmosphere. The use
of photoelectric detectioii and scanning techniques permits automatic
readout of angular position information.

A rather new development in optical and infrared tracking is the
use of television techniques to improve sensitivity, selectivity, and
rapid readout characteristics of the tracker. Work in this field is
being done both in this country 9 and abroad.?0 Essentially, a track-
ing telescope is fitted with the front end of an image orthicon followed
by an image intensifier for amplification of photoelectrons. The results
provide selectivity to "chop off" the sky background and permit track-
ing in daylight as well as tracking oi fainter objects at night.

D. ORBIT DETERMINATION

Vehicle tracking data are raw material that must be processed
mathematically to provide orbit information. Depending upon the
application, this orbit information may be needed to accurately estab-
lish a vehicle's past behavior and its current position, in order to
predict its position in the more-or-less distant future.

Preliminary orbital information is available to the party launching
a space vehicle from prelaunch adjustments and from measuremnts
made during the launching operation; and the orbit parameters can

mHenize, Karl G., The Baker-Nunn Satellite-Tracking Camera, Sky and Telescope, vol.
XVI. No. 3, January 1957.

*Gebel. Radames K. H., Daytime Detection of Celestial Bodies Using the Intensifier
Image Ortbicon. WADC Technical Note 58-324, October 1958." Repor. ,f the Inte:national Astronomical Union Meeting, August 1958, Moscow (to
be pubhibhed).
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be corrected and improved as further measurements are made. How.
ever, a party not privy to launching operations must have the ability
to detect the vehicle and to determine its orbit ab initio from
observational data.

At present there are two major orbit computational centers in the
United States: the Smithsonian Astrophysical Observatory in Cam-
bridge, Mass., and the Vanguard Computing Center in Washington,
D. C. These centers receive data from the various tracking stations
around the world; optical data go to the Smithsonian, and radio
data to the Vanguard Computing Center. The technique followed is
first to derive a preliminary estimate of the orbit configuraidon, then
to refine and correct as further data become available. Actually, two
tasks exist for the centers responsible for orbit computation. One is
to learn enough about the orbit quickly to be able to predict the future
positions for useful periods into the future, and the other is to derive
in a more .j..>'rely manner a precision "definitive orbit*' giving the
satellite's p, 3i history.

Prediction of satellite positions for days or weeks into the future is
limited primarily by lack of knowledge of air-drag forces. For satel-
lites with orbits which stay sufficiently high-e. g., the Vanguard
satellite, 1958 Beta-predictions can be made several weeks in advance
with errors of the order of a mile; while for a lower satellite-e, g.,
Explorer II--predictions of such accuracy can be made for only a day
or so in the future. This situation should improve as information is

,rgathered about the upper atmosphere, but there will always be un-
certainty in predicting the drag force which will act oin low satellites,
particularly nonspherical satellites. If the position of a satellite is
to be known to a fraction of a mile, then it will be necessary to con-
tinually revise the orbit elements to take care of unpredictable changes
in the upper atmosphere.

If it is ever to be possible to predict satellite positions to within one-
tenth of a mile or better, it will be necessary to improve the present
knowledge of the distribution of mass in the Earth, and the density
of air in the upper atmosphere. Satellites represent the best way of
studying both; but provision must be made for numerous precise
obserx ations around the orbits and use must be made of satellites with
known geometry, preferably spherical.

Satellites stay on orbit for long periods-virtually forever if hil-h
enough. Thus, an accumulation of hundreds of satellites may be on
orbit by the early 1960's as a result of various launchings for scientific,
military, and perhaps even commercial purposes. Present satellite
data-handling and computing niethods will be unable to cope with
the problems presented in identifying, cataloging, and keeping track
of large numbers of satellites, and it is important that new methods be
devised and implemented without delay.

E. TILE LOCATION ON EARTII-BASED TRACKERS

A number of factors-vehicle motion, Earth rotation, and the need
for an unrestricted line of sight between the tracker and the vehicle-
combine to dictate the rnmber and location of Earth-based tracking
stations for a particular application. Refraction of radio and optical
rays makes it possible to "see" objr s below the horizon, but un-
certainty in the refraction correction makes it necessary to restrict
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useful tracking data to elevation angles greater than zero. Refrac-
tion in the lower atmosphere is due to the presence of air molecules,
water vapor, and other constituents, and the refraction of radio waves
in the ionosphere is due to the induced motion of the electrons. The
later effect is approximately inversely proportional to frequency of
the radiation. Since water-vapor content, air densities, and electron
densities are variable with time and place, refraction corrections can
be made only approximately.11 The refraction correction, as well as
the uncertainty in the correction, is greater for low elevation angles.
Therefore, useful tracking data can often be obtained only by avoid-
ing low-elevation angles.

Another important factor affecting the selection of the number and
location of Earth-based tracking sites is the effect of Earth rotation.
For most applications, locations outside the United States are re-
quired to provide adequate coverage in longitude.'2  The choice of
tracker locations also depends upon the particular application at
hand, since this determinates the precision required. For a radio
tracker, zenith passage yields the most accurate vehicle position and
velocity information as well as the longest observation time. This is
also true for optical trackers? although for existing optical tracking
equipmnent the relative position of the Sun is a modifying factor.

For some vehicles, tracking is required merely to keep a record
of their position, so that a vehicle may be acquired by a tracker when
necessary for identification purposes. At the other extreme lie ve-
hicles used for navigation purposes or for determining geophysical
or astronomical constants. Here, the number of trackers, their ac-
curacy, and their location are all of critical importance, and the
tracking requirement for each application must be analyzed
separately.

I Crain, C. M., Survey of Airborne Refractometer Measurements, Proceedings of the
Institute of Radio Engineers, voi. 43, No. 10, October 10 1955."Gabler. R. T., and H. R. O'Mara, Tracking and Communication for a Moon Rocket.
Vistas in Astronautics, Pergamon Press, Inc., 1958.



13. ATmoSriarmc FLuiHT

A. CONTINUOUS ATMOSPHERIC FLIGHT

Occurrence of aerodynamic flight
Planetary atmospheres comprise a very small part of space; how-

ever, these atmospheres give rise to some very vital problems in space
flight.' During exit from and entry into planetary atmospheres,
hypersonic speeds will be characteristic of all space planetary vehicles.
Thus, hypersonic aerodynamics will be involved in important phases
of operation.

Strictly speaking, we should use the term "gas-dynamics" rather
than "aerodynamics," since our consideration is not limited to the
Earth's atmosphere. Furthermore, due to chemical effects, the "air"
we are concerned with in hypersonic aerodynamics may be quite dif-
ferent from our customary ideas of air. However, we shall use "aero-
dynamics" as a term that does not preclude gases other than air.
Long-term flight

The vehicle for sustained atmospheric flight at conditions of interest
in astronautics is the hypersonic glide rocket.2 Although not a true
cruising-type vehicle, the glide rocket is much more closely related to
the conventional airplane than is the ballistic rocket. It is a prom-
ising vehicle for manned hypersonic flight and for manned return
from space. The glide rocket is boosted to initial speed and altitude
by a rocket, much like a ballistic vehicle. It is then tilted over into
a glide path and glides back to Earth, losing speed and altitude as
it descends. To enhance accuracy and to avoid low impact speeds,
the flight path of an unmanned glide bomber would probably termi-
nate in a near-vertical dive. A schematic flight path is shown in
figure 1. Note that the vertical scale is considerably expanded, and
that the entire flight path is within the atmosphere.

A likely intercontinental-range glide-rocket configouration is shown
in figure 2. It is a long, thin, streamlined vehicle because of the im-
portance of high lift andlow drag. The flat-bottom body and drooped
nose provide the best lift-drag ratio in the hypersonic regime.3 The
flares at either side of the body are essentially wings which increase
the lift-drag ratio. The rate of aerodynamic heating along a glide
path is low enough to permit the use of thin-skin construction except
for hotspots near the nose and leading edges.

Williams, E. P., and Carl Gazley, Jr., Aerodynamics for Space Flight, The RAND Corp..
Paper P-1256, Fobruary 24, 1958.

a Williams, E. P., et 0i., Long Range Surface-to-Surface Rocket and Ramjet Missiles-
Aerodynamics, The RAND Corp., Rept. R-181. May 1, 1950.

S See footnote 2,
85
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The greater efciency of the intercontinental glide rocket, as com-
pared with that of the ballistic rocket, is illustrated by the fact that for
two vehicles of the same gross weight and payload the ballistic rocket
will go only about one-third as far as the glide rocket, or, for the
same range and payload, the glide rocket will weigh only one-third
as much. If an ICBM were converted to a glide rocket of the same
range and initial gross weight, the payload could be 8 to 10 times as
great. There are, of course, many other factors that influence a
choice between ballistic missiles and gliders.

A manned glide rocket involves essentially the same design con-
siderations for the glide portion of its path, with the added require-
ment for a compartment suitable for human occupancy. However,
the rocket ascent and the landing phase must be modified to be com-
patible with human tolerance and safety. The takeoff acceleration
of a typical unmanned glide rocket or ballistic rocket might start
one-half g above normal gravity and increase to perhaps 10 g as the
propellant is burned. For an inhabited vehicle, the maximum ac-
celeration could be reduced to a tolerable limit-perhaps 4 g-by
extending the time of powered flight, i. e., accelerating more gradually.
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Fig. 2 - Typicol glide rocket

The terminal portion of a manned flight must involve essentially a
conventional airplane type of landing or a parachute recovery, so
that tolerable decelerations occur. Ballistic reentry, except for very
shallow descents, involves decelerations well above human tolerance.
Glide-path descents, however, are accompanied by very low decelera-
tions-usually less than 1 g. While power-on landings appear to
present no insurmountable problems, as has been demonstrated by
current VTOL aircraft, the weight penalty for a rocket vehicle would
probably be excessive.

The glide rocket, which was introduced conceptually in this country
nearly 10 years a_•o, 4 is closely related to the skip rocket which was
first proposed by 9iinger and Bredt.' The skip path is similar to that
of a flat stone skipping over the surface of a pond; a lifting-type
vehicle descends on a ballistic path from above the atmosphere; upon
reentry into the atmosphere, lift builds up with dynamic pressure,
causing the vehicle to take an upward turn and be ejected from the
atmosphere again. Thus, the skip path consists of a succession of
ballistic trajectories each followed by a pullout.

'See footnote 2. p. 85.
Singer. E. and I. Bredt. 'ber etnen Raketenantrleb flir Fernbomber, ZWB, UM Nr.

3533, Berlin, 1944. (Available as Navy traunlation CGD--32. A Rocket Drive for Long-
Range Bombers.)
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From a pure flight-mechanics standpoint, the skip rocket is superior
to both ballistic and glide vehicles. However, the increased struc-
tural weight resulting from the higher load factors and greater peak
aerodynamic heating rates of the skip rocket reduce its net ranee below
that of the glide rocket. Furthermore, the inherent high load factors
of the optimum skip path rule out its use for manned vehicles.

As indicated by these brief considerations, feasible hypersonic
airplanes are primarily of the boost-glide type. It is expected that
development of a hypersonic cruise aircraft must wait the advent
of an efficient sustaining powerplant, such as a hypersonic ramjet.

The initial ascent flight paths of spacecraft will be almost identi-
cal with those of ballistic and glide rockets.

The distinction between the supersonic and hypersonic flight regimes
is not clear-cut; but, for most interesting vehiicles, the dividing line
falls close to Mach 5, five times the speed of sound. In hypersonic
flow the shock wave lies close to the surface of the vehicle body;
whereas, in supersonic flow the nose shock wave is fairly far from the
body.

In the flight of a vehicle through the atmosphere, some of the body's
kinetic energy is continuously being converted to thermal energy in
the air, and some of this thermal energy is transferred to the body.
The rate of conversion of kinetic energy to thermal energy and the
rate of heat transfer to the vehicle surface increase approximately
directly with air density and very sharply with increasing vehicle
velocity. Surface heating rates are thus most severe when high veloci-
ties ocýcur at low altitudes, and can become more severe than any
beating rates experienced in current heat-transfer technology.

Because air does not behave as a simple fluid under hypersonic
"flight conditions, hypersonic aerodynamics is nmuch more complex than
lower-speed aerodynamics. Unusual chemical and physical phenom-
ena occur in the violently heated air adjacent to a hypersonic vehicle.
The high air temperatures cause excited molecular states, radiation,
chemical reactions, ionization, and so forth, resulting in effects that
further complicate the overall heat-transfer problem, and may also
cause difficulties for radio transmissions to and from the vehicle.

B. ATMOSPHERIC PENETRATION

Types of entries
The problem of atmospheric penetration arises for any vehicle which

approaches a planetary atmosphere and for which physical recovery
or survival is desired at the planetary surface. The cases of interest
run from simple-sounding rockets to manned vehicles returning from
interplanetary trips. Several types of atmospheric entry paths are
illustrated in figure 3.

@Goldberg, P. A., Electrleal Properties of Hypersonie Shock Waves and Their Effect on
Aircraft Radio and Radar Boeing Airplane Co., Report No. D2-1997, July 2. 1957.

Sisco, W. B.. and J. M. Fiskin, E ect of Relatively Strong Fields on the Propigation
of EM Wares Trough a Hypersonltally Produced Plasma. Douglas Aircraft Co., Report No.
LB-25642. November 22, 1957.

a Roberts. C. A.. W. B. Sisco, and J. M. Flakin, Theory of Equilibrium Electron and
Particles Densities Behind Normal and Oblique Shock Waves In Air, Douglas Aircraft Co,
Report No. LB-25872, September 1. 1958.

-J
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Selmtc fockite Direct from space

Fig.3 -Various types of atmospheric entry

It can be seen that the glide vehicle just discussed descends through
the atmosphere in a more gradual fashion than the ballistic missile.

Descent from a satellite orbit may be accomplished either by waiting
for the orbit to decav undier the action of aerodynamic drag or by using
rocket braking ("dump") to shift from the satellite orbit to a descent
path. Depending upon the aerodynamic characteristics of the
descending vehicle, the entry path may range from the gradual one of
a glide vehicle to the steeper path of a ballistic vehicle.

A vehicle arriving from outer space will approach a planet with a
velocity that is at least equal to the escape velocity characteristic of
the planet. (In the vicinity of the Earth, the escape velocity is abouL
37,000 feet per second.) Several kinds of approach orbits are of inter-
est. These are illustrated in figure 4. A direct hit on the planet
would involve an entry path similar to that of a ballistic rocket, but
with a higher velocity. A more gradual penetration can be accom-
plished by either approaching the planet tangentially or by maneuver-
in- into a satellite orbit bt'fore descending. Shifting into a satellite
orbit can be accomplished either by reaction control or by the aero-
dynamic braking procedure illustrated in figure 5.
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Fig.4 -Approach paths from space
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Fig.5 - Aerodynamic brakinq, shift from a porabolic
approach Orbit tO a satellite orbit

Although the heating and deceleration accompanying atmospheric
entry bring about severe design problems, the presence of a planetary
atmosphere is advantageous in that it acts as a cushion to reduce a
space vehicle's velocity to a safe landing speed. Without an atmos-
phere, as in the case of a landing on the Moon, one is forced to the
weight-consuming expedient of rocket braking.
Deceleration and heating

A body approaching a planetary atmosphere possesses a large
amount of energy; and one of the most important of the problems of
atmospheric penetration is the dissipation of this energy in a manner
that will not prove disastrous to the vehicle, either during penetration
or on landing. If all of the vehicle's energy were converted into heat
within the body itself, it would in most cases be more than sufficient
to vaporize the entire body. The survival of many natural meteorites,
however, is an obvious indication that not all of the energy goes into
the body. Actually, the body's initial energy is transformed, through
the mechanism of gas-dynamic drag, into thermal energy in the air
around the body; and only part of this energy is transferred to the
body as heat. The fraction of the original energy that appears as beat
in the body depends upon the characteristics o the flow around the
body.

87162-SO---T
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The chief effects accompanying atmospheric entry are reduction of
vehicle velocity accompanied by appreciable deceleration loads and by
appreciable heating. Toth deceleration and heating are most severe
when there is a combination of high atmospheric density and high
vehicle velocity, i. e., when hi!gh velocities are allowed to persist down
to low altitudes. This condition is most apt to occur when the ap-
p roach velocity is very high and/or when the entry is at a high angle.
On the other hand, a lower initial velocity or a shallow entry angle
(tangential approach) tends to restrict high velocities to higher alti-
tudes. The initial entry velocity is determined by the planet's gravita-
tional characteristics and by the type of vehicle mission i e, return
from satellite orbit, return from outer space, etc.; and, therefore, one
must usually just accept the initial entry velocity involved. The angle
of entry is, however, open to selection to relieve the severity of entry
conditions.

Deceleration can also be caused high in the atmosphere by the use of
a body having high drag and/or some aerodynamic lift. High drag
produces deceleration at-high altitudes, while aerodynamic lift allows
a more gradual descent. The slender, low-drag body shown in figure 6a
would experience more severe heating and deceleration loading than
the bluntbody in figure 6b. If, however the latter body were oriented
in the position shown in figure 6c, a lift force would be developed; and
it would assume a more shallow path of descent with less heating and
loading.

0. Slender, low-drag body

0. Liung body

Fig.6 -AerodynaomiC forces oa varlous bodies
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Influence of properties of the atmoephere
The physical and chemical characteristics of the planetary atmos-

phere also strongly influence entry characteristics. To obtain a first
approximation to the gas-dynamic forces and heating, a knowledge of
the density variation in the atmosphere is sufficient. The approxi-
mate density variation in the Earth's atmosphere and the estimated
density variation in the atmospheres of Venus and Mars are shown in
figure 7. The atmosphere of Venus, estimated to consist of about 10
percent nitrogen and 90 percent carbon dioxide, is somewhat more

ense than the Earth's atmosphere, but varies in a similar way with
altitude. The atmosphere of Mars, estimated to contain about 95
percent nitrogen and 5 percent carbon dioxide, is appreciably less
dense than the Earth's atmosphere at surface level, but drops off'imuch
more gradually with increasing altitude and is actually more dense at
high altitudes. The more gradual density variation in the Martian
atmosphere effectively makes it "softer," so that it would involve a
comparatively less severe entry.
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A simple analogy
The effects of some of these factors on atmospheric entry conditions

can be visualized with the aid of a simple analogy. Imagine the
problem of crash-landing a light airplane in a dense forest (fig. 8).
Close to the ground, the trees have thick trunks; farther up, the trunks
and limbs are more slim; and at the treetops, only slender twigs and
branches occur. The forest, then, is analogous to the atmosphere-
dense at low altitudes and tenuous at high altitudes. When the air-
plane enters the trees, it suffers deceleration due to impacts with parts
of the trees (aerodynamic drag) and suffers surface damage due to
abrasion by twigs and branches (aerodynamic heating). If the air-
plane dives vertically at high speed into the forest, it will penetrate the
thin upper branches without much deceleration and will still be moving
at high speed when it reaches the heavy lower branches. Consequently,
the deceleration and surface abrasion would be great. However, i
an attempt is made to reduce speed and glide into the treetops at a
low angle, the plane will decelerate more slowly in the thin upper
branches and will be moving at a relatively lower speed when it finally
reaches the heavy lower trunks. A still better approach could be
accomplished by pulling up just before striking the treetops so that
the plane's altitude tends to keep it on the tops of the trees (i. e.,
aerodynamic lift).

The effects of the drag characteristic of the body can be visualized
by imaging the landing of two different airplanes, e. g., a modern
fighter ang a World War I fighter. The heavy, low-drag modern
fighter would penetrate at high velocity into the heavy lower branches.
The relatively light, high-drag, obsolete airline would be decelerated
with comparative comfort in the light upper branches.

The effects of the density distribution in the planetary atmosphere
can be visualized by considering a different type of tree. For example,
the "softer" Martian atmosphere, with a lower sea-level density and a
more gradual variation of density with altitude than the Earth's
atmosphere, can be visualized as a forest of taller trees with smaller
trunks and a more gradual variation of branch size with height.

j ,_ _ _ _ _
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0. DYNAMICS OF ATMOSPIERIC PENERrATION

The three general types of atmospheric penetration illustrated in
figure 3--the steep descent path of a direct entry from space, the
more gradual descent path of a satellite orbit decay, and a very
gradual glide or lifting descent-are accompanied by differing pat-
terns of deceleration.'
Direct descent

The influence of entry angle on this deceleration pattern is shown
in figure 9 for a body like t he Vangfuard satellite. An entry angle
0 of v00 indicates a vertical descent. ý0 is the angle between the vehicle
path at entry and the local horizontal.) The maximum deceleration
during direct entry is independent of the drag characteristics of the
body. It is dependent only upon the path angle, the initial velocity,
and the atmospheric characteristics. Only the altitude at which maxi-
mum deceleration takes place is dependent upon the drag character-
istics of the body.

300

'8 200

20" 5I
90" 20*

1~00 - 90"

0 10 20 30 40 0 100 200 300 400
Velocity (thousands ot ft/sec) Deceleration (V's)

Fig.9-Velocity and deceleration during direct entry into
the Eorth's atmosphere from space at various angles

w O 10b/ sq ft

The pattern of velocity and deceleration for the same body is shown
in figure 10 for vertical penetration of the atmospheres of Venus,
Earth, and Mars. The different gravitational attractions account for
the different initial velocities, which are equal to the escape velocities.
The effect of atmospheric density variation is apparent in the shape
and position of the curves. The more dense atmosphere of Venus
results in deceleration at a higher altitude; however, the velocity
v~iriation with altitude and the maximum deceleration is about the

0 Gasley, Jr., C.. Deceleration and Reating of a Body Mnoering a Planetary Atmospehere
from Space. Vistas In Astronautics Pe emon Prusw, 1958 (proegdlnag of the Mirst Annual
Air Force Off0ce of Sicentific Reearuch Astronautlcs Sympolum).
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same as for Earth because of the similar density variation. The more
gradual variation of density in the Martian atmosphere results in a
more gradual variation of velocity with altitude and a lower peak
deceleration.
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Fig. 10- Velocity and deceleration during direct entry from
space at 8 =90 0into three planetary atmospheres
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The phase of satellite orbital decay of interest here is the very last
portion where heating and deceleration are appreciable-say, about
the last 2,000 miles and the last few minutes of the satellite lifetime.
This phase is preceded by a much longer period covering many
revolutions in which the satellite executes a very gradual spiral that
becomes more circular. The rate of energy loss by the vehicle due
to aerodynamic drag is small enough so that the vehicle's kinetic
energy (energy of motion) and potential energy (energy of height)
adjust themselves to a momentary "equilibrium" orbit. In this process,
the potential energy decreases, and the kinetic energy increases. Thus
the satellite's velocity actually increases in the initial phases of orbital
decay.

The deceleration pattern in the last phase of descent is very similar
to that for direct descent at a very shallow angle. For the Vanguard
example used above, the peak deceleration would be about 9 g.
Lifting descent

A lifting descent involves a still more gradual atmospheric penetra-
tion, and here again the path angle adjusts itself to the forces acting
on the vehicle and is generally quite small-of the order of a few



98 ASTRONAUTICS AND ITS APPLICATIONS

tenths of a degree. In this case, the deceleration does not go through
a sharp peak, but increases gradually to a maximum. Decelerations
can be linited to rather small values in a lifting descent.
Range and time of descent

It should be noted that the more gradual descents involve longer
times and cover greater ranges than the steeper descents. For example,
starting at the same altitudes and velocities, a direct descent may
traverse a distance of only a few hundred miles and be accomplished
in about one-half minute; an orbital decay might cover a range of a
few thousand miles in 5 or 10 minutes; and a lifting descent might
extend over 5,000 to 10,000 miles in about 2 hours. A gradual descent
involves velocity reduction and consequent energy dissipation over a
long period of time.
Examples of deceleration loads

Some examples of deceleration loads that would be experienced in
various kinds of entries are listed in table 1. These are to be compared
with an allowable load tolerance of roughly 10 to 15 g for manned
vehicles.

TABLE 1.-Maximum deceleration expierienced during various types of
atmospheric penetration

[Values given in Earth g's]

Direct entry at escape Direct entry at orbital Entry Entry of lifting vehicle
velocity velocity by at orbital velocity

Planet decay
from

0-5 20 90 0-5 20 90 satellite L/D-1 2 5
orbit

Venus .............. 28.6 112 326 14.3 56 163 8.9 0.88 0.44 0.18
Earth ------------- 2.3 111 324 14.2 33.5 162 9.5 1.0 .5 .2
Mars ............ . 1.6 6.3 18.3 .8 3.2 9.2 1.4 .38 .2 .07

Heating during atmospheric penetration
The reduction of the vehicle's kinetic and potential energy during

descent is accompanied by an increase in thermal energy in the
surrounding air, some of which is transferred to the vehicle's surface.
The fraction of this energy which reaches the vehicle surface as heat
is of primary concern to the designer. This fraction, or conversion
efficiency, depends upon the vehicle's shape and upon its velocity and
altitude-and ultimately upon the mechanism of heat transfer between
the hot gas and the vehicle surface. At very high altitudes, the heat
energy is developed directly at the vehicle's su-face, and one-half the
vehi Fe's lost energy appears as heat in the body. At lower altitudes,
thermal energy appears in the air between the shock wave and the
body. Heat is transferred from this hot air to the body by conduc-
tion and convection through a viscous boundary layer. Radiation
from the hot gas may also contribute appreciably to the surface
heating.
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D. TEM-RATUREx, hEATING RATES, AND PAYLOAD PROTECTION

The heating of a vehicle in a given application determines the type
of surface-protection system it needs.101'

Supersonic aircraft and hypersonic glide missiles operate with es-
sentially constant skin temperatures, and the vehicle must be so de-
signed that heat is carried off at the same average rate as it is acquired.
Tihe temperature attained by various parts of the body will depend
on the radiative characteristics of the vehicle surface and the local
heatingy rates.

During the flight of a ballistic missile, the skin temperature experi-
ences a large variation. During ascent through the atmosphere, the
skin experiences moderate heating-about like that for a supersonic
aircraft. Heating drops to zero upon exit from the atmosphere, and
the skin is cooledby radiating its heat while the missile is going over
the top of its trajectory. During descent, heating increases enor-
mously and the skin reaches its maximum temperature sometime dur-
ing this reentry part of its flight.
Surface cooling 8ystemS

Methods for protecting a payload from high external heating
include--

Thickening of skin, to absorb heat in a greater mass of material
in the case of transient heating and to compensate for decreased
material strength at elevated temperatures in the case of steady-
state or equilibrium conditions.

Insulation of the outer surface, to reduce transmission of exter-
nal heat into payload compartment and structure separated by
insulation. Also, the higher surface temperatures reduce surface
heating because of increased radiative cooling from the surface.

Cooling of the inner skin surface, absorbing transmitted heat
by bailing internal water or heating a coolant fluid.

Transpiration cooling, pumping of gas or vapor through a
porus skin to carry heat away from and insulate the vehicle.

Ablation cooling, carrying away heat and insulating by vapor-
izing the surface material of the vehicle shell.

Combinations of these.
The choice of the most effective method of protection against reentry

heating for a given mission must of course rest upon detailed design
studies.
Visual phenomena

Some idea of the spectacular nature of a high-speed reentry can be
gained from the following excerpt from an account of the reentry of

' Gazley, Jr.. C., Heat-Transfer Aspects of the Atmospheric Reentry of Long-Range

allistic Missiles. The RAND Corp., Rept. R-273, August 1, 1954."U Masson. 1). J., and Carl Gatley, Jr., Surface-Protection and Cooling Systems for High-
Speed Flight, Aeronautical Engineering Review. voL 15, No. 11, November 1956.



100 ASTRONAUTICS AND ITS APPUICATIONS

the nose cone and associated structures from the firing of an Army
Jupiter missile on May 18,1958: 12

Comdr. R. G. Brown, captain of the U. S. S. Stiokell, was
the first to spot the reentry phenomena. At the time he
spotted the light, it appeared about as bright as a star of third
magnitude. The appearance occurred ajmot exactly where
the corrected position was predicted.

Within n seconds after the first reen tr. light was observed
the phenomena had blossomed into 3 distinct objects. The

Tcightest object appeared similar to a hube magnesium flare,
which was assumed to be the booster. Tue light emitted by
this object definitely pulsated as if the body were tumbling
through space. At one timen the body's trajectory was nearlyin line with the planet Jupiter. It was estimated that the
brightness was at least 1,000 times that of the planet.

The second brightest visual object was a beautiful blue-
green. This was assumed to be the instrument compart-
ment. The blue-green light may have resulted from the cop-
per and magnesium in this section. The actual trajectory of

the instrument compartment during its burning stage was
much shorter than the booster and nose cone. Slightly past
the midpoint of the visible trace, the blue-green light turned
nearly white and then burned out.

The nose cone never reached a white color. The radiation
in the visible spectrum was orange-red in color. Visibility of
the nose cone, spacewise, began slightly behind the booster,
and then moved ahead of the booster. During the last few
seconds of the visible flight, the booster and nose cone moved
behind the large cumulus cloud to the south of the U. S. S.
Stickell. The radiation was so intense that the whole cloud
became illuminated. It was in this section of the flight that
the booster ceased to glow and became invisible. The nose
cone was seen to appear from behind the cloud and was
tracked for another couple of seconds before it cooled enough
to become invisible. The total time of visibility from the
position of the U. S. S. Stickei was approximately 27 seconds.

n Woodridse, D. D. and . VV.Heabree, Operation Gasulht, Jupter Mialk AM-$ Army
Ballistic Missue Agency, Hunteville, Ala., June 5, 195.



14. LANDING AND RECoVERY

A. DETERMINING FACTORS

Landing by manned space vehicles is constrained by the same con-
siderations that apply to landings by aircraft, parachutes, etc. Thus
this discussion is largely devoted to landings by unmanned vehicles.

Landing apayload on the Earth, Moon, or distant planetary body or
asteroid is influenced mainly by '

Velocity of approach to the landing surface.
Nature of "target" material.
Nature of the payload.
Weight limitations.

B. VELOCITY OF APPROACH

The velocity of approach is the velocity of the payload just prior
to contact with the "target" material. The kinetic energy possessed by
the payload by virtue of this velocity must be completely dissipated
in landing. The kinetic energy is a fundamental basis for comparison
of impacts-a heavy body impacting at low velocity is about equivalent
to a fight body impacting at high speed, if their kinetic energies
are equal.

The physics of impact suggests that the dissipation of energy can
take place in many ways-and, in fact, the precise redistribution of
energy cannot be predicted with current theory for even the simplest
impact problem. Heat, friction, deformation of both target and
payload, wave energy imparted to the surrounding atmosphere (if
any) are some of the physical phenomena that take place in most
impacts.

0. NATURE OF TARGET

Landings on the Earth may take place in water or land. Landings
may occur on a variety of surfaces, such as dry sand, clay, or rocks
of varying degree of consolidation. Landing problems are markedly
different in crushed rock, shale or pebbly material, with each piece
relatively hard but free to move, as contrasted with an outcropping
of solid rock.

Terrains are classified as to their compressive strength, determined
by firing projectiles into material samples, and by compression tests
in the laboratory. These are rather crude approximations to the very
wide spectrum of terrain conditions on Earth and, most probably, on
other planetary bodies. However, a considerable uncertainty in com-
pressive strength is tolerable for properly designed landing systems.

SLing. K. A., Lunar Inftrument Carrder--Undlung aettom. The RAND Corp.. Remach

Memorandum EM-1725, June 4, 195.
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D. NATURE OF PAYLOAD

The nature of the payload determines the degree of sophistication
required in the landing operation.

Experiments indicate that amplifiers, transistors, and other elec-
tronic gear can be designed and mounted to withstand very heavy
deceleration loads-of the other of 3,000 g to 20,000 g or more.
These are well above loads encountered in the majority of controlled
landings. Consequently, excluding exceptionally delicate instruments,
specifications on landing loads are not likely to be limited by electronic
equipment.

One extreme limit on landing speed is provided by the need to keep
communication antennas above ground-the payload should not hit so
hard that it buries itself completely.

The landing loads tolerable by human beings are among the lowest
likely to be specified in the design of landing systems

E. WEIGHT LIMITATIONS

There is a considerable difference in the total weight of landing
arrangements required to land on planets having atmospheres, as
compared with a body such as the Moon that has no appreciable atmos-
phere. Presence of an atmosphere permits use of lifting surfaces and
other aerodynamic devices like parachutes for gradual descent to a
light landing. Without an atmosphere, braking rockets, which are
extravagant in their use of available weight capacity, are required
to reduce the approach velocity to a permissible level

F. CONTROLLED LANDING IN SOILS

Typical designs for landing on soils are depicted in figures 1 to 3.
They all aim to reduce the landing load by taking up the shock in
extended penetration of the target surface by a body of relatively
small cross-section.

For terrain that is not level, a direct impact perpendicular to the
ground surface cannot be guaranteed.

Spherical payloads with several spikes attached to a vehicle (fig. 2)
have been suggested to increase the chance that in any orientation one
spike will imbed. Figurci I also illustrates the notion of using one or
more devices for several purposes-if practicable. Thus, for a lunar
landing, the retrorocket case can deform upon impact and partially
dissipate kinetic energy. The soft landing vehicle of figure 3 is more
complex and bulky but has the advantage that the spider legs, which
may incorporate energy dissipative devices, would help position a
landing vehicle appropriately for special purposes, such as takeoff
for a return trip (fig. 4).2

Landings are classified, somewhat arbitrarily, as soft or hard, de-
pending uIon approsch velocities less than or greater than 500 feet
per on8, respecively.

9 1 t 4 are adr f . A. M Lamar Vokdee Preesdia ofLawan
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Propellant

Payload

Spike

•/..4 Retrorocket

Fig.I -impact vehicle with penetration spike

instrument Package

Shock -absorbent

Structure

Fig.2 -Rough-landing instrument carrier
(spikes not shown)

Fig.3 -Soft- landing vehicle



104 ASTRONAUTICS AND ITS APPLICATIONS
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Moon lokeoff

Moon -landing

Fig.4--Soft-londinq vehicle, full assembly

G. WATER LANDING

No planetary body other than earth is known to be covered to any
appreciable extent by fluids. Consequently, landing in water is of
imnportance only in recoveries on the Earth.

Water impacts may occur either because it is difficult to control the
landing operation to impact within a designated land area or because
weight limitations preclude the use of control devices.

Where a controlled landing is possible, it may still be desirable to
impact in water because there is a high probability of recovering the
payload from such a landing. Impacts on land involve the hazards
of burial of payload, difficulty of access and search in some areas be-
cause of climate, terrain, or political factors.

Some other advantages of water recovery are:
The behavior of objects striking water can be more easily tested

experimentally and the target material is not variable like terrain.
Proper orientation of the payload after landing is easily guar-

anteed by packaging it to be heavy on the "down" end.
Water recovery, of course, requires the payload to be waterproof,

and generally that the payload or some auxiliary attachment be able
to float.



15. ENVIRONMENT OP MANNED SYSTEMS

A INTZRKAL ENVIRONMENT OF MANNED SPACE VEHICLES

Available information on the important environmental elements in
manned space vehicles and their effect on human occupants is formiu-
lated hiere as a syn~thesis of data collected from a largre ntuiiber of
sources in the literatures of aviation mnedicine, submnarinie, and deep-
sea-diving medicine, and human heat regulation.1-a

,is Adol phý. E. r'., and Associates. Physiology of Man In the Desert, Interselence Pub-
lihers, mc., New York. 1947.
3 A rutstrg. H. G.. Principles and Practice of Aviation Medicine, 3d Pd., the Williams &

Wilkins Co.. Baltimore 1952.
8 orrv. C. A.. The knvironment of Space in Hunman Flight. Institute of the Aeronau-

tical Seiencee. New York. Preprint No. 798. January 1958.
'Buettner, K.. Man and HIls Thermal Environment, Mechanical Engineering, November

1957.
5 Burnight, T. Ri., Physics and Medicine of the U pper Atmosphere. ch. 13, Cltravlol,-t

Radiation and X-rays of Solar Origin. University of New Mexico Press. Albuquerque. 1051t..
6 Burion. A. C.. andi 0. G. Edholm. Man in a Cold Environment. Physiloh~vl an sd P'ath.-

logical Effect of Exposure to Low Temperatures. Edward Arnold ll'ubtlsbe-rs) Ltd.,
London. 1955.

'Carlson. L. D.. Man In Cold Environment, a Study in Physiology. Alaskan Air Coan-
mand. Ladd Air Force Base. Fairbanks Alaska August 1954.

'Code. C. F,' et al.. The Limiting Elfect of Centripetal Acceleration on Man's Ahility To
Move, Journal of Aeronautical Science. 14 * 117. 1947.

oCranmnfore. Il~oris. Behavior. Mortality, and Gross Pathology of Rats Under Accelerative
Stress. Aviation Medicine. April 1956.

ý' Dill. 1). B.. tile. 11eat, and Altitulde. Physiological Effects of Hot Climates and Great
Heights. Harvard University Press, Cambridge. Mass., 1938.

"1 Flight Surgeons Manual. Air Force Manual 160-5, Department of the Air Force, 1'. S.
Government Printing Officee Washington. D. C.. 1954.

3
2
taggi-. A. 1'...u1n'v Responose to) Tempersatore Extremes. Proceedings of the Fifth

AQlARD Gjeneral Assembly. Ag 20/ PlO, June 1955. pp. 82-91.
13' i-- A. P.. .,t al.. Tit' to S ence of Clothing on the Physiological Reactions of the

Human Body to Varying Environmental Temperatures American Journal of l'hyslology.
124. 1938. pp. 31-50.

'5 German Aviation Medicine World War 11, vols. I and It, prepared under the auspices
of the Aurgeon General, USAF. Department of the Air Force. U. S3. Government Printing
Office, Washington. D. C., 195)0.

5Hlaldane. J. 13. S.. Whant Is Life? Boni and Geer. New York. 1947.
Is Hlarrington. I,. P.. A Surrey Report on Human Factors in Undersea Warfare. ch. 13

Temperature and Humidity in Relation to the Thermal Interchange Between the Human
Body and the Environment, Committee on Undersea Warfare, National Research Council,
Washington. D. C.. 1949.

"U Krieger, F. J , A Casiebook on Soviet Astronautics, pt. 11, The RAND Corp.. Research
Memorandum RM-1922. June 21. 1957.

5Lee, 1U. H. K., Human climatology and Tropical Settlement, University of Queensland,
Brisbane. 1947.

5Lewis. C., USAF School Simuiates Living In Space, Aviation W.~t, Jannary 27, 19158,
pp. 49)-61.

to Ley, Willy, and W. von Braun. The Exploration of Mars, The Viking Press, New York,
1958."' Mayo. A. M., Survival Aspects of STp ce Travel, Aviation Medicine. October 1957.

=McFarland, Human Factors In Air Transportation. McG raw-Hlill Book Co., New York,
1956.

*Simons and Parks, Climatisatlon of Animal Capsules in Upper Stratosphere Balloon
Flights. Jet Propulsion. July 1956. p. 585.

24 Stapp, J. P.. Collected Papers on Aviation Medicine. AGARD-ograph No. 8, ch. 14:
Tolerance to Abrnpt Deceleration, Butterworth Scientific Puhlicationa, London. 1955.

Is Stauffer, F. R., Acceleration Problems of Naval Training. 1. Normal Variations In
Tolerance to Positive Radial Acceleration, Aviation Medicine, June 1953, p. 187.

26Stewart, W. K., Some Observations on the Effect of Centrffugal Force in Man, Journal
of Neurological Psychiatry. 8: 24, 1945."3 Stewart. W. K., Lectures on the Scientific Basis of Medicine, 11, The Physiological
Effects of Gravity, London, 1952-53, pp. 334-343.

P J Stoll, A M Hunman T~olerance to Positive 0 as Determined by the Physiological End
Point, Aviation ~Medticle. August 1958, p. 556.

NSubmarine Medicine Practice, Bureau of Medicine and Surgery, Department of the
Navy. NA VMED-P 5054. U. S. Government Printing Offce, Washinvon, D. C. 1958.

80Wchater. A. P., Acceleration Limits of the Human Body, Avison Age, 1karch 1956,
p. 28."NZuldema, G. D., at al., Human Tolerance to Prolonged Acceleration, Wright Air Devel-
opment Center WADC TB 5"6-0, October 1958.

. Nadel, A. Sb., Human Factors Requirements of a Manned S pace Vehicle, General Elec-
tric Technical Military Planning Operation, Retit No. RU 58TMP-10, April 10, 1958.

n i University Quarterly, -summer issue 1958I
'ABuillinghorst. Col. R. L., Meeting the ihyelological Challenge of Man In Space, Army

Information Digest, voL 18, No. 10, October 1958, P. I8.
105



106 ASTRONAUTICS AND ITS APPLICATIONS

In order to function properly, any system must be maintained
within certain physical and chemical limits. Mlan is no exception.

The primary elements of the environment that have an immediate
bearing on the health and well-being of the man are the following:

Composition and pressure of the atmosphere.
Gravitational forces (acceleration).
Temperature.
Radiation.

Of course, there are other factors such as noise and vibration during
takeoff and landing phases, possible hazards from extraneous toxic
substances, nutritional requirements, effects of confinement and iso-
lation, and the like which must be examined separately.

In general, if one plots any limiting stress or departure from some
preferred environment against time, a curve results which separates
the figure into two general areas, as in figure 1. The area below the
curve represents conditions under which man can operate more or less
normally and efficiently. The area above the curve represents condi-
tions which the man cannot tolerate and under which he cannot
operate. Because of the severity of the stress in this area, he is either
incapable of performing, or is unconscious, or is dead. Separating
these two regions is a broad transition band representing (for any
given individual) a gradual loss of efficiency and loss of ability to
recover promptly when the stress is removed. The deeper we pene-
trate into the transition band, the greater the physiological strain.
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The following general observations are significant:
Individuals differ greatly in their ability to withstand stress.

For some individuals the critical region would be moved down
and to the left. For some individuals it would be moved up and
to the right.

A given individual will not always react the same at different
times. In addition, he can improve his performance by gradual
acclimatization or conditioning.

The curves can be modified by all of the other factors in the
man's environment.

And, of course, the milder the stress the longer he can toler-
ate it.

Composition and pressure of the atmosphere
First, the effect of the gaseous environment and respiratory require-

wents (fig. 2). This figure represents the region of human tolerance
to variations in the partial pressure of oxygen in the inspired air.
The nornial sea-level value is 149 millimeters of mercury. The lower
band in the figure represents the minimum oxygen partial pressure
that can be tolerated in the air entering the lungs. Man's reactionl
depends, of course, both upon the level of inspired oxygen pressure
and the rate of penetration into the intolerable region.

For gradual penetration into the region of too little oxygen, the
usual symptoms are: Sleepiness, headache, lassitude, altered respira-
tion, psychologic impairment, inability to perform even simple tasks,
and eventual loss of consciousness.



ASTRONAUTICS AND ITS APPLICATIONS10

Itt

CL

I-

0

0

0 0

2; N -

(am j0 Luw) *jnssead iO!IJ~d ijoGAvo peigdluil



110 ASTRONAUTICS AND ITS APPLICATIONS

For a sudden transition into excessively low oxygen pressures, the
intermediate symptoms are bypassed and the man rapidly loses con-
sciousness, goes into spasms or convulsions. If the low oxygen pres-
sure is accompanied by low total pressure, the sudden decompressioi
is characterized by p ains in the chest and in the joints due to bubble
formation (or bends) and by confusion, delirium, and collapse.

Too much oxygen can also be lethal, as indicated by the upper curve,
which delimits tle oxygen toxicity region, the symptoms again de-
pending upon rate of onset. Prolonged exposure to one atmosphere
of pure oxygen, for example, eventually produces inflammation of the
lungs, respiratory disturbances (coughing, gasping, and pulmonary
congestion), various heart symptoms, numbness of the fingers and toes,
and nausea.

Exposure to still higher partial pressures of oxygen produces ner-
vousness, discomfort, irritation of the eyes and virtual blindness,
nausea, loss of consciousness, and convulsions. In general, for long
exposure times, inspired oxygen partial pressures should be kept well
within the extremes of 80 anS 425 millimeters of mercury to avoid un-
desirable effects. It should be mentioned also that one s tolerance to
other stresses (e. g., acceleration) is impaired by a low oxygen pressure.

It is perhaps easier to appreciate the respiratory requirements of men
if they are expressed in terms of the total pressure and atmospheric
composition (fig. 3). Here total pressure in pounds per square inch
is plotted against the volume percentage of oxygen in the ambient
"air." Normal sea-level conditions are 14.7, pounds per square inch
absolute (p. s. i. a.) and 21 percent oxygen. Proceeding from this
point, we may reach the critical low-oxygen region by several different
routes. For example, if we maintain the total pressure at 11.7 p. s. i. a.
and reduce the concentration of oxygen, a critical point for the un-
acclimatized person is reached when the oxygen concentration has
fallen to about 11 percent. Or, if we keep the composition of the air
constant at 21 percent oxygen and reduce the pressure (which is what
happens when we ascend to higher altitudes in our atmosphere), a
critical point is reached when the ambient pressure has fallen to about
8.4 p. s. i.a. This corresponds to air at about 15,000 feet. An equiva-

lent condition for a man breathing an atmosphere of pure oxygen
would be reached when the ambient pressure was about 2.5 p. s. i. a.,
which corresponds to the ambient pressure at about 42,000 feet.
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Deleterious effects of the inert diluent do not become apparent until
the total pressure reaches several atmospheres (40-50 p. s. i. a.). If
the inert diluent is nitrogen, above this pressure nitrogen narcosis is
encountered, the effects of which have been compared to alcohol in-
toxication: confusion, disorientation, loss of judgment, and uncon-
sciousness. However, if helium is the inert diluent, much higher total
pressures may be tolerated without any adverse effects, up to possibly
20 atmospheres totalpressure.

Since man normally produces carbon dioxide at nearly the same
rate as he consumes oxygen, this is an important environmental con-
sideration (fig. 4).
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Above 15 to 20 millimeters of mercury partial pressure of carbon
dioxide in the inspired air (equivalent to 2 to 8 !?ercent carbon dioxide
at 1 atmosphere), the subacute effects are a noticeable increase in the
breathing rate, and distention of the air sacs of the lungs, with impair-
ment of the normal gas exchange in the lungs. Partial pressures
above about 85 millimeters of mercury (equivalent to 5 percent carbon
dioxide at 1 atmosphere) can be tolerated for a period of only a few
minutes. Acute symptoms are heavy panting, marked respiratory
distress, fatigue, stupefaction, narcotic effects, unconsciousness, and
eventual death. For exposure for long periods of time most author-
ities recommend that the inspired carbon dioxide pressure be kept
below 4 to 7 millimeters of mercury (0.5 to 1 percent at I atmosphere
pressure).
Gravitational forces

The relative position or orientation of the subject is of prime im-
portance in determining tolerable levels of gravitational or accelera-
tion force, or "g force. As the g force is gradually increased, cer-
tain effects are observed (table 1).

TeA Lz 1.--roaa effects of acceleration forces l'Effects: '
W eightlessness --------------------------------------------------- 0

Earth normal (32.2 feet/second') --------------------------------- 1
Hands and feet heavy; walking and climbing difficult -------------- 2
Walking and climbing impossible; crawling difficult; soft tissues sag__ 3
Movement only with great effort; crawling almost impossible --------- 4
Only slight movements of arms and head possible ------------------- 5

Positive longitudinal g's, short duration Transverse g's, short duration (head
(blood forced from head toward and heart at same hydrostatic level),:
feet): Effects: go

Bffect.: 9'S No visual symptoms or
Visual symptoms appear. 2.5- 7. 0 loss of consciousness-.- 0-17
Blackout ------------- 3.&5- . 0 Tolerated --------------- 28-30
Confusion, loss of con- Structural damage may

sciousness ----------- 4.0- 8.5 occur ----------------- >30-45
Structural damage, espe-

cially to spine -------- >18-23

Figure 5 shows the time-tolerance relationships for positive longi-
tudinal forces and for transverse forces (either prone or supine, prone
being the position of lying face down and supine being the position
of lying on one's back).
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For the transverse position, human subjects in Germany during
World War II were subjected to 17g's for as long as 4 minutes re-
portedly with no harmful effects an no loss of consciousness. The
curves indicated for very long periods of time are extrapolations and
are speculative, since no data are available on long-term effects.
Col. John Stapp, Air Force Missile Development Center, has in-
vestigated extreme g loadings, up to 45 g's, sustained for fractions of
a second; that is, peak loading lasting on the order of one-third of a
second. These are the kinds of accelerations or decelerations that
would be experienced in crash landings. For these brief high g load-
ings, the rate of change of g is important, injuries becoming more
probable when rate of change of g exceeds 500 g's per second.

As a matter of interest, the beaded line on the figure indicates the
approximate accelerations that would be experienced by a man in a
vehicle designed to reach escape velocity with three stages of chemical
burning, each stage having a similar load-factor-time pattern. This
curve enters the critical region for positive g's. Most individuals
would probably black out and~ some would become unconscious. How-
ever, for individuals in the transverse position, this acceleration could
be tolerated and the individual would not lose consciousness.
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It is important to note that there is no compelling reason for adopt-
ing elaborate measures either in equipment design or in flight crew
selection to achieve extraordinarily high g force tolerances. Virtual-
ly all rocket engines are capable of being throttled to reduce thrust,
and thereby vehicle acceleration; in this way g forces can be limited
to any reasonable value (say, 4 or 5 g).

High g forces are more likely' to be an important factor in the
reentry of "capsules" with no lhfting surfaces. GlIide vehiciles can
limit reentry loads to very modest levels.
W~eightlessness

There is only a very limited body of information available concern-
ing the effects of conmplete absence of g force. The longest periods of

weightlessness so far experienced by human beings have been of the
order of 40 to 50 seconds in aircraft on zero g flight trajectories. As
with other forms of stress, different people react in different ways to
weightlessness. Some individuals find it unpleasant and some seem to
enjoy it, but the durations so far have all been short. At present it is
believed that at least some individuals will be able to adapt to a weight-
less condition for long periods of time. In any event, there are ways
of avoiding weightlessness through vehicle rotation, if it is found to be
a generally undesirable condition.

The longest space flight to date by an animal was that of the dog in
Sputnik II. The vehicle was under zero g, but the acceleration force
actually experienced by the animal was dependent upon the rotation
rate of the satellite and the location of the dog relative to the axis of
rotation-and these factors are not known with certainty at present.
Temperature

Temperature is a more familiar variable element in man's environ-
ment-also a more complicated one to depict in simple terms (fig. 6).
In the high-temperature region of the chart, for example, relative
humidity is as important as temperature in its effect on riuman toler-
ance. It is well known that much higher temperatures can be toler-
ated if the humidity is low. Other important factors are thermal
radiation, wind velocity, acclimatization, and the amount of activity
being engaged in. The curves presented here assume that adequate
drinking water is being supplied to make up for water lost in perspira-
tion, which can amount to very sizable quantities at high temperatures.

-A
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The general symptoms of excessively high temperature, depending
upon degree and length of exposure, are: lassitude, loss of efficiency,
weakness, headaches, inability to concentrate, apathy, increase in
cardiac work, nausea, visual disturbances, increased oxygen uptake,
increased body temperature, heat stroke, and convulsions.

In the low-temperature region, the situation is also highly compli-
cated and the position of the critical region is affected by the amount
of activity, thermal radiation, wind velocity, acclimatization, and the
insulating effectiveness of gloves and boots. The curves of figure 6
suggest a limitation for a man wearing the warmest clothing that he
can wear and still retain ability to move freely (clothing about 1 inch
thick). The usual hazards from low temperature are cold injury to
extremities7 frostbite, exhaustion, local freezing, depression of respira-
tory and circulatory functions, general hypothermia, paralysis, and
death.

As indicated above, temperature has a profound effect on the quan-
tity of water required per man per day. It has a less marked effect
on the food and oxygen requirements, as indicated in figure 7. These
curves are intended to be roughly suggestive of tie dependence of
water, food, and oxygen consumption upon ambient air temperature.
They are greatly affected by the amount of work activity, and also by
such factors as the amount of clothing worn, humidity, acclimatization,
and body weight. Hewever, as indicated, the quantity of water re-
quired becomes dominant at temperatures in excess of about 700 F.
Thus, in a space ship it would be desirable to maintain the living quar-
ters at a comfortable temperature, not only for the comfort of the crew
but also to avoid excessive loading of the water-removal or water-
recycling equipment.
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With respect to the problems of recovery of man's metabolic prod-
ucts for reuse in a sealed cabin, many possible schemes of recovery
of man's metabolic waste products have been proposed but none has
yet been perfected. The actual type of scheme that would be used
would depend upon the length of the projected excursion into space.
Radiation

First it should be pointed out that the forms of radiation from
the Sun other than the sporadic radiation from solar flares can be
adequately handled within today's technology. The effects of thermal
radiation can be controlled by adjusting the absorptivity and emissiv-
ity of the outer skin of the vehicle, and almost any desired skin
temperatures can be obtained. As for solar radiation in the visible,
ultraviolet, and soft X-ray regions, present data indicate that these
do not constitute a direct hazard to crews of space vehicles, as they
can easily be stopped or attenuated by thin layers of almost any struc-
tural material.
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The newly discovered "radiation belts" of the Earth present a prob-
lem that can be met either by avoidance or by shielding to reduce
dosages to human beings to acceptable levels. This radiation is ap-
parently X-rays produced when high-velocity charged particles im-
pinge upon the material of which a space vehicle is constructed.
Manned satellites, to avoid the radiation belts, could orbit the Earth at
altitudes lower than three or four hundred miles. The occupants
of space vehicles escaping from the Earth could be shielded with fairly
thin sheets of dense materials such as lead; or escape routes over the
Earth's polar regions might be used to avoid the radiation belts almost
entirely. More information about peak dose rates in these belts is
needed to establish the best procedures for dealing with the problem,
but solutions are available.

However, the hazard of cosmic radiation remains an open question,
since there is no satisfactory way of shielding against it. What is
still unknown is the relative biological effectiveness (RBE) of cosmic
radiation as compared with other forms of radiation we know more
about.

Figure 8 displays the generally accepted human tolerances with
respect to genetic damage and nongenetic damage by gamma radiation.
For example, for persons in the reproductive ages, recommended
dosage limits for genetic reasons are: not more than 300 milliroentgens
per week, no more than 15 roentgens in any one year, and no more than
5-roentgen-per-year average dose. A man can tolerate much larger
dosages without any noticeable (nongenetic) effects, however, (up
to 50 roentgens in an acute dose).

A... .. .. .. • • • nun
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Where would be the effects of the heavy nuclei of cosmic radiation
with respect to these limits? It all depends upon the RBE, and at
p sent the data are inadequate to calculate a meaningful RBE.

hysical measurement indicates that the dosage that wouldbe received
from unshielded cosmic radiation is low.

The commonly accepted view is that there will be no measurable
adverse effects for short exposure times but possibly some genetic
effects or minor local tissue effects when the exposure is prolonged.

So far, in short-duration experiments with rats, there has been no
evidence of cancer produced by cosmic radiation, although black mice
and guinea pigs exposed to cosmic radiation at high altitudes for 24
to 36 hours subsequently developed gray spots in their hair, indicating
irreversible damages to parts of hair follicles by cosmic heavy nuclei.

The whole question of the effects of cosmic radiation is now being
studied intensively and undoubtedly much will be learned in the next
few years.

The mechanism of X-ray formation inside a vehicle due to possible
impingements on the outside is illustrated in figure 9.

Electron flu

Proton flux

Fiq.9 -Production of x-rays inside space venticle due

to Bremsstrahlung caused by protons and electrons

Air Supply
A 5-man crew will require approximately 100 pounds of oxygen for

a 10-day trip.1 " Three possibilities immediately suggest them-

O Ross, H. V., Orbit Bases. Journal of the British Interplanetary Society, vol. 8, No. 1,
January 1949, pp. 1-19.

U Paris, . S., and S. S. Naistat. Hydrogen Peroxide as a Source of Oxygen, Water, Heat.
and Power for Space Travel, Proceedlug of the American Astronauticai Society. You1th
Annual Meeting, January 29-31. 1958, New York, pp. al-i to 31-13.
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selv-•: Liquid oxygen (LOX),t 7 hydrogen peroxide, and some form
off lant life' to regenerate the air.

LiqUid Oxygen normally requires a double-walled insulated storage
container, approaching in weight the LOX itself. Also LOX must be
humidified by the addition of water prior to breathing.

Hydrogen peroxide (H202 ) does not present so difficult a storage
problem, and is somewhat less hazardous. Using 90 percent 11,202,
236 pounds (plus a 40-pound container) would be required to yield
100 pounds of oxygen. The rest of the weight (136 pounds) w'ould
appear as water. This would itself be useful, and consequently can-
not be counted against a hydrogen peroxide system. Furthermore,
energy released during the decomposition of 11202 to oxygen and water
could be used as an auxiliary power source.

For very long tlights one would attempt to establish a close re-
generative cycle similar to that which exists in nature--nan consuli-
1ng oxygen and producing carbon dioxide, while plants reverse the
cycle. Algae appear attractive because they have a high photosyn-
thetic efliciency, have no waste stalks, etc.2 8  However, algae tanks
are usually cumbersome and may require considerable power (about
1,400 wa tts per man).

The inert component of a space vehicle atmosphere is most likely
to be nitrogen.29 Suitable means must be provided for filtering and
purifying the atmosphere and controlling the moisture content.

B. FOOD PRESERVATION

Aboard space craft on extended trips it will be desirable 'ur the
morale and health of the crew to provide food that is variet, in forin
and of high quality. Water maybe recycled, ai,' possibly food also,
through the use of algae or various synthetir- processes. I2evertheless,
homegrown food would undoubtedly be desirable. Satisfactory
methods of preserving food should (1) iot alter c.,nsumer accel~ta-
bility; (2) insure a long storage life, preferably without refrigeration;
(3) not require bulky or heavy packaging. Concerning the last, it
may also be desirable to lighten the weight of the product further by
dehydration.

In addition to conventional canning, freezing, and pickling 41 there
are three new approaches to food preservation: (1) Gamma irradia-
tion, (2) beta irradiation, and (3) freeze-drying. Referring to the
first two, gamma rays or electrons are utilized to extend the storage
life of foods by the'inhibition of sprouting and the destruction of
microorganisms, parasites, or insects. Food preserved by irradiation
is subjected to a minimum of temperature rise- normally enzymes
are not deactivated unless a very strong dose is administered. '

""Compressed air itself would noL be particnlarly desirable. Man uses up oxygen from
the air, replacing it with carhon dioxide. Therefore it Is sensible to take along only that
constituent which is being consumed."Gaume, J. G., Design of an Algae Culture Chamber Adaptable to a Space Ship Cabin.
Proceedings of the American Astronautical Society. Fourth Annual Meeting, January 29-31.
1958, New York, pp. 22-1 to 22-4.

Haviland, R. P., Air for the Space Ship. General Electric Co., Document No. 56SD235;
reprinted from Journal of Astronautics. vol. 3. No. 2. summer 1956.

In canning, bacteria are killed and enzymes deactviated by heat; in pickling, the highpi ceoncentration prevents bacteria growth ; and In freezing, the low temperature inhibitibacteria growth.
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Radiation treatment has been under intensive investigation at the
University of Michigan Fission Products Laboratory, and at the
Quartermaster Food and Container Institute in Chicago. The latter
also subcontracts work. Sixty-nine cooperative Army research-con-
tract holders are listed in the footnote reference below." Gamma ir-
radiation can be provided in a number of ways: spent reactor fuel ele-
ments, a reactor core surrounded by a blanket containing a liquid with
a specific gamma producer, separated fission products, gaseous fission
products, and artificial isotopes. As long as there are no neutrons
mixed with the radiation, and the energy of the latter is below the
neutron binding energy in the target, there should be no induced radio-
activity."2

Typical doses required for specific applications are as follows:"'
Onion, potato, and carrot sprout-inhibition, 5.M) to 15,0010 roentgen-
equivalent-physical "4 (r. e. p.); mold inhibition on citrus, 150,000 to
250,000 r. e. p.; trichina irradiation, 50,000 r. e. p.; insect deinfesta-
tion of grain, 50,000 to 100,000 r. e. p.; pasteurization, 500,000 to 10'
r. e. p.; sterilization, 2 to 4 x 106 r. e. p. Potatoes given 7,000 r. e. p.
have resisted sprouting for up to 56Y months at room temperature,"s
and well over over a year when refrigerated.s 47 Raw ground pork
treated with rather high dosages has a refrigerated storage life of 10
to 11 days." Irradiated apples may be kept in a refrigerator for
several months (although the radiation tends to lower the total pectin
content).

Beta radiation may be supplied by Van de Graff machines, linear
accelerators, etc. Electrons do not penetrate very well, but this may
be an advantage in certain cases-i. e., surface mold treatment of
peaches or citrus fruit. However, the Army is constructing at Stock-
ton, Calif., a 20-m. e. v. (million electron volts) linear accelerator
capable of treating slabs of food up to 6 inches thick (both sides are
irradiated simultaneously). Induced radioactivity may be a problem
at these energies.

In the case of freeze drying, food is first frozen, then placed in a
vacuum and subjected to a pulsed electromagnetic beam (of radar
frequencies) to sublime the ice crystals. (If a continuous beam were
used, the center might be cooked.) The resulting product will have
lost approximately 90 percent of its weight, and both bacterial and
enzyme actions are inhibited by the absence of moisture. Refrigeration
is not necessary if air- and moisture-proof packaging is available. The
Raytheon Co. reports having successfully appled this technique to
mushrooms, carrots, beef ribs, steak, veal cutlets, pork chops, lobster,
shrimp, fish, strawberries, and peas. In the case of shrimp, the product
has the consistency of popcorn. Preparation of ti, dehydrated

"U The Interdepartmental Radiation Preservation of Food Program, February 15, 1951,
the Interdepartmental Committee on Radiation Preservation of Food.0 Selection of a Food Irradiation Reactor Type-Phase 1, Internuclear Co., Inc. ; Report
AECU-3319. July 1, 1056.

aBasic Concepts In the Application of Ionizing Radiations to Foods for Preservation,
v. U. Morgan, G. E. Donald, 0. E. Tripp, and D. F. Farkas, Paper No. 57-NtSC-11i7,
Second Nuclear Engineering and Scientific Conference, March 11-14. 1957, ASME." Defined as 93 ergs absorbed per gram of tissue.

* Potatoes May Be First Food Preserved by Atomic Energy, I. Blains, Western Grower
and Shipper, June 1955.

0 There are some anomalies in sprout inhibition. A dose of radiation suffetent to Inhibit
sprouting by Spanieh onions may accelerate it in the case of white pearl onions."c Combining Gamma Radiation, Refrigeration, I, Z. Brownell, S. N. Purohit. Refrigera-
tion Engineering, June 1956.

as See footnote 43.
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shrimp for eating requires one-half hour soaking in tepid water, and
2 minutes in boiling water. Although not entirely overlapping, it is
clear that this process is in a sense competitive with the other two.

Now let us compare some of the relative advantages and disadvan-
tages of canning, freezing, freeze drying, # and y irradiation.
Canning

Advantages: Generally no refrigeration required, and a long shelf
life.

Disadvantages: Low acceptability, increased weight, and high con-
tainer cost.
Freezing

Advantages: High acceptability, medium packaging costs, extended
storage life as long as freezing temperatures are maintained.

Disadvantages: Freezers are bulky, expensive, and to some extent
unreliable.
Freeze drying

Advantages: No refrigeration required (if moisture-vapor and
oxygen can be sufficiently excluded by the package), long storage life,
light product weight, possibly high acceptance. Vitamins and the
protein structure remain intact.

Disadvantages: Critical packaging. Even as much as 2 percent
moisture by weight will cause "browninig"-a nonenzymic chemical
reaction. A slightly greater moisture content will activate enzymes
and then bacteria.
Irradiation

Advantages: Versatile can increase the refrigerated storage life of
meat and produce, as well as break the trichinosis cycle. If steriliza-
tion were possible, refrigeration might be avoided altogether.

Disadvantages: Only a relatively few items can be treated by irradia-
tion without producing undesirable tastes, colors or odors, and gen-
erally the stronger the dosage the worse the effects. Sterilizing doses
almost always produce undesirable side effects-broccoli, for example,
turns gray and limp.

C. CHOICE OF PROPELLANTS FOR LAUNCHING

A unique distinction may exist between liquid and solid propellant
rockets for launching manned vehicles. Experience to date with
liquid rockets shows that virtually all destructive failures are accom-
panied by rather slow buildup of fires with wide dispersal of the pro-
pellants. A manned vehicle built to survive reentry conditions could
probably be expected to sustain the environment created by such
launching rocket failures. On the other hand, bursting with ex-
plosive suddenness is not an uncommon type of malfunction with sold
rockets and survival chances may not be good in the event of such a
launching rocket failure. Future tests of all sorts of rockets should
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be observed for indications of the validity or faultiness of these tenta-
tive impressions."

D. ARTIFICIAL GRAVITY

As a general rule, machinery can be fairly readily designed for
operation in a weightless environment. The effects of this environ-
ment on humans, however, is not known, although brief tests attain-
able in aircraft are encouraging.

It is often suggested that, should weightlessness prove to be a
problem, it can be obviated by "artificial gravity" through rotation
of the space vehicle. This call be done, since rotation produces cen-
trifugal acceleration that can be made equal, at any desired point,
to the acceleration of normal gravity. There are, however, certain
limitations that must influence vehicle design and may also lead to a
requirement for training and adaptation."° First of all, centrifugal
acceleration, for a fixed rate of rotation, depends on distance from me
axis of rotation and always acts outward from that axis. If a man
were to lie across the center of a rotating space vehicle with his head
on one side of the axis of rotation and his feet on the other, he would
be simply stretched by the centrifugal force--weightlessness might be
better. For rotation to provide a reasonable substitute for gravity
the design must be such that the man is at a distance from the axis of
rotation that is large compared with his length; i. e., le must be several
multiples of 6 feet away from the axis, say, 100 feet. Even at a point
100 feet from the rotation axis, the effective g force varies about 6
percent over the length of a 6-foot man.

Another point of consideration arises from the fact that a man in a
space vehicle will want to move, and a moving body will experience
some odd effects in a rotating vehicle due to the Corioli8 force. This
force exists because the vehicle is a rotating reference frame for the
man's movements and, therefore, differs from customary nonrotating
environment of everyday experience. As a result of Coriolis effects,
a man will experience a level of g force that depends upon his direc-
tion of movement. If he is 100 feet from the rotation axis and the
average g force is the normal sea-level value, he will experience a
g force variation of almost 20 percent between a slow walk in one
direction and a slow walk in the opposite direction. If he walks to-
ward or away from the axis of rotation, he will feel a g force of about
one-tenth normal in a sidewise direction. These effects suggest that
a man in the artificial gravity of a rotating vehicle may stagger a bit
until he gets his "space egs."

OiGoldsmith, W., Suitability of Solid and Liquid Rocket Engines for Placing Manned
Satellites in Orbit The RAND Corp., Paper P-1542, November 10, 1958."mLawtden. D. 19., The Simulation of Gravity. Journal of the British Interplanetary
Society. vol. 16, No. a. July-September 1957, p. 134.



16. SPACE STATIONS AND EXTRATERR TRIu& BAmS

A. SPACE STATIONS

The importance of a large, permanent, manned Earth satellite was
recognized quite early in the history of rocket flight. In 1929,
H. rberth i considered many of the observational functions of such a
satellite. At about the same time, a series of papers by Von Pirquet S
stressed the significance of an orbital assembly station for space-flight
missions. Since that time the literature has contained numerous
articles on the use, construction, and operation of space stations and
specialized space vehicles. These range in quality from pure science
fiction to detailed engineering comnputations. At least one article
meriting consideration appeared in Science Wonder Stories.s Some
general descriptive material may be found in the literature."•'

Many of the functions that could be performed by a space station
could also be performed b7 Earth satellites which are neither large,
permanent, nor manned. The unique function of the space station is
its use as a base for large space vehicles. The Earth is not an entirely
satisfactory base, due, in part, to the presence of the atmosphere, which
presents a serious reentry problem, and, in greater part, to the strong
gravitational field at the surface of the Earth.

Present rockets, and the larger ones that will become possible when
development is completed on announced engines of 1.5-million-pound
thrust, can send very substantial payloads onto space trajectories.
However, these will still fall far short of the needs of more advanced
space missions. One partial solution is to develop ever larger chem-
ical boosters or large boosters of higher performance using nuclear
propulsion. Nevertheless, the net mission capability will always be
limited by the thrust of the largest booster system available at any
given time. Space missions such as manned expeditions to the neigh-
boring planets would have to await many generations of missile
development. The space station offers an alternative solution.

I Oberth Hermann, Wege zur Raumsehiffart (Methods of Achieving Space Flight), 3d
ed., R. Oldenbourg• Berlin, 1929.

2 Von Plrquet, G(uido. Die Rakete (The Rocket), Journal of the Verein ffr Raumschlf-
fahrt. Breslau, 1927-29.

3 Noordong, Hermann, The Problems of Space Flying, revised English printing in Science
Wonder Stories. 1929.

, The Station in Space, Journal of the American Rocket Society, vol. 63 September 1945,
pp. 8-9.

Clark. A. C., Interplanetary Flight, Temple Preas, London, 1950, especially ch. ViII.
6 Fears. F. D., Interplanetary Bases-The Moon and the Orbital Space Station, Journal

of Space Flight, vol. 3, September 1951. pp. 4-5.
7F'irsoff, V. A., Artificial Satellites Explained, Flight vol. 60, October 1951, •p. 504-506.
8 Ketchum, H. B., A Preliminary Survey of the Constructional Features of Space Sta-

tions, Journal of Space Flight, vol. 4, October 1952, pp. 1-4.
Von Braun Offers Plan for Station in S pace, Avia on Ae, vol. 18, 1952,pp. 61-68.0 
von Braun. W., The Early Steps in the Realization the Space Station, Journal of

the British Interplanetary Society, vol. 12, January 1958, pp. 23-24.
11 Ebricke, K. A., Engineering Problems of Manned Space Flight Interavta, Vol. 10, Jaly
19 pp. 506-511.
1s1 oover, G. W., Sectional Satellites, Missiles and Rockets, vol. 2, October 1957, pp. 185-

181.
' Ehrieke, K. A., Our Philosophy of Space Uminla6 Asro Space ]inul-asL voL 17,

My 1958, pp. 88-4
127
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This method of operation would involve several steps. Individual
shipments of fuel, guidance equipment, structural material, parts,
tools, personnel, and supplies would be transported from the Earth to
the space station, with the size of each shipment limited by the per-
formance of available boosters. The accumulation of components
may proceed as long as necessary, and the feasible total is, therefore,
essentially unlimited. Long-range spacecraft would be assembled on,
and depart from, the station. For certain missions the spacecraft
may be returned to the station and used repeatedly. A considerable
potential advantage of the space station lies in the fact that space
vehicles staged from it would have less stringent structural and pro-
pulsion requirements than rockets that must depart from and return
to the Earth.

Various proposals for designing and constructing a space station
have been advanced in the past.14 -24 The more realistic studies show
that a minimum orbital payload capability is necessary before a sta-
tion may be constructed. Beyond this threshold an arbitrarily large
station may be assembled.

It is of current relevance to note that ICBM-type boosters with
added stages appear to be about adequate for the construction of a space
station. Large booster systems that can be based on 1.5-million-pound
engines are certainly adequate. There is not yet sufficient informa-
tion to formulate a decision as to whether or not a station should be
built.

For staging of interplanetary flights, the orbit of the space station
would lie in the plane of the Earth's orbit around the Sun. For long
life, its altitude would be above 300 miles. To avoid dangerous radia-
tion from the "radiation belt" it might be below 500 miles or possibly
above 30,000 miles. Considerations such as these tend to limit the use-
fulness of the station for some secondary functions which might be
performed better by less elaborate satellites, manned or unmanned.

In addition to being a staging base for equipment, the space station
would also be a transfer point for personnel. Crews intended for long
space voyages could undergo a preliminary period of adaptation to the
space environment aboard the station before departure. The station
may also be used for quarantine. Returning spacecraft and personnel
may possibly carry diseases or other forms of contamination, and

24 Ross, NL E. Orbital Bases, Journal of the British Interplanetary society, vol. a.
.anuary 1949.9. 1-19.

' Engel. R. rth Satellite Vehicles, nteraviavol. 5.1950.pp. 500-502.
is Gatland, K. W., A. M. Kunesch, A. E. Nixon. Fabrication of the Orbital Vehicle, Journal

of the British Interplanetary Society, voL 12, November ; 953, pp. 274-285.
" Dixon, A. E., K. W. Gotland. A. M. Kunesch, Fabrication of the Orbital Vehicle, to

Space-Flht Problems, Laubecher & Co., Zurich, Switzerland, 1953, pp. 125-8•1.
* Ehricke, K. A.. A New Supply system for Satellite Orbits, pt. I, Jet Propulsion, VOL

24, September-October 1954, pp. 302-3Z#9.
1 Romick D C., Preliminary Engineering Study of a Satellite Station Concept Affording

Immediate hervice With Simultaneous Steady Evolution and Orowth, presented at 25th
annual meeting of the American Rocket Society, November 14-18, 1955. preprint No.
274-55.

Romick, D. c., concept for Meteor-A Manned Earth-Satellite Terminal Evolving From
Earth to Orbit Ferry Rocket.s i Proceedings of the VII International Astronautical Con-

nom82Tk D). CIt. lt..Knoh-ts" Black 3eteor Jr., a Preliminary Design Investigation
of& aminimum Ssed& Ferry Eocki Weimple of the meteor Concept, in Proceedings of the VMI
International Astronautics Congres, 1957., pp. 34"72.

Goody-ar Proposes Smaller Space Station, Aviation Week, voL 67, October 1937.
pp. 115-il1O 1'23

SClark, KL. Convair Plans Four.-Man Space Station, Aviation Week, April 1958, pp. 26-2.
30 Astronautics and ISpae Exploration, hearing before the eleet Committee on Astro-

Mnuties and Space Exploration, 85th Cong., 2d sess., on IL R. 11561, April 16 three
May 12. 1538; K. A. Ehricke, p. 632.
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should not be permitted to return directly to Earth before careful ob-
servation. These functions seem characteristic of a space station used
as a staging base, and may be regarded as a representative, rather than
exhaustive, list.

Two outstanding problems to be overcome in establishing a space
station are the problem of rendezvous between the station and supply
rockets, and the propulsion requirement that individual shipments be
of sufficient size to permit construction to begin. Additional problems
include the details of fabrication, the provision for adequate power
supply, and consideration of such factors affecting personnel as air,
food, water, radiation, weightlessness, and collision with foreign
particles.

The minimum practical value for individual supply loads delivered
into orbit seems to be about 3,000 to 4,000 pounds. This would allow
carriage of a man or men, sufficient supplies to last until resupply,
communication, and guidance equipment to assist in rendezvous, and
some rocket propulsion capability to alter the orbit. At least one pack-
age of tools and construction material may be placed in orbit first and
the manned vehicle sent later. Although this minimum value may be
theoretically adequate, it appears quite marginal with very little pro-
vision for emergencies. In particular, this weight is not likely to in-
clude provision for a safe return to earth if rendezvous fails to occur
before the supplies are exhausted. On the other hand, an individual
package weight of about 10,000 pounds could sustain a small crew for
a considerable time and include adequate safety provisions. Some-
thing approaching an orbiting payload capability of 10,000 pounds is
achievable with an ICBM booster augmented by a fairly large upper
stage.

25

The rendezvous problem is in a more uncertain state, although in-
formed opinion suggests it can be solved by known techniques. Pro-
pulsion and controls must be provided to reduce position and velocitydifferences between the two vehicles to a sufficiently small value to per-
mit mechanical contact by a beam or cable.

appears, in sum, that the construction of a space station of some
sortwi be technologically feasible in the foreseeable future.

B. EXTRATERRESTRIAL BASES

Bases, more or less permanent in character, will be required at some
point in an expanding space program. A good deal of attention has
already been given to the matter of a base on the moon.16-a3 Bases of

Is See footnote 24, p. 128."s Comments With Respect to the Glenn L. Martin Study on Requirements for a Manned
Station on the Moon, Outer Space Propulsion by Nuclear Energy, hearings before the
subcommittee of the Joint Committee on Atomic Energy, Congress of the United States,
85th Cong., 2d sess., 1958.

0 Thompson G. V. E., The Lunar Base, Journal of the British Interplanetary Society,vol. 10. No. 49, March i951.V Fears, F., Interplanetary Bases, Journal of Space Flight, vol. 8, September 1951.
I, Moore. P., Gnide to the Moon, W. W. Norton & Co., Inc., New York, 1953."I Ryan, C. (editor), Conquest of the Moon, Viking Press New York 1953."0 Ryan C. (editor . Conquest of Mars, Viking Prs,. New York, 195.1
f von Braun, W., The Mars Project, University of Illinois Press, Urbana, 1953.
a Clarke. A C Exploration of the Moon, Frederick Muller, Ltd., London, 1954.
4' Sowerhy, P. L., itructural Problems of the Lunar Base, Journal of the British Inter-

planetar Society, vol. 13, No. 36, January 1954.
UAwdry, 0. B. V., Developments of a Lunar Base. Journal of the British Interplanetary

Socety, vol. 13. No. 16 May 1934.
*Shoto-Douglas, J. 9W. E. H.. Farming on the Moon, Journal of the British Interplane-

tan Society vol 15, No. 17, January 1966.
Holbrook, K. D., Outline of a Study of Extraterrestrial Base Design, The RAND Corp.

Research Memorandum RM-2161, April 22, 1958.
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one kind or another will also be required if manned interplanetary
travel is to develop in a serious way-first of all because it would be
grossly inefficient to remain, say, 1 day on Mars, after taking half a
year to get there; and, second, because return from a flight to, again,
Mars, may be really feasible only after a delay of many months to
bring the Earth and Mars into favorable relative positions for the
return flight.

For human beings to exist in a base on the Moon or one of the planets,
the internal environment must be generally the same as that in a space
station. One salient difference in the two cases, however, is that the
local environment of the Moon or planet must be coped with, and that
local assets may be exploited. Generally speaking, the establishment
and maintenance of a manni-d base on any extraterrestrial body would
be a very difficult and ambitious undertaking. The problems asso-
ciated with a base on the Moon are less difficult than they would be for
bases on any other body, since the Moon is relatively close to the Earth
at all times. Moreover, the average temperature of the Moon (not-
withstanding the tremendous day-night variations) is not far from
the average temperature of the Earth. Thus in a well-insulated base
on the Moon, temperature regulation would not constitute a severe
problem. If efficient conversion of solar energy is assumed and if
usable local sources of water and oxygen can be obtained through
chemical processing of indigenous materials, a partially self-sufficient
Moon base can be envisioned.

Second in order of difficulty would come Mars as a sits for a manned
base. More remote than the Moon but providing a more nearly earth-
like environment in many ways, Mars has a thin atmosphere which
would provide protection against meteorites and some slight protection
against abrupt temperature changes. Present knowledge of the sur-
face barometric pressure is inadequate to say whether a human being
outside a base would require a fullI-pressure suit or whether a partial-
pressure suit would be adequate. In any event, a breathable atmos-
phere would have to be provided, and a manned base would have to
be airtight with artificial heating supplied throughout most of the
daily cycle.

None of the other planetary bodies of the solar system, in the light
of present knowledge, offers an attractive site for an extraterrestrial
base. Venus, although often cited as a possibility, contains such high
concentrations of carbon dioxide in its atmosphere and has such a dense
cloud cover that establishment of a base on its surface appears orders
of magnitude more difficult than in the case of Mars. More informa-
tion about Venus is needed however, before definitive statements about
its suitability as a base can be made.

It has been suggested that extraterrestrial residences may be a
long-term solution to theproblem of accomodating the enormously
increasing population of the earth. This notion, while not entirely
out of the question, does exert something of a strain on credibility.
However, it can probably be fairly asserted that developments for
extraterrestrial bases may help by disclosing ways of dealing with
unfavorable environments and thereby effectively enlaroing the
amount of usable land area on the earth. As a broad generalinzation,.a
vital component of large-scale control of any alien environment is
access to vast quantities of power to run machinery.



17. NUCLEAR WEAPON EFFEcTS IN SPACE

A. NUCLEAR WEAPON EFFECTS ON PERSONNEL

In addition to the natural radiation dangers which will confront
the space traveler, we must also consider nkaninade perils which may
exist during time of war. In particular, the use of nuclear weapons
may pose a serious problem to manned military space operations. The
singular emergence of man as the most vulnerable com ponent of a
space-weapon sy'stem becomes dramatically apparent when nuclear
weapon effects in space are contrasted with time effects which occur
within the Earth's atmosphere.

When a nuclear weapon is detonated close to the Earth's surface
the density of the air is sufficient to attemiate nueilvar radiation
(neutrons and gaiiiina rays) to such a degree that the eliects of the~e
rad~iations are generally less important than the eliects of blast and
thermal radiation. The relative magnitudes of blast, therimial and
nuclear radiation effects are shown in figure 1 for a nominal lission
weapon (20 kilotons) at sea level.'

The solid portions of the three cu-rves correspond to significant levels
of blast, thermal, and nuclear radiation intensities. Blast overpres-
sures of the order of 4 to 10 pounds per !lquare iinch will destroy most
structures. Thermal intensities of the order of 4 to 10 calories per
square centimeter will produce severe burns to exposed pler.:ons.
INuclear radiation dosages in the range 500 to 5, 000 roentgens are re-
quired to produce death or quick incapacitation in humans.

I The Effect of Nuclear Weapons, U. S. Department of Defense, published by the Atomic

Energy Commission, June 1957.
LI.
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If a nuclear weapon is exploded in a vacuum-i. e., in space-the
complexion of weapon effects changes drastically:

First, in tile absence of an atmosphere, blast disappears completely.
Second, thermal radiation, as usually defined, also disappears.

There is no longer any air for the blast wave to heat and much higher
frequency radiation is emitted from the weapon itself.
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Third, in the absence of the atmosphere, nuclear radiation will
suffer no physical attenuation and the only degradation in intensity
will arise from reduction with distance. As a result the ratige of
significant dosages will be many times greater than is the case at sea
level.

Figure 2 shows the dosage-distance relationship for a 20-kiloton
explosion when the burst takes place at sea level and when the burst
takes place in space. We see that in the range 500 to 5,000 roentgens
the space radii are of the order of 8 to 17 times as large as the sea-level
radii. At lower dosages the difference between the two cases becomes
even larger.

I0,000

Fig.2-Nucieor rodiation intensities (20 KT)

000

too

6

io 4al 16 2!0 ai 2e 32 36 4
Radius (miles)



134 ASTRONAUTICS AND ITS APPLICATIONS

A yield of 20 kilotons has been used here as an example to show the
dominance of nuclear radiation effects in space ;however, it may well
be that multimegaton warheads, rather than 20-kiloton warheads, will
be far more representative of space defense applications. With such
weapons the lethal radii (from nuclear radiation) in space may be of
the order of hundreds of miles. The meaning of such huge lethal
radii in possible future space warfare cannot now be assessed. It does
seem clear, however, that manned space combat vehicles, unless heavy
shielding is feasible, will be considerably more vulnerable to nuclear
defense weapons than their unmanned counterparts.

B. POSSIBLE COMMUNICATION EFFECTS

On August 1 and 12, 1958, nuclear warheads were detonated in
missiles over Johnston Island in the Pacific.' 2 These detonations
were accompanied by impressive visual displays seen over wide areas,
leading observers to the opinion that the detonations took place at very
high altitudes.4'7 These displays were even seen on Samoa, some
2,000 miles from Johnston Island.

The visual displays were accompanied by disruptive effects on radio
communications. Specifically, most commercial communication sys-
tems operating on the high-frequency (about 5 to 25 me acycles) bands
in the Pacific noted substantial disturbances. Most linys within a few
hundred miles of Johnston Island experienced "outages" for as long as
several hours, at various times over a period of about a day. In gen-
eral, the effects on high-frequency communication links a ppear to have
been quite similar to the effects produced by giant solar flares.

.'Note to Editors and Correspondents. U. S. Atomic Energy Commission, Department of
Defense. Joint Office of Test Information, August 1. 1958.

, Note to Editors and Correspondents, U. S. Atomic Energy Commission, Department
of IDefense, Joint Office of Test Informantion, August 12. 1958.

' Atomic-Like Flash Seen Here-Nuclear Rocket Test Indicated, The Honolulu Adver-
tiser. August 1, 1958.

* Samoa Bulletin, August 1, 1955t.
* Samoa Bulletin Atigust 15. 1958.
'Cullington, A. L.. A Man-Made or Artificial Aurora, Nature. vol. 182. No. 4640. Novem.

her 15, 1958. p. 1365.



18. CosT FAcTORS AND GRoUN FACMITIES

A. NATURE OF SPACE ACTIVITY

For some time to come, astronautics will require the most ambitious
kind of research and development activities. It is well known that
research and development programs are characterized by risks and
uncertainties. Research and development procurement decisions are
fundamentally different from decisions to buy or not buy established
conmmodities. It is frequently necessary to fund several alternative
developments in order to hedge against uncertainties. The fact nwAt
be accepted that many good development decisions today will pro-
duce no obvious final product; although resource limitations make
it necessary to practice a high degree of selectivity to insure that the
most promising alternatives are pursued.

In addition to the fact that early efforts will be basically de'velop-
mental in nature, it also should be recognized that space ilight pro-
grams will be expensive simply because of the high cost of launching
payloads into space, even when using primary components already
perfected as part of the military missile programhs.

B. INIIERITANCE FRO.1 WEAPON SySTEM PnO(;M.MS

In the early years, at least, of space flight development, the carry-
over from weapon system pro-grams will be the Nation's chief set of
assets in astronautics. Generally, a large amount of money can be
saved by taking space flight hardware from advanced points on the
production lines of ballistic missile hardware wherever possible. it
should be noted that the Explorer, Thor-Able, and Juno II programsi
have made substantial use of existing missile hardware.

In this connection it should be noted that if space flight programs
are carried on in parallel with the ballistic missile effort and use the
organization and facilities of that effort, a certain degree of inter-
action is bound to occur, some conflicting, some mutually supporting.
The total cost of the space flight activity is then not easily isolated.
To determine its full cost, proration of a number of cost elements
between both space and ballistic missile programs must be considered.

C. COSTS OF HIGH PRIORITY AND UNEVEN WORKLOAD

Another important type of cost is associated with superpriority
effort. Certain of these costs are readily visible, others are quite
well hidden. Such items as overdime operation, travel expenditures
for expediting "crash" efforts, purchase of duplicate backup equip-
ment, etc., can easily be discerned.. However, costs incurred because
of sacrificing other work or pushing alternative activity to a lower
priority position are not readily evaluated.

IE5
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The scheduling of a constant workloa I in the missile ar d space-
flight field is inherently difficult. Time Is required for preparation
of a major hardware item for test, and scheduling of subsequent
hardware tests must usually await the results of a previous testing
operation. Moreover, the testing operation itself, both prior to ana
during countdown, is fraught with delay. And many space activities
depend upon the timing of appropriate locations of celestial bodies
and desirable weather conditions.

D. COST TRENDS OF THE MISSILE ERA

Beyond these general observations on cost sensitivities it is pos-
sible to discern some specific trends which will probably be carried
over from the missile field into astronautics:

(a) To increase substantially the rate of advance of basic tech-
nology generally requires a concentration of highly trained person-
nel, purchase of expensive test equipment with inherently uneven or
infrequent utilization, and construction of extensive development fa-
cilities. These things are costly.

(b) A second trend of missile (in contrast to aircraft) operations
is the growth, both absolute and relative, of ground-support equip-
ment. Flight hardware in missile operation does not occupy the
dominant cost position that it does in the case of manned aircraft.

(c) Third is the trend toward larger expenditure for prototype
development and purchase of sizable amounts of test hardware. Cost
estimation of these elements is difficult because the operation is low
volume and job lot in nature, and because in many cases development
is performed by increasingly elaborate organizational complexes
made up of many contractors. This is necessary in order to acquire
diversified technical skills and because of the magnitude of the pro-
grams involved. Since financial systems vary from company to com-
pany, costs are hard to estimate.

(d) Finally there is a trend toward using more components re-
quiring indiviaual handling in manufacture, with the actual fabrica-
tion processes absorbing a reduced percentage of the total cost. The
sums required for assembly, calibration, and testing operations have
increased substantially, but are much less readily estimated. Use of
such rudimentary estimating methods as direct manufacturing labor
hours and cost per pound alone are insufficient cost indicators for mis-
sile and space activities.

E. SENSITIVITY COF RESEARCH AND DEVELOPMENT COSTS TO FLIGHT TEST

PROGRAM SIZE

Research and development cost is highly sensitive to the size of the
required flight test program. The iingle-shot flight test vehicles
and tests to failure of components are prime characteristics of missile
and space testing. Prime hardware is totally expended in each flight
test. Many other tests, whether conducted during early develop-
ment, modification, or acceptance procedures, can also be expected
to result in extensive equipment destruction. In order to attain a
reasonably high degree of reliability, large numbers of test vehicles
are necessary.



ASTRONAUTICS AND ITS APPLICATIONS 137

F. FINANCIAL BUIRDEN-SHORT TERM AND LONG TERM

Two somewhat different phases of space-flight activity are en-
visioned-the first covering the next 2 to 4 years, and the second
running from that point into the future. During the coming 2- to
4-year period, components inherited from current military and other
programs offer an efficient means, in a cost sense, for achieving suec
things as launching of small satellites and space probes. At the
same time, expenditures will be required for new component develop-
ments and to study extraterrestrial environments. In addition, pre-
liminary systems research studies and experiments on futuristic space
equipment probably will be required to determine feasibility and
desirability.

After the initial period of space research, the requirements for
more hardware and more extensive facilities will probably grow sub-
stantially. One very large step will be putting man into space.
The requirements of a reliability program to achieve reasonable prob-
ability of safe launching, flight and return will probably be extensive.
With man in the space flight vehicle, we should again expect to see
flight hardware accounting for a larger percentage of system cost.

In general, then, the types of major programs for which costs prob-
ably can be anticipated in the next 2 to 4 years are:

1. Space probes.
2. Scientific and reconnaissance satellites.
3. New component developments, including studies of basic

materials.
4. Studies of the space environment and extraterrestrial bodies.
5. Studies and experiments on potential futuristic hardware.
6. Man in space, X-15, Dwna-Soar and related activities.

Emphasis in later years will probably he on more hardware and more
launch and tracking facilities to meet the requirements of manned
travel to the Moon and the other planets, the assembly of space sta-
tions, the construction of a Moon base, etc.

G. FLIGHT VEHICLES

A sizable, although not predominant, portion of the total contractor
bill is likely to be the expenditure for complete research and develop-
ment hardware systems. Flight hardware manufacturing costs are
often estimated on a cost-per-pound basis, and although this simple
statistic has weaknesses, it pr(,bably will continue in wide usage.
There is no strong reason to believe that it should not be applied to
estimating the costs of satellites or space stations just as it is in the
aircraft and missile field.

In general, it can be stated that as total production volume increases,
the cost per pound of the equipment item declines.

It is also true that when the function of a particular hardware item
remains constant-in other words, no increase or decrease in instru-
mentation, no requirement for new types of materials--then cost per
pound for the system will decline as size of the vehicle increases.

In the missile area the percentage of total hardware cost consumed
by each of the missile's components varies depending upon the function
of the missile; but as a representative example, for a liquid-propellant
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ballistic missile with self-contained guidance, costs can be broken up
on an approximately 20-30-20-20-10 basis among structure, controls
and subsystems, propulsion, guidance, and payload container.

On the basis of fragmentary cost and design feasibility information,
it appears that high-energy propellants will become more attractive
then liquid oxygen-kerosene for an escape-velocity vehicle when the
payload exceeds something like 30,000 pounds. Despite their high
cost per pound of dry weight and per pound of propellant, fluorine-
hydrazine or nuclear-propelled rockets will display lower total sys-
tem costs in this high-payload class. For large payloads, their smaller
volumes and weights will be sufficient to compensate for their higher
per pound totals.

H. GROUND EQUIP31ENT AND FACILITIES

Another cost area of great importance is ground equipment and
facilities. This includes not only launch- and guidance-type facili-
ties of the kind currently in existence at Cape Canaveral I or the
Pacific Missile Range, but also the future requirement for facilities
throughout the world for tracking, observation communication, re-
covery, etc. These sites may individually be relatively small in size
and cost, but they may also be numerous and unhandy in location.

Some form of ground tracking, radio, infrared, and optical, will
be required by all space missions in order that their trajectories may
be observed and monitored from the Earth. The rotation of the Earth,
and the nature of space vehicle trajectories, generate a requirement
for locating tracking stations literally all around the globe. The
ground complex set up as part of the Vanguard effort includes a string
of optical tracking stations stretching south to Chile and a radio-site
fence stretching around the world latitudinally. These stations are
potentially permanent astronautical assets, and will have to be en-
larged and supplemented for further space activities.

Ground facilities will be required for control, landing, and re-
covery of returning space vehicles. These are obvious and important
parts of manned space flight operations. Unmanned systems will also
generate requirements for recovery-for example, returning cir-
cumlunar vehicles containing photographic film or other experiment
material. Uncertainties in the point of return lead to a need for some
form of search capability to cover large areas of land and water.

Major functions that must be performed at a launching facility
include final assembly and test of the flight hardware and associated
equipment; operation of the test range-both the routine functions
of maintenance and supply of the range and the actual operation of
the launch and control network; processing of the data received from
fligbts--recording and mathematical treatment of radio and radar
data, as well as sizable amounts of photographic work.

The question of launch facilities is a so influenced by the demands
of geographical location in order to achieve certain trajectories and
the hazards associated with large rocket operations. For safety rea-
sons, comparatively isolated sites are required.

'Information Guide--Air rorfe Milee %et Center. Patrick Air Force Baos, Air
Reessech sad Deyeacsmit CouuaaA
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Launching rockets with payloads of 20,000 to 100,000 pounds or
more are being discussed. The propellant loads of such rockets may
be millions of pounds of energetic chemicals, raising some rather con-
siderable safety problems. The minimum requirement is a great deal
of open space around the launch site.

Launching facilities are inherently expensive and suitable locations
are not plentiful. The possibility of constructing artificial launching
islands is an interesting alternative. Location of such islands a few
miles offshore might prove a relatively inexpensive method of pro-
viding launch facilities for large, potentially hazardous systems.

Launch bases also pose a considerable geogoraphical problem be-
cause they require hundreds or thousands of mnies of range over ocean
or lightly inhabited areas. At the same time they require a chain of
stations for flight monitoring. The farther such bases are from their
source of industrial and military support, the more expensive they
become to operate.

$716259--.----10



19. CURRENT PROGRAIS

The detailed characteristics and capabilities of the rockets asso-
ciated with the United States military ballistic missile program are
of necessity classified. However, a general assessment of the satellite
and space flight capabilities of these developments can be drawn from
the information made public in official releases and from the basic
principles of rocket flight. Large variations in the performance
potentials quoted for a given missile may be expected because of the
ability to combine various components in many ways to exploit the
capabilities of the launching vehicle.

A. VANGUARID

The Vanguard satellite vehicle is currently the only known develop-
ment to be completely and originally designed explicitly as a satellite
launcher. This system and its flight activities have been quite com-
pletely described in the open literature since its inception in the sum-
mer of 1955.1 The three rocket-powered stages combine the charac-
teristics of the basic types of rocket powerplant design-turbopump-
liquid, pressurized-liquid, and solid propellant-in a single vehicle
weighing about 22,000 pounds with an initial thrust of 28,000 pounds.
It is designed to place into a satellite orbit some 20 pounds of payload
and about 55 pounds of third-stage casing. Many of the flight and
ground components and installations originally associated with the
Vanguard program have now been combined with other flight vehicles
to further the exploration of space.

B. REDSTONE

The Redstone, developed by the Army Ballistic Missile Agency and
now in operational status, is a surface-to-surface missile with a range
of about 175 nautical miles.2 3 The thrust of the Redstone is about
75,000 pounds,4 indicating a gross weight in the 40,000- to 50,000-
pound class. The original propellant combination of liquid oxygen
and ethyl alcohol was recently modified to include hydyne as the uel
(replacing the alcohol) and giving an increase of 12 percent in the
missile range.5 This improved fuel was used in the successful Ex-
plorer I satellite launching on January 31, 1958, and all subsequent
launchings in the Explorer series. The complete satellite launching
rocket used a modified Redstone (lengthened tank section) in combi-

2 Fact Sheet: The Vanguard Program, Department of Defense, Office of Public Infor-
mation, News Release No. 364-58. April 24, 1959.

SArmy Marks 34th Successful I iring of Redstone Ballistic Missile, Department of
Public Information, News Release No. 1135-58, November 5, 1958.

avon Braun. W., inquiry Into Satellite and Missile Programs, hearings before the
Preparedness Investigating Subcommittee of the Committee on Armed Services United
States Senate. 85th Cong.. let and 2d sees pt. I, p. 585.

'North American Aviation, Roeketdyne division, news release No. NR-6.
See footnote 4.

14J
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nation with three upper stages of solid-propellant rockets. The Ex-
plorer placed about 31 pounds on orbit with 18 pounds of instrumented
payload.6 ,

C. THOR AND JUPITM

The Thor (Air Force) and Jupiter (Army) IRBM'S are currently
in an advanced stage of development. Both missiles are designed
for a range of 1,500 miles and have a reported thrust of about 150,000
pounds and a gross weight in the 100,000-pound class.8 The similar
capabilities of Thor and the Jupiter to serve as launching vehicles
for space flight are being exploited, in the Pioneer Moon rocket
program.The first use was that of the Thor booster combined with the

second-stage rocket of the Vanguard to form a two-stage assembly
designate& "Thor-Able." This vehicle, carrying a test reentry nose
cone, traversed a range of about 5,500 miles in July 1958, and is the
first ballistic missile known to have achieved this feat.

The Thor-Able, with a small solid-propellant third stage, is the
launching rocket for one type of Pioneer Moon vehicle. A total pay-
load weight of about 85 pounds can be sent on a trajectory to the
Moon,10 and somewhat less on an interplanetary trajectory. On the
basis of this lunar-shot performance, it can be estimated that the
Thor-Able as a satellite launcher could probably place payloads of
800 to 500 pounds in a satellite orbit.

The Thor, combined with a second-stage vehicle developed by
Lockheed Aircraft, using a Bell-Hustler liquid-propellant engine, is
the first satellite launching vehicle for Project Discoverer. This
combination is to place in orbit a total weight of about 1,300 pounds,
including the burnout weight of the second stage. The usable pay-
load in orbit is to be some hundreds of pounds, and some payloads
are to be physically returned to Earth for recovery.11 12

The Jupiter IRBM has been also combined with an upper-stage
assembly (a solid-rocket cluster similar to that used on Redstone-
Explorer series) for lunar flights. This launching vehicle, called
Juno II, can send a Pioneer payload weighing about 13 pounds to
the vicinity of the Moon.1 14 The Juno II is also to be used to launch
Earth satellites, including a 100-foot inflatable sphere.15

With improved upper stages, Thor and Jupiter can launch satel-
lites weighing as much as 2,000 pounds.16

P Explorer 1, Jet Propulsion Laboratory, California Institute of Technology, External
Publication No. 461, February 28, 1958.

1 Hibbs, A. R., Notes on Project Deal, Jet Propulsion Laboratory, California Institute of
Technology. External Publication No. 471, March 14, 1958.

5 North American Aviation, Rocketdyne Division, news release No. NR--8.
* Project Able Fact Sheet, Air Force Ballistic Missile Division, news release No. 58-5.
* Pioneer Instrumentation. Department of Defense, Office of Public Information, news

release No. 984-58, October 11, 1958.
31 Department of Defense, minutes of press conference held by Mr. Roy W. Johnson,

Director, ARPA, December 8, 1958, 11 a. m." "Project Discoverer" Satellite Program Announced by DOD, Department of Defense,
Office of Public Information, news release No. 1280-58. December 8, 1958.

' Juno II Fact Sheet, National Aeronautics and Space Administration, fact sheet No. 3.
December 1958.

1
4 

Instrumentation of Pioneer IMI, National Aeronautics and Space Administration, fact
sheet No. 4, December 4, 1958."Natio Aeronautics and Space Administration press conference by Dr. T. Keith
Olennan and Secretary Donald A. QVarles, December k 1958.

Johneon, .. W., address before the 18th annual meeting of the American Rocket
Society. New York, November 19, 1958; Department of Defense, Office of Public Informa-
tion, news reluase No. 1182-58, November 19, 1958.
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The approximate cost of a Thor rocket is about $1 million.,

D. ATLAS AND TITAN

The Atlas and Titan missiles (Air Force) are designed to deliver a
thermonuclear warhead to a range of about 5,500 mi.es.'8 The Atlas
is currently in flight test, with operational units to be deployed late
in 1959.10 The Titan is approaching flight-test status. The gross
weight of both missiles is in the 200,000-pound class, with a takeoff
thrust in excess of 300,000 pounds. The capabilities of the Atlas and
Titan missiles can be exploited to place large weights on a satellite and
space-flight trajectory.

The Atlas has the unique capability of being able to, without its
military load, place itself, tanks and all, in a satellite orbit at an alti-
tude of 400 miles.20 An Atlas vehicle was placed in satellite orbit on
December 18,1958, carrying some 150 pounds of payload at an average
orbital altitude on the order of 500 miles.

Unofficial announcements concerning the NASA man-in-space pro-
gram indicate that the Atlas or Titan can place a payload of about
2,500 pounds into a satellite orbit at an altitude of 150 miles.

If the Atlas is combined with an upper-stage weighing some 20,000
to 30,000 pounds using high-energy propellants, a payload of 6,000 to
8,000 pounds can be placed in a satellite orbit at an altitude of about
400 miles. 2' A high-energy upper stage, of unannounced size, for use
on Atlas, has been placed in development, and the resulting composite
vehicle is expected to be able to launch satellite payloads of 8,000 to
10,000 poundsY'5

E. LARGE-ENGINE DEVELOPMENTS

Developments of rocket engines in the 1.5-million-pound thrust class
have been initiated.24 2 A single engine of this approximate thrust
combined with a suitable vehicle, could probably place a payload oi
roughly 30,000 to 50,000 pounds into a satellite orbit at an altitude of
300 miles, and many thousands of pounds on lunar or interplanetary
trajectories.

Nuclear rocket development under Project Rover is expected to lead
to a very large payload capabilities.26 

2T

if Sehriever, Maj. Gen. B. A., Astronaiutics and Space Exploration, hearings before the

Select Committee on Astronautics and Space Exploration, 88th Cong., 2d sess., on H. R.
11881, p. 670.

18 Schrieeer, Mal. Gen. B. A., Air Force Ballistic Missile Programs, statement before
House Armed Serices Committee, 2d seas,. 85th Cong., Air Force Ballistic Missile Division,
news release No. 58-13, February 21, 1958." Atlas Fact Sheet, Convair Astronautics, revised October 24, 1958.

'5 Astronautics and Space Exploration, hearings before the Select Committee on Astro.
nautics and Space Exploration, 85th Cong., 2d sess., on H. R. 11881, April 15 through May
12k1958; K. A Ehrlcke, p. 688.

Astronautics and Space Exploration, bearings before the Select Committee on Astro-
nautics and Space Exploration, 85th Cong., 2d sess., on H. R. 11881, April 15 through May
12, 1958 * K. A. Ehricke, p. 620." See footnote 16, p. 141.

n Design Development Contract Let for High-Energy Upper Stage Rocket. Department of
Defense, Office of Public Information, news release No. 1134-58, November 6, 1958."u See footnotes 11 and 16, p. 141.SNorth American Aviation, Rocketdyne Division, press release No. NR-31.

Outer Spae Propulsion by Nuclear Energy, hearings before Subcommittee of the
Joint Committee on Atomic Energry Congress of the United States, 85th Cong., 2d seas.,
January 22, 28, and February 6, 1 iS.

*7 Anderson. C. P., Compilation of Materials on Space and Astronautics, No. 2, Special
Committee on space and Astronautics, U. S. -Senate, 8th Cong., 2d sees., April 14, 1958.
Bee also Congressional aecord, January 16, 1988.
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For a summary of current and expected payload-weight capabili-
ties, see table 1.

TABLE 1.-BSummary of current ased espected Payload.weight capabilities

JAil payload weights shown In pounds)

Item Vanguard Jpite-C a Arute tlasTtan

Welht ................ pounds.. 20,000 40,000-0000 1OW1 -. Q 000 ....................
Thrust ------- _--------- do .... 28. 00n 75,000 -150W0 -.1000 1,15M, 000 3, 000. O0
3 mile atellite ----------------- 20000 37,000 00
22,400-mile (24-hour) stationary

satellite ------ _--------------- -------------------------- 25--"0 -500 11,(W. r?.000
Moon Impact (eircumlunar)---- ------------ -------------- WSW 0000-& OD 13,000 25.0(M
Moon satellite _----------------------------- 30-0-1- W I- i0m n, W
Moon landing ------------------ ---- l .... 10-300 26-1, :0 4,090) 8,000
Vanq..Mars flight --------------.------------.--------------.. •-o bo0-2W 12,00 V. 0.00
Jupiter flight ----------------------------------------- 10- 300-1,. 500 zu , 000

Notr.-The indicated spread in capabilities Is not intended to he associated with a specific
missile but, rather, to Indicate the possible capabilities with varying conublinationa of com-
ponents.

F. X-15 MANNED RESEARCH VEHICLE

The X-15 manned research vehicle is being developed and tested
by North American Aviation under sponsorship of the Air Force, the
Navy, and the National Aeronautics and Space Administration. This
progrn.m had its beginning, in research conducted by the then NACA
as eariy as 1952; the go ahead to develop and manufacture the X-15
(three vehicles will be constructed) was given to North American in
late 1955. The X-15 is designed to obtain knowledge of flight con-
ditions at extremely high altitudes (approximately 100 miles) and
at advanced flight speeds (up to 3,600 miles per hour). The vehicle
itself is 50 feet long and weighs more than 31,000 pounds. Some 600
temperature- and 140 pressure-sensing devices will be carried, as well
as special equipment to measure structural and aerodynamic loads and
pilot reaction. An interesting feature of the X-15 is its two sets of
controls: the first, aerodynamic surfaces, will provide control while
the vehicle is flying within the mantle of the Earth's atmosphere; and
the second, monopropellant rocket thrust units using hydrogen
peroxide gas, will enable the pilot to maintain proper flight attitudes
in the vacuum conditions outside the sensible atmosphere.

The heating characteristics of the X-15 during exit from and re-
entry into the atmosphere will be closely measured. Structures
which will be subjected to extreme aerodynamic heating have been
fabricated from the steel alloy Inconel X; other structures are made
from titanium and aluminum.

The vehicle will be powered by the XLR-99 rocket engine, manu-
factured by the Reaction Motors Division of Thiokol Chemical Corp.
This engine uses liquid oxygen and liquid ammonia as propellants and
develops a thrust of 50,000 pounds.

Some outstanding features of the X-15 program are (1) extensive
research and deveropment in system components, (2) considerable
attention to human-factors engineering methods, and (8) hardware
production of test vehicles. The X-15 includes provisions for pilot
control, so the human occupant will "drive" rather than merely "ride"
the vehicle. Flight testing is scheduled to begin in February 1959
at Edwards Air Force Base.

1 North American Aviation, X-15 Air Vehicdlse Ps 1ri mtsflioa.
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G. DYNA-SOAR

The Dyna-Soar development program was initiated by the Air Force
in mid-1958 after about 7 years of preliminary studies and investiga-
tions by the Air Force, NACA, and industry. The Dyna-Soar---so
named because its flight is based on principles of dynamic soaring-is a
rocket-boosted hypersonic glider representing an advanced stage in
the development of a manned orbital vehicle for bombing and re-
coniinaissance. The manned vehicle is to bejprovided with a capability
for a ev,'tain amount of powered flight and lift for a controlled aircraft
landing after reentry.

As with the X-15 research vehicle, attitude stabilization, atmos-
pheric reentry, and human factors will be critical problem areas. The
major contractors are Boeing Airplane Co. and an industry team
formed by the Glenn L. Martiit Co. and the Bell Aircraft Corp.2 -3'

0 Air Fimre Announces Development Plans for Dyna-Soar Boost-Glide Aircraft, Depart-
ment of Deeouse, Office of Public Information, news release. No. 573-58, June 16. 1958.

S.The National Space Program. report of the Select Committee on Astronautics and
Space Exploration 85th Cong. 2d sees.. p. 7

• Glenn L. Martin Co., advertisement, Space/Aeronautics, vol. 30, No. 6, December 1958,

'The National Space Program. report of the Select Committee on Astronautics and
Space Exploration. 85th Cong., 2d sees., p. 24.a Putt, Lt. Gen. D. L., Inquiry Into Satellite and Missile Programs, hearings before the
Preparedness Investigating Subcommittee of the CommIttee on Armed Services, U. S.
Senate. 85th Cong., 1st and 2d sesa., pt. 2, p. 2031.
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20. SPECIc FLIGHT PossmIirrTxs

Certain kinds of space missions are particularly interesting because
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 projection velocity required to propel a ballistic missile to
various ranges is shown in figure 1. It is to be noted that there is no
limit to achievable missile range except the finite circumference of
the Earth. 145

145
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R. SOUNDI)NO HW'KSTS

The first scientific use of rockets was for vertical ascents, or "sound-
ings" of the atmosphere. The projection velocity required to reach
various altitudes, as well as total time of flight, is shown in figure 2.
This figure also shows the net velocity capab ity required to establish
satellites in circular orbits at various altitudes.
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c. ZRARm sATELIrrLS

To establish a vehicle in a satellite orbit around the Earth, it is gen-erally necessary to have two powered phases, separated by an intervalof coasting flight. The first powered phase is like tlat of a ballistic
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missile. After the vehicle coasts to the maximum altitude of its elip-
tical ascent path (the apogee), another powered phase must give thie
vehicle enough speed to keep it in orbit (fig. 3). The number of pow-
ered stages required in each of these two phases is determined by the
design 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 succession at orbital
altitude. The Vanguard satellite, on the other hand, is programed
to use 2 stages during the initial boost phase, and only 1 stage to pro-
vide the velocity increment at orbital altitude.

scietlite orbit

Orbital injection

Initial boost Ascent ellipse

Earth

Fig. 3- Typical satellite ascent trajectory

If the designer so chooses, a satellite could also be established using
a continuously powered ascent trajectory--that is, one in which the
coasting phase vanishes.

The main orbit features of Earth satellites are the period of revo-
lution and the orbital velocity. These vary according to the satellite's
mean distance from the center of the Earth (fig. 4).



ASTEONAUTWCS AND rM APPLICATIONS 149

I0'

to,

Period

10510'

4 P0 0Velocity

to too10

1 °
1 0 3 1 4 1 0 5 o"

Orbital altitude* h (stat mil

Fig. 4--Earth satellite velocity and period vs orbital altitude
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At an altitude of about 22,000 miles the period of the satellite is
exactly 1 day and the orbital velocity is about 10,000 feet per
second. If a vehicle were established in an equatorial orbit at this
altitude, rotating eastward, it would remain fixed over a point on
the surface of the earth.

The equatorial bulge of the earth and cther irregularities cantl-
disturbances of satellite orbits over long periods of time; in parttiuilar,
detailed changes in the orientation of the orbit in space.1 These
disturbances can be exploited in some applications. For example, if
a satellite is established inan orbit inclined about 830 froi the Equlator
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.

An interestih.g extenwion of the basic method of launchii.,i a satellite
is to provide the vehicle with an additional powered stture for use ia
so-called "kick-in-the-apogee" type of maneuver (0-z. 5) As•u•,me
for example, that a given booster vehicle is capable of carrying a
satellite to an altitude of 200 miles and that the satellite's finl 1 burnout
velocity can be made greater than tlkv circular orbital velocity corre-
sponding to that altitude. The resulting satellite orbi. will, there-
fore, have an apogee altitude greater than the initial 200-mile alti-
tude--say, 500 miles as an example. If the additional poowered
stage, correctly oriented, is fired at the 500-minle apogee point the
perigee (minimum) altitude of the new satellite orbit will be raised
so thut a final orbit can be achieved that is not limited by the projection
altitude limit of the basic booster rocket.

An extra rocket stage can also be used to make corrections or modiii-
cations to the altitude or eccentricity of a satellite orbit to tailor it for a
specific application. Additional rockets can also be used to change
the inclination of the orbital plane relative to the Earth's Equator.

tKalensher. B. E., Equatlons of Motion of a Misslie and a Satellite for an Oblate-
Sih.,roldal Rotating Earth, Jet Propulsion Laboratory. California Institute of Technology.
memorandlum .No. 20-142, April 12. 1I57.



ASTRONAUTICS AND ITS APPLICATIONS 151

Intermediate orbit

"K ic k-in- t he-apogee"

Fig. 5- Kick-in-the-apogee" technique of satellite launching

D. RECOVERABLE SATELLITES

Satellites can fairly easily be made to survive the heating encoun-
tered in returning to the Earth after natural orbit decay due to air
drag. All that a satellite like Vanguard would need would be a shell
of a high-temperature alloy such as is used in jet-engine turbine.,

Using reentry techniques derived from ballistic missile develop-
ments, it should be possible to bring satellite payloads back to the
Earth for study. In fact, controlled recovery of biomedical and other
experiments from satellite orbits is planned to start early in 1959 as
part of Project Discoverer."

To eject an object from a satellite orbit onto a trajectory that inter-
sects the Earth's surface, a rocket is needed to provide thrust at the
proper time and in the proper direction. The minimum velocity that

2 Gazley. C., Jr., and D. J. Maseon, A Recoverable Scientifie Satellite, The RAND Corp.
Paper P-958, October 5. 1956.Sl)asrtmlent of Dlefense, minutes of press conference held by Mr. Roy W. Jobvson,
Director. ARPA, December 3, 1958. 11 a. m.
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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
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5,000 feet per second. Vehicle reentry velocities are also shown in
figure 6.

If the satellite payload is to be returned to a specific recovery 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 de8cent range-
the distance over the ground covered by the payload from ejection to
impact. The ejection velocity grows rapidly as descent range becomes
less.
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The sensitivity of impact location to an error in control of ejection
velocity is also plotted in figure 7. Accuracy of recovery improves w;
the descent range becomesless. For example, at a descent range of
5.500 nautical miles an impact miss of about 4 nautical miles will La
produced by an error of 1 foot per second in ejection velocity. Other
sources of error, of course, also enter into the situation, particularly
control of direction of ejection velocity.

E. LU'NA\R FLGHTS

Lunar impact

The minimum velocity that will cause a vehicle to reach the Moon
is only slightly less than the local escape velocity from the Earth,
which at an altitude of 350 statute miles is 34,S00 feet per second. An
altitude of about 350 statute miles is a reasonably representative alti-
tilde at which to start free flight, and it will be assumed to ,qpply
throughout as a standard reference case. The powered-flight trajec-
tory up to this altitude is not of particular interest in this discussion.

The free-flight portion of a s-inple trajectory which terminates 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 trajectory over about the first 2 days
of flight is evident. The effect of the M[oon's gravitational attraction
becomes large only during the last half day of the flight, as it causes
curvature of the terminal portion of the path, leading to an impact
on the surface of the Moon.

.23 days

2.0 dayseAMoon
. ý M2.0

1.5 days

1.0 Zday 
' J.

0.5 day MSMa

Eorth

Fig.8 -Moon-Rocket transit trajectory -impact
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The same trajectory is shown in figure 9 as it would appear to an
observer on the Moon.'

Qo dodo

2 3 iv

Fig. 9- Moon-rocket trojectOty os 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 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. Some of the possible impact points
would not be visible from the Earth. It can be seen that errors of
-35 to +50 feet per second are allowable around this design point
for simple lunar impact trajectories. This tolerance is critically de-
pendent upon the nominal initial velocity selected.

V 3,50 ft /sec

Fig.10-Effect of vori'yjg velocity on Impact locatlolo

..LedBe H. A., Lunar Instrument Carrler--raiectory Studio., The RAND Corp, Reler•
Memorandum RM-1T28, June 4, 1956.
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Figure 11 presents the "hit band" showing the allowable variation
of combinations of initial velocity and path angle for trajectories
which end somewhere on the Moon. This "hit band" corresponds to a
specific initial trajectory position angle relative to the Moon and
altitude above the surface of the Earth.

36,000

35,750

, 35,500

.-_ 35,250

-_ 35,000

34,800

0 2 4 6 8 tO 12 14

Initial path angle (degrees)

Fig.1l-Initial conditions for lunar impact

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 west limb
of the Moon.

A curve defining the locus of trajectories which are normal 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.

Since the slope of the hit band varies from nearly horizontal (vari-
ation in path angle) to nearly vertical (variation in velocity), the
relative values of the tolerances in velocity and path angle will vary
as a function of the magnitude of the initial velocity.
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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 gives the curves shown
in figure 12. At near-minimum initial velocities the allowable path
angle tolerance is about 41/0, but decreases rapidly to a value of
approximately 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) indicates that the impact points
shift from the west limb of the Moon to the east limb. 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 curve labeled
(W-E-W) corresponds to the nearly vertical portion of the hit bandof 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 tolerance 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
relativelv low initial path angles. As the initial path angle of the
free-flight trajectory approaches 900 (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 toler-
ance curve rises more gradually than shown in figure 12.5

s Lieske, H. A.. Lunar Trajectory Studies, The RAND Corp., Paper P-1293, February 26,
1958.
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In general, therefore, it is possible to "tailor" the nominal transit
trajectory design point (and the corresponding initial tolerances) to
aecommodate perticular accuracy capabilities of the ascent guidance
system.

7 7CC

6 - 0 G -Velocity

I (w-E-W)

*4 OO I 40

/-Angle

3 3

C t(W-E)(Ew

2 >200

0 0J
0 348 35.0 35.5 360

Initial velocity (thousands of ft/sec)

Fig. 12--Total velocity and path angle tolerances

to hit the moon

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, cor-
responds to the minimum-velocity trajectory. 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.
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Fig 13-Transit time from Earth to Moon

Impact on the Moon might be signaled to Earth observers by det-
onating about 10 pounds of standard illuminant powder.6
Circumblunar flight

A vehicle can be fired on a circumlunar trajectory which returns 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.T The ve-
hicle must be launched so that it will intersect the Moon's orbit at a
Eoint ahead of the Moon, in order to be swung around by the Moon's

eld 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 a function of
the initial velocity at the Earth as shown in figure 13 but is also
affected slightly by the distance ol closest approac to the oon. The
position, on the lunar surface, below the point of closest passage is also
variable.a

'Dole, S. H., Visual Detection of Light Sources on or Near the Moon, The RAND Corp,

Research memorandum RM-1900, May 24, 1957.
SLieske, H. A., Circumulunar Trajectory Studies, The RAND Corp., Paper P-1441, June 20,

1958.
* See footnote T.



160 ASTRONAUTICS AND ITS APPLICATIONS

Typical examples of the two major classes of free-flight circum-
lunar trajectories are shown in figures 14 and 15. A typical low-
velocity trajectory is given in figure 14-an example of the "figure
eilht" orbit often referred to in the popular literature. The velocity
0f the vehicle in the vicinity of the Moon is relatively low (but greater
than lunar escape velocity), so that the Moon's motion and gravita-
tional attraction causes 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 veloci-
ties between those of figures 14 an 15 will return to impact some-
where on the Earth. The distance of closest approach to the Moon
in both these cases is about 3,000 miles.
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Fig. 14 - Return near the earth after passing near
the moon-returning vehicle moving in some

"direction as earthts rotation
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Fig. 1,5 - Return near the earth after passing near
the moon -- returning vehicle moving in direction

opposite from earth's rotation

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 pro-
duce a very great change in total flight time. This is a matter of con-
siderable practical importance, since points on the Earth are moving
rapidly due to the rotation of the Earth. Thus, for example, a ve-
hicle 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 unpowered
vehicle can, of course, be reduced by providing it with 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 photographs
of the Moon's hidden side.' Reentry design techniques for such a re-
turn are within the capabilities of current technology. 10 11

9 Davies, M. E.. A Photographic System for Close-Up Lunar Exploration, The RAND Corp.,
RM-2183, May 23, 1958.

0 Gazley C.. Jr.. and D. J. Masson. Recovery of Circum-Lunar Instrument Carrier,
American flocket Society, reprint No 488-57. October 1957.

SGasley. c.. Jr.. Deceleration and Heating of a Body Entering a Planetary Atmosphere
From Space, Vistas in Astronautics. Pergamon Press, 1958.
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Moon to escape
The Moon's orbital motion and gravitational field can be used to

accelerate a vehicle out of the Earth-Moon system and into an inde-
pendent orbit around the Sun.

A typical trajectory which is changed from an elliptical to a hyper-
bolic orbit as a result of the Moon's action is shown in figure 16. The
lunar-miss distance for this particular trajectory is about 600 miles,
and the resulting effective initial-velocity increase is approximately
400 feet per second. The maximum possible effective increase by the
Moon is about 500 feet per second.
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Fig.16--Tronsit 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 velocity at the
Moon is a function of the initial velocity at the Earth, but is never less
than about 8,000 feet per second. Control of the direction of brakilxg
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 for a

velocity reduction in the vicinity of the Moon.12

30 Buchbelm, B. W., Arth•fial Satellites of the Moo& The RAND Corp., Research Memo-
andum 3M-1941J, une_14, 1090.
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A transit trajectory for a lunar satellite is shown in figure 17. At
a predetermined distance from the moon-near the point of closest
agproach-the vehicle's velocity must be reduced to a value which will
a Row the Moon to capture the vehicle as a satellite. A representa-
tive 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 increment is added at the point of closest approach of
the transit trajectory shown in figure 17, the initial portion of the
lunar satellite will be as shown in figure 18.

A lunar satellite was the flight objective of the Pioneer shots.
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F ig.17--Transit trajectory-lunar satellite
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N-. Transit troIectory from eartS

Deceleration pain?

Satellite orbit

Fiq.18-Moon satellite orbit

Moon-to-Earth return
Launching of a vehicle from the Moon to return to the Earth will

be of considerable interest in the future."s The initial velocity at the
Moon would typically be around 10,000-15,000 feet per second. As
in the case of arth-to-Moon trajectories, the transit time is a func-
tion of the initial velocity. The variation 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 considerly easier than
hitting the Moon from the Earth, since 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 50 in path angle. The requirements for
hitting a given area on the Earth, however, are considerably more
severe-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 closely fix the flight time.

space buoy8
One of the special solutions to the equations of motion in the clas-

sical "Problem of Three Bodies" predicts the existence of 5 singular
points in the vicinity of the 2 massive bodies at which a vehicle can
be held stationary without application of thrust.1 The locations of

" Buchhein, R. W.. and H. A. Lieske, Lunar Flight Djnamlcu, The RAND Corp., paper
6-1458, August 6. 195L.
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these points, known as "centers of libration," 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.
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Fig. 19 -Relative positions of librarian centers

in the Eorth-Moon system

Motion in the vicinity of the straight-line points is unstable; that
is, any small displacement from the exact point will result in the
particle moving indefinitely far away.

Motion of a particle in the vicinity of the equilateral triangle points,
however, is stable--at least to disturbances arising from within the
system--so a vehicle near one of these points could be made to "float"
in space as a "space buoy." 14 The "Trojan" asteroids, which oscillate
in the vicinity of such points relative to the Sun-Jupiter system, tend
to check this theory."•

If vehicles containing the appropriate equipment could be estab-
lished at, or near, each of these equilateral triangle points relative to
the Earth-Moon system, they could provide a baseline which is about

U Buchholm, R. W.. Motion of a small Body in Earth-Moool Space, The RAND Corio
Research Memorandum RM-1726, June 4. 1956.

W Baker, R. H., As~tronomy, D. van Nostrand co., New York. 1V50.
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400 000 miles long for such uses as tracking vehicles on interplanetary
flights. The displacement of these "space buoys" by the Sun's net
gravitational attraction would have to be investigated. Also, if Ihe
bodies were low-density structures, the acceleration due to solar radia-
tion 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.

Instrumented asteroids could probe the space environment around
the Sun. Also, if made optically observable-by carrying large re-
flecting balloons-or fitted with transponders for radar range measure-
ments, such vehicles could be used just as natural asteroids now are in
obtaining a fundamental measurement of the length of the astronomi-
cal 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 was discussed in con-
nection with satellites of the Moon. Some form of terminal guidance
would be required with propulsion to make it effective.

Manmade satellites for Mars and Venus should be achievable 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 instruments on the sur-
faceb of Venus and Mars with basic rockets now in development.

Any flights in interplanetary space will require use of flight equip-
ments with very long reliable life--a year or more in most cases. The
sctual achievement of interplanetary flight is critically dependent upon
fulfilling this requirement.

G. MANNED FLIGHTS

No firm assessment can be made at this time of the extent to which
manned vehicles can undertake many of these various kinds of flights
(exceIl t, of course, to cull out obviously unusable types like unchecked
impact on the Moon). Performance calculations alone would indicate
feasibility of rather extensive flights, like circumlunar flights and
flights to even greater distances from the Earth. However, firm judg-
ment on these kinds of possibilities must await results of further ex-
perimentation to determine detailed requirements of manned flight as
15 planned in the X-15 program, the NASA manned capsule satellite
program," and the Dyna-Soar program.

2 Industry Invited To Submit Space Caplhle Desn Ptponal National Aeronautles and
Space Administration release, Neymber 7. 1958.
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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 I ie nature of the tra-
jectory followed. Some relative 1)p Earth and a target
body allow transit between them on i, orable trajectories, while
other positions impose trajectories that seriously tax rocket plerfori-
ance. Since the positions of bodies in the solar system are contin-
uously changing with time, the passage of time continuously changes
the trajectory requirements and, hence, the payload capability realiz-
able with a given kind of equipment. Therefore, 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 da'vs." Since the position of the launch point on Earth
is movinix with 1ýarth's daily rotation, there are also "good" times of
clay and "bad" times of day. A launching arranged for a given tine
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 capa-

bility when tired 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 terminates with the rocket moving
nearly horizontally with respect to the Earth. The trajectory has a
certain total lenoth determined by the duration of the propulsion
phase. Givei these fairly inflexible powered-flight conditions, there
is a corresponding 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 representative figure for
the duration of this favorable period, which occurs at approxinmately
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 inclination 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, and the larger will be its payload.

Even at the most favorable time of month, a launching from a lati-
tude greater than 28.50 will not be directed exactly east, since the
Moon s orbit never tips any more than 28.50 from the Equator. How-
ever, 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.
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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 payload is very strong (strong
enough to make the whole operation 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 marginalsystems) ; 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 surface is
desired, then the phase of the Moon will dictate the time of month of
launch, even though the unfavorable position of the Moon may cause
a considerable reduction in payload 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 the determination
of 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 trajec-
tories that could pass 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
(fig. 20). Maximum payload will be carried if the vehicle 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 across the Sun from one another. The payload
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will be less if the vehicle must traverse either less than or more than
half an ellipse.

sun

Fig. 20-Flights to Venus in various positTons

The situation leading to maximum payload (or a~iy 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 inner planets Venus and Mercury.

Figure 20 illustrates the situation for flights to Venus. The maxi-
mum-payload case, in which the vehicle travels over exactly 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 therefore permits less payload for a given rocket.
Flight to Venus in a position like position 3 takes more time and more
initial velocity then a flight to position 2. Thus, flights to a position
like position 3 are under the disadvantage of both long flight times
and low payload, relative to the position 2 case. Flights to positions
like 1 must also be conducted with lower net payload; however, the
advantage of lower flight time may be more than enough to offset this
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disability. For example, in manned flight the weight of stores neces-
sary 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.

TABE I..-Moat favorable launching date*

Earth to Mare Earth to Venus

Oct. I, 1960 lane 8, 1959
Nov. 168 1962 Jan. 13, 1961
Dec. 23, 1964 Aug. 16, 1962
Jan. 26, 1967" Mar. 28,1964
Feb. 28, 1969 O.t. 27., I95

June 5,1967
Jan. 11. 1909

NOTE.-The increases in launch velocity required at times beyond these most favorable
inch dates are Indicated in figure 21.
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21. OBSERVATION SATELLrrEs

A. GENERAL APPLICATION POSSIILITInS

Many kinds of observations can be made from satellites, including
military reconnaissance, terrain mapping, astronomical photography,
international inspection, cloud observation, and photography of the
Earth-useful in the Earth sciences.

Appreciation of the value of such satellites must depend upon some
understanding of the kinds of obtainable information, 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 photography became a
practical tool-about 100 years ago-he started using cameras from
towers, mountaintops, and balloons, and later from rockets and air-
planes.

Nadar 1 (1820-1910), a famous French photographer, was a pioneer
in acrial photograph. In 1958 he started the photographic balloon
ascents described in his book, Les Memoires du Geint (1864). Nadar's
views on military applications of balloon reconnaissance changed from
a rt fusal to work for Napoleon III in 1859 to active participation as
com'nander of the balloon corps during the siege of Paris (1870-71).

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 photograph on record. Oliver Wendell
Holnes immortalized this photo with the phrase "Boston as the eagle
and the wild go.tse see it."

Gen. George B. McC'ellan used balloon photographs in several Civil
War battles (I'2) He made huge maps, superimposed grids on
the-o maps, and furnished telegraph connection between division head-
quarters and the balloon-borne observer, anticipating by about 80 years
the t'ole of aerial observers for artillery adjustment.

A 11 of the early balloon photographers had rather small perspectives
compared with an American named George Lawrence who started
doitig aerial photography from balloons in the early 1900's. This
rewi'rkable man devised various cameras weighing more than a thou-
sandi pounds, taking pictures as large as 4 by 8 feet, and successfully
raised them by means of balloons, kites, and associated control appara-
tus io heights of several thousarn feet. One of his earliest cameras
was a panoramic camera of the type now proposed for lunar recon-
naissance and useful also in observation satellites. 2

Pseudonym for Gaspard Felix Tournachon.SDavies. M. E., A Photographic System for Closew-up Lunar Exploration, The RAND Corp.
Regesreh Memorandum KM-2183 (ASTIA No. 156021). May 28. 1958.
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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 meet-
ing 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 difficulties 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 R . By this time however,
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.

C. INTELLIGENCE AND RECONNAISSANCE

In satisfying both national and military intelligence requirements,
data are needed on a real or possible enemy's capabilities and inten-
tions. Included in the data is information that will help answer such
questions as: What does the enemy have I Where is itI How many
does he have I 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 reconnaissance.

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

D. SENSORS FOR USE IN OBSERVATION SATELLITES

Observation can be carried out in many ways, using sensors operat-
ing in different portions of the electromagnetic spectrum. The first
sensor used by man was the unaided eye. Next came photography with
its ability to record in permanent form large amounts of detailedinformation. Then followed the development of radar reconnaissance,
electronic interception,.and infrared reconnaissance.5

For reconnaissance in peacetime the all-weather requirements nor-
mally associated with combat operations can usually be waived. Be-
cause 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.

4 Ley W., Rockets, Missiles, and Space Travel, revised edition, Viking, New York, 1957.
4 Katz, A. H., Contributions to the Theory and Mechanics of 'hoto-Interpretataon From

Vertical and Oblique Photographs, Photogrammetrlc Engineering, voL XVI. No. 5, June
19P0, p. ~3n89-8886.
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L ABLITT TO SEN FROM AN OWSMVATION SATLLITJ

Various factors enter into an estimate of the degree of detail that
can be detected or identified 6 by a visual sensor system. Among these
are distance from the sensor to the object viewed and the foca liength
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:

8= (150X5,280) feet =1,584,000
0.5 foot

This means that I inch on the photograph corresponds to 8S 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 var from point to point, getting
larger as the view moves toward the horizon.' 4

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 photogphs, resolution refers to the ability
of a film-lens combination to render barely distinguishable a standr
pattern consisting of black and white lines. When a lens-film com-
bination 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."'-

Ground reeolution, R is often used in discussing performance. It
is simply the ground-size equivalent to one line, at the limit of resolu-

I A common view held by experienced workers In aerial photography Is that detection it
much "seee" than identlflcatlon. For example, one might be able to detect obJecta on a
load, and be unable to decide whether they are trucka, tanks, or aaller vehicle.. 38
usally requites roughly five times better ground resolution to Identify objectL

FSee footnote 4. p. 1 2.
K Eats A. H., The Calculus of Scale. Photogrammetrlc Englneerlag. voL XVIII. No. 1,

March 1W2o pp. w4-75.
'See footnotes 2. p. 171: 3-4. p. 172: 6 and 8."t

Brock. 0. C., Physical Aspects of Air Photography, Longmans, Green & Co., New York,
1952.

flSchade, Otto, Eleetro-Opteial Characteristics of Television Systems, RCA Review, voL
INo oee. 1-4, March-Dooember 1948."Higgins. 0. C., and R. N. Wolfe, The Relation of Definition to Sharpnes and Resolvtnp
Power in a Photographic System, Journal of the Optical Society of America, vol XL.
No, 2. February 1085." Hggins, 0. C, and R. N. Wolfe. The Role of Resolving Power and Acutance In Photo-
graphic Deflnition, Journal of the Society of Motion Picture and Telvision Engineers,
vol. LXV, No. 1, January 1956, pp. 264-0.

14 MacDonald, D., Some Considerations of Resolution, Sharpness and Picture Quality In
Technical Photography, Phlotographic Sodety of Americo Joras voL XMX, No. C, May

1acDonal. D . Air Ph•.phy, Journal of the Optical Sodety or America. voL XLIX!
Xe. ,Apr bu,. A9-29.

2ptcal Image Evaluation, proceedinga of the NBS Semlcentennlal Symposium on Opti-
cal Image nluatlio held at the NBS Is October 1951. National Bureeu of Standards Cben.
lar GM6 April 1954.

I Rose A., Television Pickup Tubes and the Problem of Vision, Advances in Electronics,
vol. 1948. pp. 18-1 0.

,a ats, A;H., Air Force Photography. Photograummtric Engineering, vol. XIV, No, 4.
Deeambe 1948,1 pp. 1584-M9.
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tion. Thus, if a fim-lens combination yields X lines per millimeter,
and the scale number is 8, the ground resolution is S/R. To use
familiar units, and rounding off a bit-

S

Ground resolution (feet) -- 300 R (lines per millimeter)
For the same focal length and altitude used in the example above, if
the film resolution is 100 lines per millimeter, the ground resolution
is about-

1,500,000
G=-•=50 feet

300x 100
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 millimeter at a scale number
of 100,000 should yield the same ground resolution as 100 lines per
millimeter at a scale number 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 direc-
tion of lower resolution and smaller scale number. There are great
differences in the graininess characteristics of different aerial photo-
graphic 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 resolution:

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

The range over a factor of 4 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 photo-
graphic 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 com-
munications, railroads, highways, canals, urban centers, industrial
areas, airfields, naval facilities, seaport areas, and the like.

Level B would be appropriate to covering areas measured in hun-
dreds of thousands of square miles. With reconnaissance detail, the
character of many major installations could be detected 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 eliminate category A and cover millions of square miles at
resolution 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 II photography was accomplished 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.
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A reasonable concept of satellite operation would cover all arma
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, perhaps patterns of use found, and hints and clues
obtained for the direction of other, higher resolution reconnaissance
systems. An overall observation capability whether for reconnais-
sance or inspection, should be based upon a iamily 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 observation-the illumination,
the contrast, the context, and many other important factors that deter-
mine detection and identification, are so variable that specification of
ground resolution alone is insufficient. For example, rocket photo-
graphs are available that were taken with a 6-inch lens from an altitude
of about 150 miles, with resolution estimnted to be about 10 lines per
millimeter-indicating a und resolution of about 500 feet.-S This
is much poorer than leverA. On one of these photographs (fig. 1),
however, major railroads show up clearly (fig. 2) to even casual
observation; two major airfields 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-much more detail can be seen
with a system yielding 10-foot ground resolution than one yielding but
50-foot ground resolution.

It is realistic to suppose than 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 inspect these operations.

Observation at level A is a fundamental and first-thing-first job.
It could supply a matrix in which other data can be imbedded, and it
could furnish a planning guide for future reconnaissance.

" Baaumann, R. C., and L. Wankler, Rocket Research Report XVIIF-Pbotography Prom
the Viking XI Rocket, NRL Report 4489, Naval Research Laboratory. February I 195i.
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F. CAM•ERS SUITABLE FOR SATELLITES

The camera used to make the photograph of figure 1 is now con-
sidered obsolete. Lens designs, camera precision, and film character-
istics have all improved since the time of its construction. New types
of cameras, in particular the shutterless, continuous-strip camera and
panoramic cameras have emerged as imlportant and useful tools.2-2 2

Modern panoramic cameras are derivatives of a rather old camera
design, wherein a lens, which itself covers only a narrow a1ngle, sweep~s
out a wide-angle photograph by sequentially scanning the scene and
depositing the resultant image oin 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 nieasturements extremely diflicult. Cameras
with between-lens shutters avoid this difficulty, and are universally
used for mapping.-2

Increased speed of modern aircraft has motivated development of
methods for compensating for image speed during exposure.21
Image speeds, for cameras mounted vertically in a satellite, may 6e
readily calculated. At an altitude of 300 miles, for example, satellite
velocity is about 25,000 feet 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
21/ feet on the ground, if exposure 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.-6 Such lenses can be expected to find eventual utility in satel-
lite observation systems to obtain very fine ground resolution.

An idea of what can be seen with comparatively small ground resolu-
tion can be gained from figure 3, with a calculated 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 about 1.5 inches. The scale number is
700,000. This photograph covers an area approximately 24.9 miles on
a side (620 square miles). Objects such as dam sites, railroads, farm

20 See footnote 18. p. 173.
Katz. A. H., Aerial Photographic Equipment and Applieatlons to Reconnaissance, Jour-

nal of the Optical Society of America, vol. XXXVIII, No 1 July 1948, pp. 604-310.
= Goddard, G. W., New Developments for Aerial Reonnaissanee, Photogrammetric Engi-

neering, vol. XV. No. 1. March 1949 pp. 51-72.
S Katz, A. H., Camera Shutters. Journal of the Optical Society of America, voL XXXIV,

No. 1 January 1949, pp. 1-22."See footnotes 10 and 18, p. 173.
- See footnote 23.
1 See footnote 22.

-A
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pornds, and highways are easily distingouishable, as are some of the
lager structures in the town of Truth or Consequences, N. Mex. Agri-
cultural patterns too are readily distinguishable. This experiment in
high-altitude photoography is described in the reference noted below.-2 '

The following table of approximate resolutions and focal lengths
for a satellite at about 150 mi~les altitude is of interest, especially when
comparing the calculated numbers with those applicable to figure• 3
(ground resolution of 48 feet).

SFxouR. 3.

17 DiPentlma, A. F., nigh Altitude Small-Scale Aer~al Photography. Rome Air Develop-
mnent center, Technical Note 58-165, As"' & Document No. AD-148777. JIuly 1958.
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"TABLE 1.-Approximate resolutions and focal lengths, satellite at 150 milea
altitude

Ground resolution (feet)-

Sesle
number At 40 lines At i00 lines

per millf. per milli-
meter meter

Focal length (inches):
12 ------------------------------------------ ------ 750, (M 60 24.0

120 ....------------------------------------------------- 75, 0O 2. 4

Comparison of this table with the actual photograph of figure 3 is
striking evidence of the ability of satellites to secure useful pho-
tography.

Mappimg photography from 30,000 feet during World War I1
secured a ground resolution of perhaps 15 to 20 feet. Thus, satellite
performance possibilities are very attractive in these terms also.

Throughout this discussion, reference has been to photographic film
systems for consistency of illustration only. Television techniques
are also entirely applicable to use in observation 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 processing techniques could
be used, with the film beingr stored until the satellite is in the vicinity
of a ground receiving station. It could then be scanned, using tele-
vision 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 suit-
able time and place.

If a television camera system were used, a similar problem would
arise. The data would have to be stored-on magnetic type, 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.

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 interna-
tional inspection operations which require minimum time delay be-
tween observation and transmission 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 infor-
mation is short-a matter of very few minutes--and direct radio
transmission of data is rather clearly indicated.
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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 any reasonable satellite. Physical
recovery might well be a better way to deliver such data. Mapping,
where the princitpal concern is with geometric fidelity, is another case
where physical d ata recovery 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
estimatiny the information content of a photograph. From the view-
point of ute communications engineer, a photograph represents a cal-
culable number of "bits" of information; this number permits cal-
culation of the capacity of the communication channel and the time re-
quired to transmit the photoirmphd

The photointerpreter tenh s to evaluate the hlotograph in terms of
the useful detail he can find and the extent of th e coverage. Te aerial
photographic scientist will think in terms of scale, resolution, and area
covered."

The relationships between these viewpoints permit some valuable
comparisons to be made. It is specifically interesting to consider tie
way it which one can compare a photograph and televisionjimage for
the purpose at hand. A 'igh quality live television transmission sys-
tem will use a communication tand width of about 6 megacycles per
second. A high-quality photograph will have a resolution of about
100 lines per millimeter. Information theory shows that-

A communication system with a band width of 6 megacycles
per second will have to operate continuously for 22.5 minutes
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 transitted by d link. For
example, consider a system with a 36-inch foc len h k(this is a median

xansmple: for mapping, much shorter lenses conuir be used; for ex-
teey detailed observation, 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 900 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 capac-
ity are conceivable and may prove desirable.

Clearly there are important cases where a video link simply cannot
transmit information as fast as it can be acquired. Small1 improve-
ments in transmission systems, increasing the numbers of ground sta-
tions, etc., can make only minor improvements in a serious and funda-
mental limitat ion. This is one of the main reasons for the importance
of physical recovery of a film payload.

- See footnote 4, p. 172.
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H. MAPPING FROM SATELLITES: SOME PRELIMINARY CONSIDERATIONS

The problem of mapping is radically different from most other
kinds of observation. Ground resolution, however calculated, is a
poor statistic by which to measure the performance of a mapping sys-
tem. To ima a surface with geometric accuracy, "hard photography"
free of distortions is needed. Mapmakers have generally required
wide-angle photography with a highly corrected, eýentially distor-
tionless lens, the enitire photograph being taken simultaneously (that
is, with a between-lens shutter) instead of sequentially as with focal-
plane shutters, strip photography, and panoramic photogrtap1V.2 9

Distortionless wide-angle optics, caipable of yielding 50 lines per
illinieter oil film over tile entire field, are now aiiailable.

While the requirements of map)ping are very strionient with respect
to distortion, they are rather modest as regards groulnd resolution.
The distance between 2 points may be measured on a photographic
Elate to within an error perhaps 10 times less than tile resolution

fgure. For example, a system with a ground resollution of 2.501) feet
could vield a mapping precision 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 film.

•Thinere are many other problems associated with mapping. In par-
ticular, the use of film instead of glass plates (as wouhl be necess:irv
in satellites) imposes the requirement for careful registration marks
in the form of a reseau or fine grid on the plate, carefully calculated
and fiducial marks along the edges of the format. It is felt that tech-
niques 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
mapp)ing 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. An
exposure time of one five-hundredth second implies a maximum blur
corresponding to 50 feet on the ground. 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 coverage for
the conventional mapping angle of 760 fore and aft of 11/2 times the
altitude; since the Earth is curved, the coverage is in excess of this.
It would not take very many pictures from altitudes of 1,000 miles
or more to map the Earth successfully.

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 stabilized with
respect to the horizons. It would require recovery. It is mandatory

* See footnotes 4, p. 172; 16, p. 173: 23, p. 178.
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to return a precision photograph directly for examination rather than
to incur possible geometric degradation via an electronic relay station.
Auxiliary ground tracking stations and perhaps visual and electronic
beacons aboard the satellite, might ie required and useful to locate the
satellite precisely, as might simultaneous star photography for preci-
sion 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.

I. PHOTOGRAPHIC ASPECTS OF METBOROWGICAL OBSERVATIONS FROM
SATELLITES

Progress in satellites for intelligence or inspection purposes will in-
evitably proceed in the direction of higher resolution systems selec-
tively covering smaller regions on the ground. Weather reconnais-
sance, 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 require-
ments 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 A" INSPECTION

Proposals for utilizing aerial inspection systems as a part of atomic-
energy controls were made as early as 1947 in a United Nations re-
port. Since that time, aerial inspetion systems used alone or inconjunction with ground systems, have been proposed for disarma-ment inspection and surprise-attack warning systems.

Observation satellites could certainly contribute to, if not, in fact,
provide, an inspection system."•-' An observation satellite could be
used to detect and locate missile firings, for example, serving either tomonitor agreements regarding missile laun"chings or to assist in reduc-

ing the measure of surprise from an attack. In conjunction with air-
craft, satellites could perform installation inventory, assist ground in-
spectors in locating previously unknown or new military sites, monitor
shipping, and carry out numerous other tasks.

H. SOME POSSB•E OBSERVATION SATELLTE COMBINATIONS

Attempting to list all possible kinds of observation satellites-
taking note of varying operational altitudes, sensors, purposes, meth-
ods of returning data etc., makes for a bewildering array. The fol-
lowing chart (table 2) represents an attempt to sort out and classify
some of the possible combinations. It is in no way intended as a
complete listing.

0 Second Report to the Security Counill, U. N.. ABC, September 11. 1947 (ABC-B6.
September II, 1947),Ept. It.

Leghorn, Col. R. S., No Need To Bomb Cities To Win War. U. S. News & World Report
January 28, 1955. M78-94.

40 Leghorn, Col. T S., U., . Can Photograph Russia From the Ak Now. U. S. News &
World Report, August 5, 1955, pp. 70-75.8 F1nal report, Subcommittee on Disarmament, Committee on Foreign Relations, U. U
Senate, 85th Coaq., September 8, 19588 p. I.

81The Congressional Record, vol. 104, No. 18 February 4, 1958, p. 1889.
I The Congreusional Record, vol. 104, No. 18, February 4, 1958, pp. 1401-1402.
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. SCIENTIFIC AND CIVIL USUS OF OBSERVATION SATELrrLz

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

The advantage to astronomical photography of reducing atmos-
pheric effects has been shown dramatically by Sun photographs from
a balloon-borne telescope." Project Stratoscope employed a special
photographic telescope weighing 800 pounds, and photographed the
Sun from 80,000 feet, above about 90 percent of the Earth's atmos-
phere. According 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 pictures of figure 4. 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 high quality, a
photograph of Washington, D. C, was systematically degraded to
show ground resolutions of 200,500, and 1,000 feet. 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.

" Introduction to Outer Space. the White Houee, March 26. 1958.
8Project Stratocope Reveals Sun Data, Aviation Week, October Z8. 1907.
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Lunor photography and aeriol. phoitogr.4ohy:
resolution comparison

Aerial photography Of the Earth has been applied to exploration;
Earth sciences; land planning; crop, soil, and forest inventories; engi-
neering; ecology; geology; gegahy; physiography; geomlorphol-
ogy; hydrography; urban-arega analýysis and planning; and archeol-
ogy.38-4

- Gwyer, J. A.. and V. 0. Waldron. Photointerpretation Techniques--A Bibliography.Lib1rary of Congress, Technical Information Division, March 1956.
IS Seleected Papers on Photographr and PhotoInterpretation, Committee on Geophysics

and Geography. Research and Development Board. Washington, D). C., Apl19.*0 Report of and Proceedings Commissi~n J51i-Photographic Interpretstion to the Inter-national society of Photogsuuy WhiD Cbtner 1W51."41Manual of Photogramme0!t27y. U of.. Z.4a hocetyof Photosrammetry, Wash-
taon. D_ C.. 1952. r.nh. - Oi.Lod,15.

Gutkind. K. AOur World Fr"teJ4~~aW~2Uin adn WbL lAuLaes. 1'. C.. La D..courvrarl A('veblawls Monde, Horisons de, France, Parta. 1948L
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The application of aerial photography to these varied fields depends
first upon the large view afforded and on the recording 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, formations, and terrain features
whici 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 patrol, and
studies of ocean-wave pro pagation-all require the coverage of large
areas hitherto impossible by conventional airborne observation
systems.

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

Satellite observations can be obtainecd with sufficient detail for
military reconnaissance, inspection operations, mapping, and Earth-
science studies.

M. THE 24-HOUR SATELLITE

The satellite whose period is exactly that of the Earth-commonly
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, afilit
38.2 percent of the Earth's surface, or approximately 75 million nquare
miles (fig. 5).

24-h' safellite ._..-,-- 2 a t

Fi.5 -Viewing an area on the earth af 45* latitude
from the "24h•ur" satellite

Interest in the 24-hour satellite for observation steins 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 preliminary examination of the problems involved
can be conducted by assuming a desire to achieve observations with
a ground resolution of 100 feet. This is a better order of resolution,
considering the viewing distance, than is commonly achieved at
astronomical observatories such as Mount Wilson and Mount
Palomar.

37162-•59--.---1
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However, the troublee that limit achievable resolution at Earth-
bound observatories are, in large part, chargeable to the atmnosphere.
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 photographic film, etc., it appears
that achievement of the assumed resolution of 100 feet would require
a lens diameter approaching 8 feet, with a focal length of about 64
feet. Such optics are hu-," even by terrestrial staridards. 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 450 latitude. The rerion photo-
graphed would be about 152 by 197 miles, an area of approximately
30,000 square miles. This is only slightly less than the coibhined area of
Connecticut, Massichnsetts, New I 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 seconds of arc during the ex-
posure time. This is a formidable requirement, indeed.

There is one application of a 24-hour satellite 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. USEFULNESS 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 thinking about payloads
for observation satellites has been shaped to a considerable extent, not
by the inspection of observational 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
attempted to use whatever weight such vehicles may allow them to put
on orbit.

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

Payload limitations constrain the performance of an observation
satellite in three respects: quality of data obtainable; quantity of data
secured; and timeliness with which this data can be deliver'ed to the
user. (Current payload limitations preclude observations from satel-
lites of the sort available from aircraft. Ground objects of interes.t hN: 'c
been observed successfully 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 by a factor of 15 to 100 beyond air-
craft altitudes, the size of equipment needed for similar observation
quality is going to grow sharl )ly-indicating satellite payloads of
many tons. The need for satellite payloads of this order is support-
able by the argument that observational capabilities of the kind now
available only to aircraft will continue to be needed, perhaps with
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growing urgency. Ground objects likely to be of inspection or obser-
vational interest in the future will probably not get larger than
objects of current interest and may, in fact, get smaller.

Figure 6 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 re-
quired focal lengths increase proportionately.

00

I.

Altitude (statute miles)

kFig.6-Required focal-length variation with altitude for ground
resolutions of 1,4,20, and 100 feet assuming a film

resolution of 100 lines per millimeter

(Note that the speed of the optical system-the f/ number - Is left out.
The high resolution used above requires optics of

at least f/8, preferably foster)

Observations under twilight, moonlight, and eventually under
night-sky illumination only, are goals no longer considered unattain-
able. There are areas of the world that are continuously dark for con-
siderable periods. Observation, inspection, and surveillance of these
areas from satellites might prove impossible unless needed improve-
ments in observation tec no ogy are pursued. A capability to make
observations in the difficult nighttime hours would be desirable, of
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course, for use against attempts to employ darkness as a shield for
various activities. Promising developments, such as certain refined
television techniques, point to one way of achieving such goals. Pho-
tography from airplanes by the light of a near-full Moon has been
accomplished and described by the Air Force. Either of these kinds
of approaches would involve large-diameter, long-focal-length optics
to collct as much light as possible and recoup quality loss inherent in
low-illumination operation. A speculative example might be a camera
system with 100-inch focal length, at a speed of f/2, thus requiring
optics at least 50 inches in diameter. In addition to auxiliaries such
as power supply, controls, and communication equipment, any large,
fast optical systems such as this one would require automatic focusing
mechanisms, temperature control, and other refinements not neede~d
for smaller, slower, less sensitive systems-all of which points to pay-
loads of many tons.

Better observational quality-finer detail-will require weight.
Greater total quantity of information also requires weight. Informa-
tion quantity is a function of total vehicle life, the 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 bat-
teries alone, the upper limit of working life is set by ihe 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 inore
batteries (weight) were added. When such power supplies can be
supplemented by solar energy, or when the power requirements can
be cut down, working life will increase for a given total weight.
Nuclear powerplants will eventually be available, and will saxe weight.
They may also create added problems, calling for added weight for
shielding.

The "quantity" of information deliverable by a satellite which com-
municates with the ground by video link is a direct function of the
band width used and the time available for communication. Gener-
ally speaking, greater band width requires more equipment, hence
more weight. The available time for communication is determined
by the number of ground stations, and the fraction of time the satel-
lite is within view of a given ground station. For 300-mile satellites,
this time is about 10 minutes per station. Higher altitude satellites
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 moment that the satellite is picking up data. This
mightt 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
nee•d 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 fragmentary, 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
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prove to be extremely difficult. The implication of the data at hand
is that c(ti!ýiderable shielding will be needed. Shielding is directly
"translatable into pounds of payload. If photographic film proves
to be a poor sensor to use under such circumstance;, a change to another
sensor such as television or electrostatic tape innt, e 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, infrared,
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 vulnerability
of satellites, changing their orbits, aiming the cameras, and the like.
All of these would require weight, hence larger launching rockets.

In brief, large launching rockets are an inevitable requirement if
observation satellites are to progress vigorously.

0. SUMMARY

It is apparent that observation satellites can be categorized in sev-
eral ways-by usefui life, purpose, sensor employed, method of re-
turning data, etc.

It would be reasonable to emphasize the potential surveillance capa-
bility of the long-lived satellite which transmits its data by video link,
and minimize the role of this type of satellite in the collection of huge
quantities of data. The latter task is better suited for satellites from
which data is recovered p)hysically. Such a family of different types
of satellites would constitute a balanced group. The different satellite
types are complementary, not competitive.



2-2. 'METEOPOLOGICAL SA1'lLLITiS

Weatlier affects almost every known activ'ity of man either directly
or inodi rectly; and the probability of success of many enterprises, civil
and] military, call be noticeably increased if the weather factor canl 1'e
countedl as a "known parameter." The various weather services art,
constantly striving to provide this knowledge, eitber in the forint of
aCtuad datI ,oiIn e I-I iii ctirii*cit wVeal tet' or iii lhe f rutl of a fo recast (if
fut ure cond itionq. ]it eithter case, the information provided is onlyv
its -oodl as the weather data available to the meteorologrist.

It is well knotwn that there is in olperation a worldwide weather dit a
collec-tion network supported b 'y most of the civilized nations of the'
wvorld. Firthrlermiore, these dat a aire freely dhissemnitated to all tat ions
paritic ipat ing inl lie Collect ionl prtogrami. Whtile therte appearis to tie a
great wvealth of information availaible, it is unifortunately trite thum
there are large areas of the world (e. g., the oceans andI the polar
regions) from which very little day-to-day weather information is
forthconiing. The only m icaits presently available for filling these
gaps inl weather dalta is recontnaissance by a ircra ft or the positioning
of weather ob-serving ships. At best, event with Such a great and ex-
pansive effortI only spotty information can be providled which by its
very nature lacks Otie quiality of observation most niecessary to synoptic

me~lorolgythat of complete conttinuity in timean at ce
A thtirdl possibility, howvever, has beeni sgt(1-i4 that miight

imnteedi provide the uiciessary informiation abou't remnote regions of the
earth. This is wahrreconnaissance by nte.ans of satellites. Thle
que~stionis t I at oine mIight ask about such a svst em are:

1. What a, itslintitations,
2. W~ithin these linmitat ions. wxhat we ather information is obtain-

able. anid 'Is it adequlate to do thte job?
3t. What is the growth potential of a satellite wveather recon-

1mi o1S11nee systent i
4. ('an this in formnat ~oii be fitted into the present weather

aniialysis antd preiliction system?
Saeltes as -weather observing tools seein to offer a new ditnietiion

itin th ield( of inetet it'ii ov: arezi. 1That Is. t I eY wo(uld proc idv its Xit 1i
the :ihtlity to view the E'a'rthi :sa whole in a very short period oif t i tue.
As with any new tool, the tultiinate value of a weather satellite twist
grow out of experienee -;titined by imiý:nu it. Initiallv, weather observa-
tioti fr-om a satellite wibe obtaind mainly by opt ical niean3,' by
stiliply lookinc t d own at thle visibile mniaiifestations of weathiet. Th1e
first attenmpt to do this is planned for the IGY satellite program, and

tI ripoli-l, R. M., synoptic Weathf-r Otisprvatton4 From Extreme Aititiiies. The HANt)
Corp.. liaper P'- 761,. February 15, 1956.

I Wilar WV i.K.i,, and(- N. Toinart. I'iizttzuinn of SatettIite Olixervattono In Wooh-~i ir
Analy'tk. Milltetto of the American 'Meieorological Society, vol. 3~8, No. 9. pit. 5t-S31957.

,W.*xti-r. It., Observing the, weaither 'roun it Sao tlite Vebit'e. Joriiioa of the Ant iiis
Intpirptaneiary Roicety, voli. 13. pp. 269-276. 1954.

Na~itiroit Aeronaojti, antI Spact- Art. livtrirtgi b~eforme the Speirt ',muii~ttee on space
and AetionautiCs, U, S. Senate, 85th Cong.. 2d seas., pt. 2, H. Wexler, p. 369.
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William Stroud and his associates at the Signal Corps Engineering
Laboratories have developed a scanning system for the Vanguard
satellite.'

In this type of 0peration almost all of the regular quantitative
measurements usually associated with synoptic meteorology tend to
fall by the wayside. It will be impossible to do more than make an
intelligent guess at the values of temperature, pressure, humidity, and
other conventional meteorological parameters. However, some added
information can be gathered if an ability to look at the Earth and the
atmosphere in the infrared part of the spectrum is also provided.

The basic limitation to 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 alti-
tudes, they become the predominant item of observation and must be
utilized to the utmost 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 results in areas where no other
information is available. Further, in areas where good data are cur-
rently obtained from the surface, satellite cloud observations can
provide continuity and completeness that are not given by the present
weather-observing network.

A. WEATHER INFORMIATION 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 when low in the sky, clouds will have a brightness at least
twice as great as that of the general Earth background.8 -9 A con-
trast of this extent between Earth and clouds means that clouds will
be observable with television or photographic equipment in a
satellite.

Cloud photography of useful quality can be obtained with an ob-
servation system exhibiting even rather poor resolution. For example,
gross cloud cover can be oet.ed with a system that can resolve
ground dimensions of the ord r 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 indi-
vidual cloud types. Such resolution is attainable with current tele-
vision and optical systems, although communication links of rather
large capacity would be required to relay data to the ground if large
areas are to be viewed. Therefore, recognition and identification of
clouds is readily feasible by satellite weather reconnaissance, but com-

4 Annals of the International Geophysical Year, vol. vi, pts. I-V, 1958, Pergamon Press
(London-N(ýw York-Paris). pp. 340 345.

S et footnote 1. it. 19J2.
Glaser. A. H., and .1. H. Conover, Meterological UtilliZation of images of the Earth's

Surface Transmitted From a Satellite Vehicle, Harvard University Blue Hill Meteorological
Observatory, October 1957.

lHewson, E. W., Quarterly Journal of the Royal Meteorological Society, vol. 69, p. 47,
1943.

0Itewsnon, E. W., and R. W, Longley, Meteorology, Theoretical and Applied, John Wlle,
& Sons, Inc.. New York, pp. 73-75, 1944.
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munication 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 meteorologist

with a view of the entire world weather pattern that he can hardly
achieve by present indirect methods. In addition, some detailed in-
formation can be extracted from cloud photographs.EO Wind direc-

SSee footnote 1. p. 192.
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tion may be estimated in several ways: (1) From present meteor-
ological models it is established that certain definite weather situa-
tions will produce certain sequences of clouds preceding or following
them. Using these models for preliminary orientation, the wind
direction may then be approximated through a knowledge of the
theoretical circulation associated with a given weather situation.
(2) Cumulonimbus clouds may extend from as low as 1,600 feet up
to 40,000 feet, and their slope becomes an indication 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, etc., will indicate the
direction of winds at low altitudes.

Temperatures may be estimated by starting with the statistical
normal for the time of year. This preliminary estimation 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 relatively cold or warm air. Upper air temperatures may
be estimated in the same manner, clouds indicating the boundary be-
tween air masses (fronts). The slopes of vertically developed cloud
forms will also aid in determining the temperature gradient of the
surrounding area.

NfNo 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 esti-
mate, other than to determine whether the area is under the influence
of a high- or low-pressure system.
Infrared observatios

Infrared and other electromagnetic measurements provide a very
powerful tool 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 atmos-
phere. The altitudes would actually be fixed as the tops of various
ayers 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 considerable
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, are a function of the amount of energy absorbed
by the various gases that make up the atmosphere. Thus, the varia-
tions in the amounts of the various gases available are necessary
parameters in any research leading to an improved ability to forecast
weather. More immediately, the local moisture content or water-
vapor content of the atmosphere is needed in forecasting 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 atmosphere will yield a better
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measure of the "heat balance" of the atmosphere. Better determina-
tion 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 foreca.sting through satellite observations

It is not completely clear that the first meteorological satellites will
markedly improve forecasting ability. However, there are several
areas where one might expect at least a modest improvement. These
tire:

1. Improved coe-r:ie and continuity over (wean areas, leading
to imnproveid abilitv to forecast for thie western .i(le of the North
American Continent, and in air and shipping lanes in both oceans.

2. Improved coverage over areas where hurricanes and
typhoons are born and grow, leading to possible improvements in
hurricane and typhoon warningservice.

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

Corerage and continiuity
An improvement in forecasting depends to a large degree upon the

opportunity to observe more or less continuously over a very wide area,
since weather is a dynamic phenomenon and the ability to forecast its
development depends upon the ability to observe its behavior repeat-
edly. For most weather phenoemea, the maximum cycling time is of
the order of 24 hours. Wide coverage within such a period of time is
possible with observation satellites,
Dissem ination 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.

For maximum usability, the maximmni time from the instant of
acquisition to actual dissemination should be held to within something
like an hour. This rate of information flow suggests a rather elaborate
pickup and relay system. One might visualize a "Satellite Weather
Data Center" where incoming data would be processed to extract the
maximum amount of usable meteorological information for immediate
dissemination.

The problems of data analysis and dissemination warrant at least as
much thought and effort as the desigu and operation of the data-gather-
ing vehicle.

B. THiE PREISENT METFOhOLOGICAL SATELLITE PROGRAM

The Advanced Research Projects Agency (ARPA) has initiated a
meteorological satellite development program with 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 ana

data readout network; data handling and processing system; data
analysis procedures. Parts of the complete system are classified for
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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, ob-
tained by miniature vidicon television cameras designed 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 overla )
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 atmosphere. In addition,
hi order to obtain some cloud pictures with higher resolution for com-
parison, 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 orientation. Pictures are
then to be stored on magnetic tape and subsequently 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 located 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
(ASRI)I) and are a direct outgrowth of the IGY "weather satellite"
built by ASRDL. From these observations, the heat budget of each
area observed can be estimated.

The value of these infrared measurements, though still untested, is
expected to be substantial.

The two agencies responsibl,' for analysis and use of the data are
the Geophysics Research Directorate of the Air Force's Cambridge Re-
search 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

The desirable objectives of future meteorological satellit,. develop-
ments, as indicated above, include capabilites to measure chlud motion,
atmospheric tepilperatures, total moisture content, total (,zone content,
and total radiation flow into and out of the atmosphere.

Is Mlnute. of the first meeting of the Committee on Mdeteorological ,spects of Satellites.
Space Science Board, National Academy of Sciences, September 26. 1958.

. Satellites Will Ad' ance Knowledge of Weather. h•epartment of Defense, Office of Publie
Information, news release 871-58, September 26, 1958.
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It must be clearly understood that many of the ideas discussed here
have not been completely proved by experiment. Enough information
is at hand, however, to clearly indicate the desirability of employing
satellites for weather reconnaissance.

The first weather satellites will be exploratory, and as more experi-
ence 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 satellites, cer-
tain 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 Wisconsin.

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, 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 phys-
ically). 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 the particular phenomenon. The part that space experi-
ments 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 understanding of the atmosphere.
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Artificial satellites can provide the basis for all-weather, long-term
navigation systems to determine with accuracy geodetic position,
speed, and direction of a surface vehicle or aircraft, north reference,
and vertical reference. Other methods, such as deadreckoning, Stun
and star sighting during clear weather, and use of inertial guidance
devices can provide such information with adequate precision in many
applications for limited periods of time. It is, however, necessar'y, in
many cases to check, independently and periodically, the navigation
data indicated by these systems.

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

A. SPHEBEOGRAPHICAL NAVIGATION

Celestial guidance involves measurement of the angle between 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 naviga-
tion by stars and by satellite, since star positions change very slowly
while a satellite fairly close to the Earth moves at great speed. 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 electronic sextant and
an indicator of the vertical, would then be able to determine his posi-
tion from radio observations of the satellite.

B. DOPPLER-SIIFT NAVIGATION

An all-weather navigation system can also be based on a satellite
broadcasting a continuous radio signal, by using the "doppler-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 fromn
the observer. The difference between the observed signal frequency

I Lawrence. L., Jr.. Navigation by Satellites, Missiles and Rockets, vol. 1, No. 1, October
1956, p. 48.

Ssr. .I. W.. The Vanguard IGY Earth Satellite Program, Naval Research Laboratory,
prceentned to the Fifth General Assembly of CSAGI. Held in Moscow July 30 to August
10, 19.5s.

* 1A*ighton. R. B., Tracking an Artificial Satellite Using the Doppler Effect, California
Institute of Technology, October 28, 1957.

* Quier., W. H.. and G. C. Welffenbacli, Theoretical Analysis of Doppler Radio Signals
From Eirlh Satellites, Johns Hopkins Applied Physics Laboratory, Bumblebee Series Rept.
No. 276. April 1958.
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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 navigational 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

provided with a table of satellite positions covering the duration
of his trip. These tables mast be prepared in advance as mathe-
matical 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
coniputational procedure used, the accuracy with which the relevant
physical constants are known, and the magnitudes of unpredictable
disturbing effects acting on the satellite. The most important of these
disturbances is the uncertain 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
I day in 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 that 5 miles over a few days. Prediction a few hours in ad-
vance 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 determine orbits have not
proven to be adequate w-hen used in connection with artificial satellite
orbits. New techniques or modifications of existing techniques appear
to be necessary in order to im prove the accuracy of orbital predictions.
Second, furtfier study must be made of the disturbing forces influ-
encing orbital motion.

D. EQt-IPMENT REQUIREMENTS

The basic measurements required in sphereographical navigation
are the azimuth and elevation angles of the satellite and the time of
observation. The equipment of the navigator consists of a highly
directional antenna andreceiver, a clock, and equipment for defining
the vertical. The accuracy of navigation is determined by various
equipment characteristics. The factor with greatest implications for
vehicle design is the antenna size.
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As an indication of this size, ar antenna about 12 feet in diameter
will allow position determination within an error o; about a mile when
directed toward a satellite 1,000 miles away under representative con-
ditions. A smaller antenna would lead to larger errors. The other
equipments involved are generally comnparatdvely 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 naviga-
tion equipment copsists of a sensitive radio receiver, an accurate fre-
quency reference, and an accurate clock. The equipment carried by
the satellite would again be a transmitter, but one specifically designed
to emit a very stable frequency.



24. SATELLITES AS COMMUNICATION RELAYS

Satellites can be used as components of a communication system to
relay signals from one point on or near the Earth's surface to
another. 1 2
SOf singular interest for this purpose ;s the so-called "24-hour satel-
lite" which completes 1 orbital revolution in 24 hours; so that if its
motion is in the samle 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 above the Eartli'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 moving relatively slowly over a pre-
selected area on the Earth's surface, and occasional adjustments with
small on-board propulsion units can colnpensate for such defects
indefinitely.

The advantages of a 24-hour orbit for a satellite as -i communication
relay are twofold:

One such satellite would be within line of sight of nearly half
the Earth's surface at any given time. Three prol)erly placed
satellites could provide virtually complete global comnmnunication
coverage at all timesA

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 are:
The vehicle requirements for establishing any given payload in

a 22,000-mile-high orbit are greater than those for establishing
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 lhvin_ lower orbits, and hence not remaining over a fixed
area on the Earth s surface, are also possible as conimuncaition relays.
The apparent motion of such satellites with respect to the ground
would we more rapid than that of a 24-hour satellite. but could still
be sutlicientlv slow to make tracking .omnpletely feasihle. (For ex-
ample, a 4,000-mile satellite would pass fronm horizon to horizon in
roughly 95 minutes.)

I kjaas.o (' C.. Space FiUght. M•Craw-Hlili Book Co., Inc., New York. 1958. p. 278.
2 Haviland.. It. P The Communleation Satellite, presented at the Eighth International

Astronautical Congress. Barcelona, October 6-12, 1157.
&Clarke, A. C., Extraterrestrial Relays, Wireless World, October 1945.
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The considerable disadvantage of lower satellites is that they would
be, at any given time, within line of sight of a smaller area on the
earth'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 satellites would be neetled to provide
worldwide coverage. Actually, taking into account the details of tile
orbital motion, it turns out that the number necessary to insure world-
wide coverage at all times would be greater than four, the exact num-
ber (lepending on the precision with whiph the orbits can be estab-
lished. Low-altitude satellites may use tIaWa storage devices, such as
tape recorders, to retain data received over one point for retrans.mis-
sion later over the intended point of receipt.

Possible communication satellites may be active or passive. An ac-
tive satellite is one which has transmitting equipment aboard, such as
a trans!)onder, 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 inci-
dent radiation from the Eal'th, a portion of the radiation being re-
Ilected or scattered back in the direction of the Earth.

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

One imay provide an active satellite with omnidirectional transmiit-
ting antennas (radiating roughly equally in all directions) or direc-
tive antennas (radiating most of the enei'gy toward the Earth). D)i-
rective antennas would require much less transmitted power, thus sav-
in- weight in that part of the payload devoted to transmission equip-
ment and power supply, but woula also require antenna stabilization so
as to direct the radiated energy toward the Earth, thus increasing t lie
payload weight devoted to attitude stabilization and its power supply.

A passive satellite relay could consist of an omnnidirectional s at-
terer such as a spherical body, like a balloon satellite, or a directive
scatterer such as a corner reflector. A corner reflector has tlme advvan-
ta'ge that it tends to reflect radiation in the approximate direction
fron1 which the radiation came.

Giving numerical examples can be misleading, since nimumerical
results depend sensitively on the specific values assignied to sulih
quantities as transmitted power, antenna sizes and directivities., op-
erating frequencies, orbital characteristics, and other things. flow-
ever, if reasonable values of these factors are assumed, it turns out
that 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 omnindirectional satellite antenna.
(A voice channel requires 5 to 10 kilocycles of band width.) On
the other havid, for a passive relay to have approximately tIhe sairie
communication capacity as an active relay which radiates, say, 10
watts, would require a spherical scatterer of the order of a mile in
diameter, or a corner reflector of the order of a few hundred feet in
diameter. Such sizes do not preclude the use of passive relays, how-
ever, since it might be possible to construct such objects, or their
equivalent in scattering power, with surprising little weight.

37162--59-14
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Perhaps the ,,lost important question to consider is that of the
utility of satellites as components of communication systems, both
civil an(d military. This question is generally one of economics. I he
eventual feasibility of establishing satellite3 as communication relays
cannot be doubted. On the other hand, alternative methods are
available for relaying signals long distances, or around the world,
over either land or water. Among these alternative methods are
high-frequency radio: very high or ultrahigh frequency wireless ,oni-
munI teat ion using land-based. shipborne, or airborne relay stations;
traiismission lines and cables (including submarine cables) ; and
tropotspheric, ionospheric, or imeteor-burst scatter propagation.4
Est:1)1ishing the usefulNess of satellite relays would involve a thor-
ough analysis of the comparative cost of using satellites as opiposed
to (but, of course, not necessarily to the exclusion of) other available
alternatives, for specified levels of capacity andl reliability.'

In assessing the military usefulness of satellites as communication
relays, the same sort of cost comiparison must be made, taking into
account possibly different requireid levels of capacity and reliability
as well as additional factors such as security 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-distan',e communication systems in some forms take
ye:rs to complete-a satellite can be launched in a verY short time.

Satellites can provide radio broadcasting coverage of wide areas
with use of a multiplicity of interconnected ground transmitters.

Satellites can be used to pick up mesages transmitted straight up
and rebroadcast them straight down at the intended point of receipt
even if that, point is moving, as on a ship. A)w power levels may be
nsed throughout, and interference among neighboring stations on the
same frequency eliminated. This is a point of considerable impor-
tance. since it would greatly increase the number of stations that could
use a given region of the radlio-frequency spectrum.

A'(hu. Ta-Shing, lonosplhric Scatter Propaa'atlon at Large Scatter Angles, th, antenna
Inh•mritry. departnent of elt.trlcal .'inginewrlng. the i ltio State Uliversity Research Foun-
datltn. Vuly 1. 1957,

I wre, J. R., Orbital Radio Relays, Jet Prolptilsion, vot. 25, No. 4. 11155, p. 153.



25. BALLOON SATELLITES

There are number of scientific reasons for wishing to have an easily
visible satellite.' In particular, precision orbit determination will

probably be done optically, and it is clearly desirable to have a satel-
lite which reflects or emits a considerable amount of light. An avail-
able mnethod is the creation of a large reflecting object suchi as a metal
ballovii,-

Precision orbit determinations based oin optical tracking can be
used for-

Determination of air drag ait hiigh altitudes, froin %%hicli at-
mnosphieric density canl be derived. 'A possible complic ation is the
effect of an electrostatici charge oil the satellite, adth ne-c
tions betweeit this charge, the ions present in the ionosphiere, and
the Earth's magnetic field.

Geodetic measurements on the size and shape of the Earth.
Ion densities, when coupled withi certaiin precision radio tech-

niques.

Metal balloon satellites also have potentially important military ap-
plications. Such an object, of very light, weight, can be made in a size
suitable to simulate any desired I(IMN njose- cone. It could, there-
fore, provide a permanent, realistic target for (developmnent and train-
ing activities in support of anti-ICUM1 sytnJ Lightweight metal
balloons simulating ICBM nose cones kcan also serve as decoys to fruls-
trate ICBM defense systemis.' Correspondingly, one Would expect
balloons, as decoys for military satellites, to be effective in de-grading
an antisatellite system, or balloon sa tell ite's permanently onl orbit couia
be made numerous enough to "saturate," onl a long-termn basis, ICBM
warning radars.6

I'Astronautics and Space Exploration, heartings before the Select Committee on Astro-
naUtics and Space Exploration, S.-th cong.. 2d sess., on H. It. 118S1, Atiril 1,5 through Mlay
12. 1055ý: Technicn al tab- on the Earth satellite Iruron- iNaotii'n.0 .xeadein (t 145.4 nve,&s,
Baisic- 4 t~jeetlvi of a (Continuoing Itogr..:o if Scienitilie lte-a'oceti in Outittr S4par.. p. . 2.

NAA Earth Satellite, falet sheet 1, National Aer''nattiei and Space Adininist ration.
*Astronaautics, and Space Exploration. hearings before the Select Comnmitteeo on Astre-

nautifie and Space Exploration. S5th Cong.. 12d seas., on H. it. 11881, April 15 through 'May
1., ililS : Maj. Genn. .t. P. Daley, p. 65."

Nike-Zeas Mayn h e inadeqitate, Top Defense S;cientist Warns. Aviation Week. vol. 69.
No. 11.1. November t0, 19.18, p. 33.

5'Address by Dr. Richard D. Holbrook, Advanced Research Projects Agency, Institute for
Itefens~e Analysis. to fihe Atlanta professional chapter, Siuma Delta Clhi.' Atlanta, Ga..
Septembher 9, 195S.

6 lInquiry Into Satellite and Alissile Programs, he-arings before tlie Preparedness investl-
gatinn Subcommlttee of the Committee. on Artocil Sercices, United States Senate, 85th
cotig.. tat and 2d1 sess.. lit. 1. W. von Braun, P. 60'2.
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Balloon satellites that can simulate weapons of military offense sug-
gest some potentially serious implications for warning systems and
retaliation policy. For example, such an object could take up a
tral ectory similar to that of an incoming ICBM as a result, say, of a
faulty satellite launch attempt. Further, such a faulty launch at-
tempt could, in some circumstances, lead to a situation having the :Ip-
pearance 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 sys-
tem 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.

I m m m mm mlmmmmm mmmm mm m m m m



26. BoxMNG FRoM SATELUm

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

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 warhead is to descend es-
sentially straight down from directly above the target, the propulsion
requirement is very severe, indeed. However, the problem quickly be-
comes 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 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.

For unmanned satellites, the ejection operation can be initiated and
controlled directly from a ground radar station in sight of the ejection
point; or, alternatively, ejection and descent guidance could be carried

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

'Pokrovskil, Maj. Gen. G. 1. (Red Army), The Role of Science and Technology In
Modern War, The RAND Corp., translation T-79: translated by H. S. Dinerstein, February
5, 1958.

$ Inquiry Into Satellite and Missile Programs, hearings before the Preparedness Investi-
gating Subcommittee of the Committee on Armed Services, United States Senate. 85th
Cong., 1st and 2d sess.: pt. 1, W. von Braun. p. 601.

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

: 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 Senate, 85tb Cong.. 2d sess.; C. Holifleld, p. 100.
I Firing Tables for Gun, 75-MM, M 1897. Firing Shell. H. E.. M 48, Ordnance Depart-

ment, U. S. Army. FT 75-Z-2. 1940.
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SEjection p~oint

Descen~t range

/,/

Fig. Il- Bomb delivery from a satellite

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 perform-
ance of internal 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 refer-
ence will cause a strike error of I nautical mile for a 5,500-nautical-
mile descent range.

For such a bombing system, satellite launchings could be conducted
long in advance of a war, with any desired degree of leisure in a com-
pletely peaceful environment. Propellants used in the launching
rockets could be chosen for ntiaxmiin payload performance, and
launchings could be conducted from one or a few sites located fav-
orably 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 beombing satellite on orbit
must operate reliably for some long period, if the replacement rate
is to be held to a supportable level. D)evelopment of space-vehielt
equipment with a very long reliable life is a basic necessity for a gret

many astronautics activities--working life spans of the order of a
year or more would be representative of the requirements for inter-
planetary flights, various satellite missions, etc.

Blombs Could also be delivered from mnalnnedl 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.



27. SCIENTIFIC SPACE EXPiORATIO0

Most of the information that man is able to obtain about the uni-
verse comes to him in tile form of electromagnetic radiations. Some
of these radiations he can see with the naked eye. But visible light
represents a very small part of the total radiation spectrum (see fig.
1); the Earth is constantly being bombarded with other forms of
"lighlit," 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 thle
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 wavelength in the fornm of X-rays, gammia
rays, and cosmic rays are present, as well as radiations, of low energy
and long wavelength, all of which are invisible to the eye. The eye
is sensitive only to those raditions that fall within a small band of
wavelengths. Radiations whose wavelengths are longer or shorter
than those to which the eye can respond must be "seen" with other
sensors.'

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 untraviolet, X-ray, and gamma-ray
regions of the spectrum. Other devices, such as photoemissive cells,
photoconductors, and bolometers, allow us to peer further into the
infrared, while Geiger counters, scintillation counters, etc., permit us
indirectly to "see" gamma radiation and some of the high-energy
cosmic rays that come through the atmosphere. Radio antennas, of
course, provide us with eyes to see into the longer wavelength portion
of tile radiation spectrum.

While we have developed sensors that will enable us to see and
measure much of this very short and very long wavelength energy, we
have not been able to exploit them fully because only a part of the
energy in these portions of the spectrum reaches the Earth. Much
of it is blocked or deflected, absorbed or screened out by the Earth's
atmosphere and magnetic field.

Atmospheric turculence, air currents and eddies make the iinages
of the celestial bodies shimmer and dance about on the photograp'iic
plates of telescopes, so that we can only see a blur where we should
see a sharp picture. The biggest telescopes on Earth normally operate
with an effective resolution which is about one-twentieth of the theo-
retically obtainable value.

'We can, of course. produce many of ibese radiations or forms of energy, on Earth.
Radio and radar transmitters, light bulbs. X-ray equipment, and nuclear explosions all
produce electromagnetic energy in different parts of the radiation spectrum. We cannot
however, as yet produce tire highest energy cosmic rays, which are really solid particles
moving at tremendous velocity, here on Earth.
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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 wavelengths
shorter than a few millimeters, and it does not "open up" until one
reaches the near infrared, where ordinary lighit and heat rays exist.
At still shorter wavelengths, because of the influence of ozone and
other atmospheric gasses, the Earth's atmosphere blots out the ultra-
violet 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 succeed
in penetrating the Earth's atmosphere down to the ground, so that
information about the lower energy primary cosmic rays is not avail-
able 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 imprisonment, a small hole
in the roof directly overhead was his only connection with the out-
side world. Since then, through a great deal of labor, aided by in-
genuity, he has been able to enlarge this roof opening slightly, and
also to bore two small holes in the wall close to the ground, on op-
posite sides of his prison. Through these three "windows" come 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.

Applying this idea to the radiation spectrum in figure 1. we may say
that man's knowledge of the universe has come to him thirough three
"windows" in the spectrum. Through a radio window he "sees" a
wide range of radio frequencies from different types of celestial ob-
jects: the Sun, the planets, possibly 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 PROnLEMS

A prime question of concern to astronomers is the composition of
the universe; that is, the relative abundance of different spxecies 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 ultra-

IThe areas beneath the curves in the three open regions Indicate the amount of energy
at various wavelengths that reaches the Earth. While the total quantity of enerzy tbat
reaches us in the form of visible light Is quite high. the amounts In the radlowa•e and
cosmic-ray portions of the spectrum are relatiely low. Most of these energies lie in a
region of the spectrum to which we are denled access from the ground.
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violet 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 substances 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 spectra,
especially in the bright and very hot stars, could be observed with
apparatus in the few-hundred-pound satellite-payload 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 controlling factors of man's environ-
ment in space, and they may provide hazards to man's survival which
are of a nature still unknown and unsuspected.

Moreover, the effect of the Sun's ultraviolet radiation dominates 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 outermost layers of the Sun. While the surface of
the Sun is at a temperature of about 6,0000 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 sun-
spots, prominences, and solar flares. These disturbed outer regions
of the Sun have an important effect on the Earth's ionosphere, geomag-
netism, and, in the long run, 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, unob-
structed by the atmosphere, would provide us with a detailed history
of what happens during solar storms and flares. Pictures could be
telemetered back on a more-or-less continuous basis, providing warn-
ing of solar disturbances which could affect the Earth.

To obtain a true picture of the total cosmic-ray energy enveloping
the Earth, particularly that which reaches us from the Sun during
solar storms or flares, it will be necessary to reach beyond the atmos-
phere and through the Earth's magnetic 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 satellites, and certainly
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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 measurements 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 reso-
lution taken in the far ultraviolet would decide this question. In
particular, astronomers have found that the most sbmnlant element
in thie universe, hydrogen, is present throughout our Milky Way. This
is detectable so far by radio observations only. although it is known
that perhap~s 10 percent of the total mass of our universe is in the form
of ga+:eons hvdrogen in space. Direct plhoto•,ra phs, or spect 1'a, of this
interstellar yivdro.,en can be obtained on'e a vehie!e has pIenetrated
the, atlnosphere of the Earth, photography being import ant 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. Becatise of
tje apparent expansion of the universe, there is a shift of light emitted
by distant objects tow'ard the red portion of the spectrum, known as the
"ired shift." At the present time, external systems of stars, extraptlac-
tic nebulae, have been photographed out 'to distances of at least 2
million light years. and as far as we know. exist "cry much farther out
into space. IHowever, at great distances the red shift becomes larger
and all the light of the system is shifted into the nonphotographahle far
infrared. There is no dlorbt 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 faint-
ness, but an important set of coniclusions on the nature of the expansion
of the universe and fundamental cosmology could be reached by merely
measuring the total brightness in the far Infrarpd of all of the galaxies
together. Apparatus providing rough spectral resolution. so that
quantitative measures of the brightness of the sky at many different
wavelengths in the far infrared 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 bearing
also on the age of our universe.

The subject of radio astronomy, which has grown rapidly in impor-
tance in the last few years, has already provided many scientific sir-
prises. For example, the second brightest source of radio waves fromoutside the Earth turns out to be a pair of coliding galaxies at a dis-

tance of .300 million light years. Since most of the-radio-frequency
energy that occurs in nature does not penetrate the ionosphere, it can
be measured 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, perhaps giving us a
clue to their origin.

One very important possibility considered by several scientists in
recent years is that the existence of both extremely intense radio-fre-
quencyradiation and very high energy cosmic rays is an indication that
we have still to discover some fundamental properties of the universe.
One may speculate that the most fundamental processes in the universe
are those involving extremely high ene 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
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that they are merely matter accelerated to ultrahigh velocities, differ-
ing 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 continuously
produced in intergalactic space. Is this latter theory tenable ? Are
there any evidences in the radiations coming from space of the con-
tinuing creation of matter?

B. EXPERIMENTAL PROGR-1MS

Prelimiinary 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 pro-
gram intact.

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

Astronautics will provide new approaches to some of the fundamen-
tal problems in biological science. The study of terrestrial 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 environmental 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 determnine the astrophysical propertiesI of
micro-organisms.

Actual samples taken at various levels of the atmosphere and
exosphere to determine the presence (if any) of micro-organisms;
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 subjecting bacteria,
viruses, spores, and seeds to space-simulated conditions to determine
the survival limits of organisms irradiated by X-rays, gamma rays,
ultraviolet rays, and high-energy particles; and to determine the influ-
ence of temperature, absence of atmosphere, moisture, etc., on survival.

S By astrophysical properties are meant absorption eoeffcients, masses, sizes, etc.-
.n 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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These laboratory tests should, of course, be supplemented by inves-
tigations under actual conditions in free space.
Experiment8 with sounding rockets

Vertical rockets, of the Viking and Aerobee type, will continue to be
useful, as in the past, for measurements of upper atmosphere phenom-
ena and composition. They can also be used for high-altitude obser-
rations of the Sun, Moon, planets and other celestial objects. (Bal-
loons, of course, are also useful in this connection.)

Experiments with satellites
Uses of satellites for scientific observations have been mentioned

under "Observation satellites" and "Meteorological satellites."
Satellites can remain in space permanently for long-term observa-

tion to altitudes of about I 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 payload 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.
Ionospheric density from radio signals.
Growth of spores or yeast in space.
Small mammals in a space environment.

2. 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; hemispheric

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.

3. One thousand pounds:
Telescope to obtain spectra of planets, stars, and galaxies from

far ultraviolet through infrared.
Combination meteorological satellite involving both television

and in frared sensors.
Test of the general theory of relativity using atomic or molec-

ular clocks.
Small animals in space in a closed ecological system.
Experiments to note animal body rhythms and activity in space.
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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 exis.

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 vehicle8
The measurements that might be made on other planets are generally

the same as those pertinent to the Earth itself, as modified by the sin-
gular features of each planet.



IV. ASTRONAUTICS IN OTHER COUNTRIES

28. ASTRONAUTICS IN THE U. S. S. I.

A. SOVIET INTEREST LN SPACE FLIGHT

On December 21, 1957, the Central Committee of the Communist
Party, Soviet Union, the Presidium of the Supreme Soviet of the
IT. S. S. R., and the U. S. S. R. Council of Ministers issued a proclamna-
tion in connection with the outstaiding achievements that marked
the 40th year of existence of the Soviet Government. The prolamna-
tion ended with the following announcement:

For outstanding achievements in the field of science and
technology, making possible the creation and launching of
artificial Earth satellites, a large group of scientists, designers,
and specialists have been awarded Lenin prizes.

Scientific research organizations that participated in the
development of the satellites and in the realization of their
launchings have been awarded the Orders of Lenin and the
Red Banner of Labor.

For the creation of the satellites, the carrier rockets, the
ground launching facilities, the measuring and scientific
equipment, and the launching in the Soviet Union of the
world's first artificial Earth satellites, a group of scientists,
designers, and workers has been awarded the title of Hero of
Socialist Labor. A large number of experts, engineer-tech-
nological workers, and workers have been awarded orders and
medals of the Soviet Union. To mark the creation and
launching in the Soviet Union of the world's first artificial
Earth satellite it has been decided to erect an obelisk in Mos-
cow, the capitol of the Soviet Union, in 1958.

Thus the official cloak of anonymity was draped collectively over the
men and institutions that accomplished, with dramatic suddenness,
man's first concrete step in the conquest of space. This announce-
ment, in a sense, epitomizes the extreme caution with which the Soviets
have handled the subject of rocket development since the mnid-1930's
when, after the first liquid-propellant meteorological resparch rockets
were fired by Russian enthusiasts, the Soviet Government quickly real-
ized the enormous military potential of the rocket and organized a
Government-sponsored rocket research program, with its attendant se-
curity restrictions.

Russia has a rich historical background in astronautics that began
at the end of the 19th century with the works of 1. V. Meshcherskii on
the dynamics of bodies of variable mass and the publications of K. E.
Tsiolkovskii on principles of rocket flight. Early Russian rocket en-
thusiasts made many fundamental contributions to this new tech-
nology.

217
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Tsiolkovskii, the father of (and to the Soviets, the patron saint of)
the science of astronautics, has been fairly well represented by rocket
historians in Western literature. Not so, however, his contempo-
raries-F. A. Tsander, who developed the idea of utilizing as fuel the
metallic structural rocket ship components which were no longer neces-
sary and who in 1932 built and successfully tested a rocket motor
operating on kerosene and liquid oxygen; Yu. V. Kondratyuk, who
prolr:Eed the use of ozone as an oxidant and developed the idea of
aerodynamically braking a rocket returning from a voyage in space;
N. A. Rynin, who during the period 1928-32 published a monumental
9-vulunie treatise on astronautics; Ya. I. Perel'man, the great popu-
hirizer of astronautics; and 1. P. Fortikov, the organizer.

Until the door was shut on the publication of original material in
1935, rocket developments in the Soviet Union, especially those con-
nected with the exploration of the stratosphere, were discussed quitto
freely. As early as 1929, an organization known as GIRD (after
the initials of the Russian words for "group studying reactive nio-
tion") was formed by a number of scientists and engineers whose
)lrinllry interest was in rocket engines and propellants. The papers

written by various members of this organization contain a wealth
of evidence of native competence in the various aspects of rocketry
and space flight, and clearly indicate that the Russians possessed a
relatively high degree of technical sophistication more than two dec-
ades I~o The GIRD publications included contributions by I. A.
Merkufov, Yu. A. Pobedonostsev, and M. K. Tikhonravov, who are
still very active in the field of rocket propulsion and space flight.

By 1929, V. P. Glushko, now a corresponding member of the
U. S. S. R. Academy of Sciences, was already designing rocket en-
gines, and from 1931 to 1932 he conducted test-stand fPirings with
gasoline, benzene, and toluene as fuels, and with liquid oxygen, nitro-
geil tetroxide, and nitric acid as oxidants. The only liquid-propel-
lant rocket engines mentioned by code designation in the Russian
literature are the OR-2 engine, designed by F. A. Tsander, which in
1933 developed a thrust of 110-pounds operating on gasoline and
liquid exygen: the ORM (experimental rocket engine) series, de-
signed by Glushko, of which the ORM-52 in 1933 developed a thrust
of 060 pounds operating on i, rosene and nitric acid; and the air-
craft-thrust-augmnnentation rocket ingines-RD-1, RD-2, and RD-3--
which developed thrusts of 660, 1,320, and 1,980 pounds, respectively
(1941-46). L. S. Dushkin designed an engine that propelled a me-
teorological rocket designed by M. K. Tikhonravov to an altitude of
6 miles in 1935. Dushkin later designed an engine that developed
a thrust of 330 pounds for a rocket plane (glider) built under the
direction of S. P. Korolev and successfully flight-tested in 1940.

Realizing the enormous military potential of the rocket, the Soviet
Government had organized, by 1934, a Government-sponsored rocket-
research prograin---oly 5 years after Germany had embarked on its
rocket program but 8 years before similar systematic Army-sponsored
research began in the United States. Stalin's personal intere4 in the
development of long-range, rocket-propelled guided missiles is dis-

2E. I., Proceedines of the All-Union Conference on the Study of the Stratosphere,
March, 31-April 4l. 19.14, 1'. S. S. R. Academy of Sciences, 1935, and collections of papers
titled "lRocket Toehnology" andi "'Jot Propulsion." Union of Scientific Technical Publish-
lnu i1,'ues, V1'!5. I)36. Untfortuntvly. few, If any, of the latter items reached the United
States.
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cussed in the book Stalin Means War by Col. G. A. Tokaev, formerly
chief of the aerodynamics laboratory of the Moscow Military Air
Academy, who defected from the Soviet Zone of Germany to Great
Britain in 1948.

After World War II, the Russians thoroughly and systematically
exploited German rocket powerplants and guidance and control equip-
ment; they then reestablished the German state of the art as it had
existed in 1945 by appropriating most of their rocket-test and produc-
tion facilities and personnel. (It is interesting to note that, although
most of the Germans were repatriated in 1952, a group of electronic
experts was not repatriated until 1958.) The Soviets not only in-
creased the thrust of the V-2 rocket engine from 55,000 to 77,000
pounds by increasing the propellant flow rate '-thereby extending the
range of the missile from 200 to 700 miles-but also developed a super-
rocket engine with a thrust of 265,000 pounds. They were also in-
terested in designing a rocket engine with a thrust of 551,000 pounds,
probably as an improvement on the powerplant the Germans had
envisioned for their A-10 rocket. Events since August 1957 seem
to indicate that the German A-9/10 project reached fruition in the
Soviet ICBM.

These developments indicate that the Russian effort has been more
than an extension of previous German work; to all indications it is
based on independent thinking and research. This is not surprising,
since Russia has its share of exceptionally capable technical men such
as Semenov (the recent Nobel prizewinner in chemistry) and
Zel'dovich, Khristianovich, and Sedov-to mention but a few in the
fields of combustion theory and fluid dynamics.

By 1949 the Soviets had embarked on an upper atmosphere research-
rocket program that involved the recovery by parachute, first of test-
instrument containers and later of experimental animals. Papers
dealing with this program were presented by S. M. Poloskov and B. A.
Mirtov and by A. V. Pokrovskii in Paris in December 1956. Accord-
ing to a Tass report dated March 27, 1958, the single-stage rocket ini-
tially used (in May 1949) attained an altitude of 68 miles with an in-
strument payload of 264 to 286 pounds. With improved techniques,
larger payloads were sent to higher altitudes. Thus, in May 1957, a
single-stage geophysical rocket raised an instrument payload of 4,840
pounds to an altitude of 131 miles, while on February 21, 1958, an im-
proved single-stage geophysical rocket raised an instrument payload
of 3,340 pounds to a record altitude of 293 miles. In each case the pay-
load was recovered by parachute. On August 27, 1958, a single-stage
geophysical rocket launched in the Soviet Union reached an altitude
of 279 miles with a payload of 3,720 pounds. Besides instruments for
studying the upper atmosphere, the rocket carried two dogs in a special
pressurized capsule. Both instruments and dogs were successfully
recovered.

One of the meteorological rockets developed by the Soviets, which
has been used since 1950, was described in detail by A. M. Kasatkin at
the CSAGI Washington conference on rockets and satellites early in
October 1957. It consists of a solid-propellant booster rocket 4.5 feet
long and weighing 517 pounds that burns 180 pounds of powder in 2

DA similar development In this country led to the 75,000-pound-thrust rocket engine fo?
the Redstone missile.

37102-*59-15
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seconds, and a 28-foot long sustainer rocket having a starting weight
of 1,495 pounds and a kerosene and nitric acid engine that develops a
thrust of 8,000 pounds for 60 seconds. At an altitude of about 48 miles,
the sustainer rocket separates into 2 parts, the upper part with instru-
ments attaining an altitude of 50 to 55 miles. Both parts descend by
parachute and are recovered.

The existence of an official Soviet space-flight program may be traced
to a significant statement by Academician A. N. Nesmeyanov in his
address to the World Peace Council in Vienna on November 27, 1953.
Speaking on the problems of international cooperation among scien-
tists, he said: "Science has reached a state when it is feasible to send a
stratoplane to the Moon, to create an artificial satellite of the Earth." '
As president of the U. S. S. R. Academy of Sciences, Nesmeyanov
was, of course, familiar with all aspects of Soviet scientific progress;
his statement clearly implied that Russian progress in rocket propul-
sion as of 1953 had made feasible such feats as launching an Earth
satellite and flying to the Moon.

There is considerable evidence of early acceptance of the science of
space flight by the Soviet hierarchy. It is not without significance
that volume 27 of Bol'shaya Sovetskaya Entsiklopediya (Large So-
viet Encyclopedia), published in June 1954 contained an article en-
titled "Interplanetary Communications" by k. K. Tikhonravov.' As
of the end of 1957 there was no corresponding entry in any of the
Western encyclopedias. Interestingly, the New York Times began
to index articles on space ships and space flight under the term "As-
tronautics" only after the White House announced on July 29, 1955,
that the United States intended to launch an Earth satellite.

Soviet interest in space flight was further revealed by the fact that
on September 24, 1954, the Presidium of the U. S. S. R. Academy of
Sciences established the K. E. Tsiolkovskii Gold Medal for outstand-
ing work in the field of interplanetary communications, to be awarded
every 3 years beginning with 1957. At about the same time, the Pre-
sidium established the permanent Interdepartmental Commission on
Interplanetary Communications to "coordinate and direct all work
concerned with solving the problem of mastering cosmic space." Aca-
demician L. I. Sedov, a topnotch hydrodynamicist, was appointed
chairman and M K. Tikhonravov-who designed and successfully
launched liquid-propellant atmospheric research rockets in 1984-was
appointed vice chairman.

In addition to the ICIC, an Astronautics Section was organized
early in 1954 in Moscow at the V. P. Chkalov Central Aeroclub of the
U. S. S. R. Its goal was "to facilitate the realization of cosmic flights
for peaceful purpse." Its charter members included Chairman
N. A. Varvarov, rof V. V. Dobronravov, Design Engineer I. A.
Merkulov Stalin Prize Laureate A. D. Seryapin Prof. K. P. Stanyu-
kovich, Yu. S. Khlebtsevich, and International Astronautics Prize
Winner, A. A. Shternfel'd.

Although the White House announcement of July 29, 1955-that
the United States intended to launch an Earth satellite sometime
during the International Geophysical Year (1957-58)--led to con-

: Pravda, November 28, 1958.
'In Rauuan the term "Interplanetary communleaonas" in eyAonymou with "a"tro-

sautle." and 'spaet WlShW"
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*iderable speculation concerning the Soviet position and capability
in this field of technology the imperturbable Russians, as usual, did
rnot commit themselves. iPosibly theyr were only too well aware of
the United States Earth satellite vehicle program the existence of
which was first publicly announced by Secretary of Defense Forrestal
in December 1948.

A notable event occurred in the week following the White House
announcement. The Sixth International Astronautical Congress
sponsored by the International Astronautical Federation convened in
Copenhagen, Demark. It was notable because, unlike previous meet-
ings, it was attended by two Soviet scientists, Academician L. I. Sedov,
Chairman of the U. S. S. R. Academy of Sciences Interdepartmental
Commission on Interplanetary Communications, and Prof. K. F.
Ogorodnikov, a professor of astronomy at Leningrad State Uni-
versity, who was an exchange professor at Harvard in 1937.

The Russians were observers at the Congress and did not partici-
pate in any formal discussion of the papers. Sedov, however, did
hold a press conference on August 2 at the Soviet Legation in Copen-
hagen, but unfortunately some of the statements attributed to him were
garbled in the western press. Three days later, on August 5, Pravda
published an official version of the press conference in which Sedov
indicated that-

recently in the U. S. S. R. much consideration has been given
to research problems connected with the realization of inter-
planteary communications, particularly the problems of ere-
acting an artificial Earth satellite * * *. In my opinion, it
will be possible to launch an artificial Earth satellite within
the next 2 years, and there is a technological possibility of cre-
ating artificial satellites of various sizes and weights. From
a technical point of view, it is possible to create a satellite of
larger dimensions than that reported in the newspapers which
we had the opportunity of scanning today. The realization
of the Soviet project can be expected in the comparatively
near future. I won't take it upon myself to name the date
more precisely.

It is interesting to compare this obviously edited official Soviet ver-
sion of the press conference with the unedited version published in
the Western press 2 days earlier. Later, after his return to Moscow,
Sedov's impressions of the Astronautical Congress appeared in the
',viet press.

Six months later, in February 1956, the Russians held a conference
at Leningrad State University to discuss problems of the phyi of
the Moon and the planets. More than 50 scientists participated. The
two principal topics for discussion were (1) the questions of planetol-
ogy connected with the problems of astronautics and, primarily, the
question of the state of the Moon's surface, and (2) the exchae of
opinions and plans for observations of the coming great opposition
of Mars in September 1956. Prof. N. P. Barabashey conference
chairman and director of the Khar'kov University 6 bservatory,
pointed out that the importance of planetology was growing substan-
tially in connection with the demands of cosmonautics and that, at the
same time, the responsibility of planetary, and especially lunar, investi-
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gators was increasing. M. K. Tikhonravov, Vice Chairman of the
Commission on Interplanetary Communications, enumerated the basic
questions to which astronauts expect answers from the science of
planetology.

At the Conference on Rockets and Satellites, held on September 11,
1956, during the fourth general meeting of the Comit6 Special de
I'Ann6e Geophysique Internationale (CSAGI) in Barcelona, Spain,
there occurred a prime example of official Soviet reticence to make
factual pronouncements concerning rocketry and space flight. In pre-
senting the general description of the Soviet Union's rocket and satel-
lite program to an audience that was eagerly awaiting the Russian
announcement, Academician I. P. Bardin, Chairman of the U. S. S. R.
IGY National Committee and a Vice President of the U. S. S. R.
Academy of Sciences, read the following statement in Russian:'

At the request of the General Secretary of the CSAGI,
Dr. M. Nicolet, inquiring as to the possibility of the Soviet
Union's participation in the rocket-satellite program, the
Soviet National Committee announces that-

(1) In addition to the U. S. S. R. program already pre-
sented to the Barcelona meeting the rocket-satellite program
will be presented at a later time.

(2) The U. S. S. R. intends to launch a satellite by means
of which measurements of atmospheric pressure and tempera-
ture, as well as observations of cosmic rays, micrometeorites,
the geomagnetic field and solar radiation will be conducted.
The preparations for launching the satellite are presentlybeing made.

(38 Meteorological observations at high altitudes will be
conducted by means of rockets.

(4) Since the question of U. S. S. R. participation in the
IGY rcket-satellite observations was decided quite recently
the detailed program of these investigations is not yet
elaborated.

This program will be presented as soon as possible to the
General Secretary of the CSAGI.

Needless to say, this unexpected and vapid statement left the as-
sembled throng with a sense of complete frustration. No mention
of it appeared in the Soviet press for more than 2 weeks. Finally,
on September 26, a TASS report, captioned "Preparation for the
International Geophysical Year" and bearing no dateline, appeared
on page 4 of Krasnaya Zvezda (Red Star). The report quoted
Academician Bardin as saying that-

The Soviet delegation's statement that work is being con-
ducted in the IT. S. S. R., just as in the United States of
America on preparations for upper atmosphere research by
means of rockets and artificial satellites evoked great inter-
est among the participants of the session. These satel-
lites will revolve around the Earth, making a complete revo-
lution in less than one hour and a half. They will be rela-
tively small, approximately the size of a [soccer] football.

9Dr. V. A. Troitakaya, scientifie secretary of the Soviet National Committee, read the
aeiompanying English version immediately after Bardin's original ntatement.



ASTRONAUTICS AND ITS APPLICATIONS 223

They will weigh about 9 kilograms. Now scientists are
making more precise a number of conditions for successfully
launching the satellites * * *.

The Bardin item is in keeping with the generalized nature of Soviet
reports and articles concerning their satellite plans and specifications.
Stereotyped statements and reports are apparently a matter of policy.
This was admirably summarized by an American IGY scientist, who
(according to an Associated Press dispatch datelined Washington,
October 2, 1957) said that Russian delegates had told him repeatedly
that they consider it-

bad taste to make announcements in advance. Our policy is
not to release any details until we have experimental results.

By 1956 the U. S. S. R. Academy of Sciences felt the need to
apply for membership in the International Astronautical Federation.
The application was voted on favorably during the Seventh Inter-
national Astronautical Congress in Rome in September of that year.
Moreover, the Soviet Union's lone observer-delegate to that Con-
gress-L. I. Sedov-was elected a vice president of the Federation.

More than a year passed, however, before the Soviet Union complied
with the bylaws of the International Astronautical Federation and
submitted, through Sedov, a description (that is, an equivalent of a
constitution) of the Academy's Interdepartmental Commission on
Interplanetary Communications and a list of its members.

The main purpose of the commission, it seems, is to assist in every
way possible the development of Soviet scientific-theoretical and prac-
tical work concerning the study of cosmic space and the achievement
of space flight. Its specific duties and functions are manifold and
involve the initiation, organization, coordination, and popularization
of the problems of space flight, as well as the propagandization of the
successes achieved.

The list of 27 members of the Commission is a very impressive one.
It includes eight academicians, some of Russia's-iand the world's-
top scientists. There is no question of the stature in world science of
such men as P. L. Kapitsa, the famed physicist, N. N. Bogolyubov, the
mathematical genius who is said to be the Russian counterpart of the
late John von Neumann, V. A. Ambartsumyan, the noted Armenian
astrophysicist, and others. Although most of the members of the
Commission are pedagogs, that is, connected with some institute of
higher learning, a number of them wear several hats, including mili-
tary hats. Academician A. A. Blagonravov, for example, is a lieu-
tenant general of artillery and is a specialist in automatic weapons.
G. I. Pokrovskii is a major general of technical services and an ex-
plosives expert. V. F. Bolkhovitinov holds the rank of major general
and is a professor of aeronautical engineering at the Military Air
Academy. Yu. A. Pobedonostsev is a colonel, a professor of aero-
dynamics at Moscow State University and a specialist in gas dynamics.
It is quite evident that the military is well represented in the Inter-
departn- ,tal Commission on Interplanetary Communications.

lecause of the Soviets' extreme reluctance to reveal their activities
in the field of astronautics, the myriad articles on the problems of
space flight that appeared in the pophiov press prior to the end of
1956 presented, for the most part, well-known information from the
Western press with only occasional broad hints as to developments in
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the Soviet Union. Soviet technical journals, however, continued-
as they had in the past-to present articles of considerable interest
and merit, especially in the fields of flight mechanics and hydro-
dynamics.

Soviet uncommunicativeness ended in December 1956, when a dele-
gation of 13 scientists, headed by Academician A. A. Blagonravov, an
armaments specialist and a member of the Presidium of the Academy
of Sciences, attended the First International Congress on Rockets and
Guided Missiles in Paris. There the Russians presented two papers
which revealed the prodigality of their rocket-test program: In the
Soviet experimental technique, the measuring instruments are not
carried in the rocket itself but in automatically jettisoned containers,
the results being recorded on film and the containers recovered by
parachute. The papers were entitled "Study of the Upper Atmos-
phere by Means of Rockets at the U. S. S. R. Academy of Sciences,"
by S. M. Poloskov and B. A. Mirtov, and "Study of the Vital Activity
of Animals During Rocket Flights Into the Upper Atmosphere," by
A. V. Pokrovskii, director of the U. S. S. R. Institute of Experimental
Aeromedicine.

The paper by Poloskov and Mirtov describes an instrument con-
tainer, 6.5 feet long and 15.75 inches in diameter, used for upper-
atmosphere research. It is essentially a metal cylinder divided into
three sections. The lower section is hermetically sealed and contains
power supplies, ammeters, camera, and the program mechanism which
controls the operation of all the instruments in the container. The
center section--which is open to the atmosphere--contains evacuated
glass sampling flasks, thermal and ionization gages, etc. The upper
section contains a parachute and is also heremetically sealed. A set
of spikes in the bottom of the container ensures a vertical landing.
The container, which weighs about 550 pounds, is jettisoned automati-
cally in the descending phase of the trajectory at a height of 6 to 7.5
miles above the Earth's surface.

Pokrovskii's paper describes a catapultable chassis used in studying
the behavior of dogs during round-trip flights to altitudes of 68 nmiles.
The dog is secured in a hermetically sealed space suit with a removable
plastic helmet and is provided with a 2-hour supply of oxygen. The
chassis is equipped with radio transmitter, oscillograph, thermometers,
sphygmometer, camera, and parachute. Two such chassis are fitted in
the rocket nose section, which separates from the body of the rocket
at the apex of the trajectory. One chassis separates from the nose
section at a height of 50 to 56 miles and parachutes to the ground from
a height of 46 to 53 miles. The other chassis separates at a height of
28 to 31 miles and falls freely to a height of 2 to 2.5 miles before
parachuting to the ground.

As one might expecti the subject matter of these two papers received
extremely wide publicity in the Soviet press. Probably the most com-
prehensive review was given by Academician Blagonravov himself in
an article entitled "Investigation of the Upper Layers of the Atmos-
phere by Means of High-Altitude Rockets" which appeared in Vest-
nik Akademii Nauk S. S. S. R. in June 1957. Besides mentioning
by name the key personnel in the program, Blagonravov stated that
cosmic-ray investigations by means of rockets were initiated in the
Soviet Union in 1947, that atmospheric composition studies to altitudes
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of 60 miles began in 1949, and that systematic studies of the atmos-
phere-including the use of dogs-were conducted from 1951 to 1956.

By way of interlude, a Tass dispatch datelined Moscow, June 18,
1957, reads as follows:

At a press conference held by the State Committee for
Cultural Relations with Foreign Countries on June 18, the
correspondents were shown living travelers into extraterres-
trial space-three dogs who were sent up in rockets to a height
of 100 kilometers and more. Two of them have made two
flights each and are in good health. All the flights were
filmed. It was found that the animals behaved normally
when flying to this height at a speed of 1,170 meters per second.
Alexei Pokrovskii, a member of the Soviet Committee for the
International Geophysical Year, said, "I would like the
British correspondents to inform the British Society of
Happy Dogs about this because the society has protested to
the Soviet Union against such experiments.'

In June 1957, Academician I. P. Bardin submitted by letter to
CSAGI at Brussels the official U. S. S. R. rocket and earth satellite
prodgranm for the IGY. This program, which was merely an outline,
indicated, among other things, that the Russians would fire 125
meteorological research rockets from three different geographical
zones and would establish an unspecified number of artificial Earth
satellites.

Of the numerous statements made by various Soviet scientists in
the press and on the radio concerning the imminent launching of the
first Soviet satellite those by Academician A. N. Nesmeyanov were
probably the most pertinent. On June 1, 1957, Pravda quoted
Nesmeyanov as follows:

As a result of many years of work by Soviet scientists and
engineers to the present time, rockets and all the necessary
equiipment and apparatus have been created by means of
which the problem of an artificial Earth satellite for scien-
tific research purposes can be solved.

A week later, Nesmeyanov said that-
soon, literally within the next months, our planet Earth will
acquire another satellite * * *. The technical difficulties
that stood in the way of the solution of this grandiose task
have been overcome by our scientists. The apparatus by
means of which this extremely bold experiment can be rea-
lized has already been created.6

In addition to these guarded statements by Nesmeyanov, and those
of other Soviet scientists, the scientific literature contains several
specific indications of the forthcoming launching of the first Soviet
satellite. For example, a one-page announcement entitled "On the
Observation of the Artificial Satellite," by A. A. Mikhailov Chair-
man of the Astronomical Council of the U. S. S. R. Academy of
Sciences, appeared on page 1 in the astronomical journals Astrono-
micheskii Tsirkulyar May 18, 1957, and Astronomicheskii Zhurnal,
May-June, 1957. Aiter a brief description of what observers were to

e'omsomolukaya Pravda, June 9, 1957.

i
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expect as the satellite passed overhead,' the announcement concluded
with the following statements:

The Astronomical Council of the U. S. S. R. Academy of
Sciences requests all astronomical organizations, all astron-
omers of the Soviet Union, and all members of the All-Union
Astronomical and Geodetic Society to participate actively in
preparations for the visual observations of artificial satellites.

Instructions and special apparatus for observation can be
obtained through the Astronomical Council.8

Two articles in the June 1957, issue of the Russian amateur-radio
magazine, Radio,' provide further evidence of the imminent estab-
lishinent of Sputnik I. The articles, entitled "Artificial Earth
Satellites-Information for Radio Amateurs," by V. V•akhnin, and
"Observations of the Radio Signals From the Artificial Earth Satellite
and Their Scientific Importance," by A. Kazantsev, gave a fairly com-
prehensive description not only of a satellite's orbit and how the sub-
sequent appearances of a satellite can be predicted. but also of the
satellite's radio transmitters, how the 20- and 40-megacycle frequency
signals are to be used, and what information about the upper
atmosphere can be derived from them.

The July and August issues of Radio carried articles on how to
build a recommended short-wave-radio receiver and a direction-
finding attachment for tracking the Soviet sputniks. Moreover, to
inform the Russian radio amateurs about developments in the United
States, the July issue of the magazine carried an article based on
material taken from the American amateur-radio magazine QST
describing the Minitrack II system which would permit radio ama-
teurs to track American satellites with comparatively inexpensive
equipment. This item was followed immediately by a notice in bold-
face type to Soviet radio amateurs to make prepara[tions for tracking
the Russian scientific earth satellites and contained detailed instruc-
tions on how to submit data on the signals received and recorded to
Moskva-Sputnik for reduction and analysis by the Institute of Radio
Engineering and Electronics of the 1U. S. S. Ift. Academy of Sciences.

Thalit the Soviets wer'e inl earnest about their missile capabilities aInd
space-flight intentions became indubitably clear on August 27, 1957,
when a TASS report in Pravda stated that-

successful tests of an intercontinental ballistic rocket and also
explosions of nuclear and thermonuclear weapons have been
carried out in conformity with the plan of scientific research
work in the U. S. S. R.

There was considerable prognostication that the Soviets would
launch a satellite on September 17, 1957, the 100th anniversary of the

I Readers will find a striking similarity between this description and that of the Moon-
watch program of the S•nithieonln Astrophysical Observatory at Cambridge. Mass.. the
vorloun aspects of which are de-scribed in the noservatoryrs Bulletin for Visual Observers
of Satellites which began pubiheation in July 1956. This bulletin, issued at irregular inter-
vals. may be found as a center Insert in the monthly journal Sky and Telescope.

a The telescopes used by members of Russian Moitnwateh teams, as shown in photographs
in Pravda and other Russian newspapers, after the launching of Sputnik 1, are suspiclously
similar In outwatnd appearance to the design described In the Bulletin for Visual Observers
of Satellites.

i Radio Is an organ of the U. S. S. R. Ministry of Communication and of DOSAAF (the
Al-Union Volunteer Soelýty for the Promotion of the Army, Aviation, and Navy) and
corresponds to the American amateur-radio magasine. QST, published by the Amnrimna
Radio Relay League.
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birth of K. E. Tsiolkovskii, the founder of the science of astronautics.
Needless to say, this day was the occasion for speeches by many lead-
ing scientists, both at the Hall of Columns in loscow and at Peace
Square in Kaluga, a small town approximately 100 miles southwest of
Moscow, where Tsiolkovskii had spent the greater part of his life.
At Kaluga the Soviets will erect a monument depicting Tsiolkovskii
in flowing cape, looking into the sky, and standing on a pedestal in
front of a long slender rocket poised in a vertical takeoff position.

The climax to this chronicle occurred, of course, on October 4, 1957,
when Sputnik I was established in its orbit. Appropriately enough,
even on this occasion the farsighted Soviets had scientific delegations
strategically placed in foreign capitals. Washington played host to
IGY delegates A. A. Blangonravov, V. V. Belousov, A. M. Kasatkin,
and S. M. Poloskov, who were, needless to say, overjoyed on hearing
that the satellite had been launched successfully. In Barcelona, where
the Eighth International Astronautical Congress was convening, a
Soviet delegation of four, headed by L. I. Sedov, made the most of
the occasion by presenting two papers, one by L. V. Kurnosova on the
investigation of cosmetic radiation by means of an artificial earth
satellite and the other by A. T. Masevich on the preparation for visual
observation of artificial satellites, a Soviet version of the Moonwatch
program. Sedov also distributed a limited number of copies of the
special 284-page September 1957 issue of Uspekhi Fizicheskikh Nauk,
which contains 17 papers on various aspects of Soviet rocket and
satellite research.

B. SOVIET LITERATURE ON SPACE FLIGHT

Russia has a well-established literature on rocketry and space flight.
This literature includes not only the classic works of her own pioneers,
but also translations of foreign monographs by Esnault-Pelterie,
Oberth, Hohmann, Goddard, Sainger, and others. The Soviets have
also "liberated" a vast amount of detailed material from German in-
dustrial firms and scientific and technological institutes. Russian
textbooks on rocketry, for instance, consider details of German develop-
ments that are not even mentioned in American books on the subject.10

In the post-Tsiolkovskii period the names of M. K. Tiklionravov
and A. A. Shternfel'd stand out prominently in spite of the Stalin
shadow. Both are capable and prolific writers. For several years the
names of popular-science writers B. V. Lyapunov and M. V. Vasil'ev,
engineersK. A. Girzin and Yu. S. Khlebtsevich, and scientist K. P.
Stanyukovich have been appearing with increasing frequency as the
authors of articles and books on rocketry and space flight. More
recently Soviet scientists have been reporting the results of their re-
searches not only in the technical journals but also in the popular press,
either in the form of interviews or as nontechnical essays. Since 1951
a monthly journal, Voprosy Raketnoi Tekhniki (Problems of Rocket
Technoloy), has been completely devoted to translations and surveys
of the foreign periodical literature. Since 1954 the Institute of Scien-
tific Information of the U. S. S. R. Academy of Sciences has been pub-
lishing a journal Referativnyi Zhurnal: Astronomiya i Geodesiya

wiSee, for example, Bolgnrskli and ,Shehukln, Raboehie protsessy v zildkostno-reak-
tlvnykh dvigatelyakh (Workilg processes in liquid-jet engines). Oborongis. Moscow, 1952,
424 peg.,.



228 ASTRONAUTICS AND ITS APPLICATIONS

(Reference Journal: Astronomy and Geodesy) which abstracts
among other things, foreign and domestic publications in the field of
astronautics. Moreover, the Soviets have, of course, their own classified
literature, which in all probability is extremely interesting.

Prior to 1955 Soviet papers on space flight followed, in general, a
fixed pattern. They begsan with an account of the historical contri-
butions made by the early Russian astronauts; next came a discussion
of the results of tests obtained by American and other foreign rock-
eteers followed by a disclosure on the problems involved in the launch-
ing of a satellite vehicle and on the variety and importance of the data
to be obtained from an extraterrestrial laboratory; finally, they
boasted about the great efforts that Soviet scientists were exerting
in creating a scientific space station and in making coqmic flights
possible for peaceful purposes. It is interesting to note that (ex-cept
in 1 or 2 cases) almost no mention is made of any specific Soviet
developments or results. Thus, for example, the article on rockets in
the Bol'shaya Sovetskaya Entsiklopediya" includes two tables of
rocket characteristics. Table 1 lists the characteristics of some liquid-
fuel rockets including the German A-4 (V-2) and the Wasserfall,
the United States Viking No. 9 and the Nike, the French Wronique,
and the United States two-stage Bumer (V-2 plus Wac Corporal)
rocket. But no Russian rockets. Table 2 gives the characteristics of
some rocket missiles, including the German Rheinbote and a 78-
millimeter fragmentation shell, and the United States Mighty Mouse
and Sparrow missiles. Again, no Russian missiles.2

In recent years Soviet papers on astronautics have become more and
more specialized, dealing with such topics as chemical and nuclear
rocket engines, radio guidance, meteoric impacts, weightlessness, and
orbit calculations, as well as with problems to be investigated during
the International Geophysical Year. Their tone has been somewhat
conciliatory to the West, and the jibes at the capitalist countries,
ever present in the earlier papers, are conspicuously absent.

Articles on the problems of astronautics by topnotch Soviet scXen-
tists and technologists began to appear in the official, serious scientific
publications of the U. S. S. R. Academy of Sciences in 1954. Typical
of such articles are Shternfel'd's Problems of Cosmic Flight, pub-
lished in Priroda in December 1954, which is primarily an exposition
on flight trajectories from the Earth to the Moon, Mars, Venus, and
Mercury; Academician V. G. Fesenkov's The Problems of Astro-
nautitics which appeared in Priroda in June 1955 and which was written
from tie point of view of an astrophysicist who touches on the pos-
sibility of using atomic energy as a source of power for space travel;
and Contemporary Problems of Cosmic Flights, by A. G. Karpenko
and G. A. Skuridin, published in Vestnik Akademii Nauk S. S. S. R.
in September 1955. The last article is a comprehensive survey of
the state of the art gleaned largely frompapers presented at the
Fifth and Sixth International Astronautical ongresses. It concludes,
significantly, with the following statements:

Together with the utilization of atomic energy for peaceful
purposes and the development of the technology of semicon-
ductors and new computing machines, the protblem of inter-

3 2d edition, vol. 85 pp. 065-a668.
n There Is, however. a comprehensive table of Soviet missiles and their characterblgtl

prepared by Alfred J. Zaehringer, in the Journal of Space Flight. May 1956.
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planetary communications belongs with those problems which
will open to mankind great areas of scientific cognition and
the conquest of nature.

The importance of this problem was clearly described by
Academician P. L Kapitsa, a member of the Commission
on Interplanetary Communications: "* * * if in any branch
of knowledge the possibilities of penetrating a new, virgin
field of investigation are opening, then it must be done with-
out fail, because the history of science teaches that, as a rule,
it is precisely this penetration of new fields that leads to the
discovery of those very important phenomena of nature
which most significantly widen the paths of the development
of human culture * * *."

The Russian technical literature of recent years gives abundant
evidence of continued progress in the various disciplines associated
with space flight. One of the most important pieces of evidence was
the publication a few years ago of tables of thermodynamic properties,
ranging from 298'K to 5,000'K, of such chemical species as F.2 , IIF,
CH, CH,, CH 3, and C2. The first two indicate an interest in fluorine
as an oxidant in chemical-rocket propellant systems, and the latter
four, an interest in hydrocarbons as possible propellants in nuclear
rockets.

The subject of nuclear-powered rockets is treated by K. P. Stanyuko-
vich in an article entitled "Problems of Interplanetary Flights," which
appeared in the August 10, 1954, issue o rasnaya Zvezda, and in
a slightly more expanded form as a paper entitled "Rockets for Inter-

plaetay ligts"intheboo, robemyIsolzvanyaAtomnoi
Eneri (Problems of Utilizing Atomic Energy), publshed in 1956.
Diagrams of nuclear-powered turbojet, ramjet, and rocket engines
illustrate G. Nesterenko's article, "The Atomic Airplane of the Fu-
ture," published in Kryl'ya Rodiny in January 1956, while R. G.

Peremans atice, "tomc Egins,"in te .anury 956 issue of
Nauka I Zizn', includesasketch of i-tg omcrce in which

the first stage is powered by a liquid-rocket engine, the second stage
by a ramjet engine, the third stage by an atomic-rocet engine, and the
three final stages by liquid-rocket engines.

In celebrating its 125th anniversary in 1955, the Moscow Higher
Technical College, which is also known as the Bauman Institute and
is the Russian counterpart of the Massachusetts Institute of Tech-
nology or California Institute of Technology, published a collection
of 19 papers on theoretical mechanics, several of which had direct ap-
plications to space flight. One that is particularly relevant was writ-
ten by V. F. Krotov and is entitled "Calculation of the Optimum Tra-
jectory for the Transition of a Rocket to a Given Circular Trajectory
around the Earth."

Rocket guidance has been discussed by a number of Russian experts,
notably by I. Kucherov in an article entitled "Radio-guided Rockets,"
published in Radio in August 1955, and by Yu. S. Khlebtsevich, who
wrote several articles on rocket flights to the Moon, Mars, and Venus.

Some highly interesting and original ideas have appeared in recent
articles in lussian popular scientific literature. One article prop)oses
worldwide television broadcasting by' means of three Earth sate ites
symmetrically spaced in an equatorial orbit at an altitude of 22,200
miles. Needless to say, the author discreetly avoids mentioning the
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military significance of such a system. Another article suggests the
use of Earth satellites for the experimental verification of the general
theory of relativity. This article, written by V. L. Ginzburg, is a very
lucid piece of nontechnical scientific writing on a subject tihat is gen-
erally considered too abstruse for the layman to understand. The
study of the biological problems of interplanetary flight continues to
be the subject of considerable discussion and investigation.

The two general subjects that have received the most attention in
the Soviet press are the artificial Earth satellite and rocket flight to
the Moon. Prior to Sputnik I's establishment in orbit, the following
scientists wrote papers on the problems associated with artificial
Earth satellite,: K. P. Stanyukovich, Artificial Earth Satellite, Kras-
naya Zvezda, August 7, 1955; A. G. Karpenko, Cosmic Laboratorv,Moskovskaya Pravda, August 14, 1955; G. I. Pokrovskii, Artificial
Earth Satellite, Izvestiya, August 19, 1955; L. I. Sedov, On Flights
into Space, Pravda, September 26, 1955; and A. N. Nesmeyanov, The
Problem of Creating an Artificial Earth Satellite, Pravda, June 1,
1957. The first four articles were prompted largely b7 the White
House announcement of July 29,1955, while Nesmeyanov s article was
a harbinger of Sputnik I.

In the Soviet literature there are repeated references to Moon-
rocket projects. For example, in an article entitled "Flight to the
Moon," published in Pionerskaya Pravda on October 2, 1951, M. K.
Tikhonravov, corresponding member of the Academy of Artillery
Sciences, stated that according to engineering calculations two men
could fly around the Moon and back to Fa rth in a rocket ship weighing
approximately 1,000 tons. Such a ship must have a velocity of ap-
proximately 6.9 miles per second. If an artificial Earth satellite
were available, then it would be possible to send a much smaller space
ship-one weighing not more than 100 tons and having a velocity of
2.2 miles per second--from the satellite to the Moon.

According to a German press agency report, the Soviet newspaper
Krasnii Flot (Red Fleet) for October 12, 1951, asserted that a Moon
rocket had already been designed in the Soviet Union. It was said
to be 197 feet long, to have a maximum diameter of 40 feet, a weight
of 1,000 tons, and 20 motors with a total power of 350 million horse-
po, er. Heinz H. Kiille of Stuttgart's Gesellschaft fiOr Weltraum-
forsehung evaluated these data in an article entitled "Wird in der Sow-
jet-Union eine Mondrakete gebaut?" in Weltraumfahrt, January 1952.
He concluded that in the optimum case a manned rocket for at best a
two-man crew and a single circumnavigation of the Moon with sub-
sequent return to the Earth still lies too close to the outermost limit of
present attainments.

Even the unmanned Moon messenger would require im-
mense technical effort. The practical result would be tri-
fling in comparison. On the other hand, the undertaking
could be used psychologically and propagandawise, since
successful execution and the corresponding accompanying
fanfare would obviously demonstrate that Soviet long-range
rockets would just as well reach any point on the Earth's
surface.

Prof. K. P. Stanyukovich, a man of many interests and of prolific
pen, has made several contributions in this field. His article "Trip
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to the Moon: Fantasy and Reality" in tile English-language propa-
ganda journal News: A Soviet Review of World Events, for June 1,
1954, is more polemic than scientific. His article "Rendezvous With
Mars" in the same journal for October 16, 1956, is not quite so belliger-
ent toward the United States. In this later article he predicts flights
to the moon in 5 to 10 years and to Mars wthin 15 years, the latter being
accomplished not with chemical fuels but with nuclear fuels.

Perhaps the most widely publicized Moon-rocket project in the
Soviet Union is that proposedby Yu. S. Khlebtsevich, which made its
first appearance in an article entitled "On the Way to the Stars," in
Tekhnira-Molodezhi in July 1954; later it was published in an ex-
panded form as The Road Into the Cosmos, in the Novw mber 1955
issue of Nauka i Zhizn'. Khlebtsevich suggests landing a mobile
"tankette-laboratory" on the Moon. The tankette, which would weigh
not more than a few hundred pounds and would be radio controlled
from the earth, would explore the surface of the moon and report its
findings back to earth. 2 Information so obtained would make pos-
sible the next stage-the mastery of the Moon by man in the next 5
to 10 years.

In February 1957, the Soviet press gave considerable publicity to a
space-flight project headed by Prof. G. A. Chebotarev at the Insti-
tute of Theoretical Astronomy in Leningrad. According to Chebo-
tarev's calculations it is possible, with the expenditure of only 16
tons of propellant, to launch a rocket vehicle weighing 110 to 220
pounds with an initial velocity of 11 kilometers per second in an ellip-
tical orbit around the Moon. Flying solely under gravitational forces
the vehicle would round the Moon at a distance of 18,600 miles and re-
turn to Earth in 236 hours, after covering a total path length of about
1 million kilometers.

One of the most startling disclosures in connection with Soviet
space-flight activities is the paper entitled "Some Questions on the
Dynamics of Flight to the Moon" by V. A. Egorov of the Steklov
Mathematics Institute in Moscow. This paper is a summary of a sys-
tematic investigation undertaken from 1953 to 1955 to find satisfactory
solutions for the fundamnental problems in the theory of flight to
the Moon: specifically, the problem of the form and classification of
unpowered trajectories, of the possibility of periodic circumflight of
the Moon and the Earth, and of hitting the Moon. The paper also
deals with the particularly important q~uestion of the effect of the dis-
persion of initial data on the realization of hitting or circufmflight.
More than 600 trajectories were calculated by means of electronic coin-
puters and were classified as hits, circumflights, or afflights (that is,
approach trajectories which do not encompass the Moon but allow one
to see everything on its opposite side and to return to Earth). This
investigation is quite similar to studies of the general trajectories of a
body in the Earth-Moon system that, are being conducted in this coun-
try. The overall results of the studies are in substantial agreement.
Specific numerical coinparisons can now be made, since the complete
report is available.

2 This proJect has ieon made the subject of a Russian popular-science sbort film-of the
Walt Disney type. but much inferior-and is No. 15 In a series generally entitled "Science
and Technology." Sincp the advent of Sputnik I, the film has been shown in movie thea-
ters throughout the United States.
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C. 'THu SOVIET BALLISTIC-MMILE IXD SPACE-FLIGHT K•P IUK

The Soviets began to flex their ballistic muscles with the announce-
ment of August 27, 1957, of a successful test in the Soviet Union of an
intercontinental ballistic missile capable of carrying a powerful nu-
clear weapon to any point on the globe. The guidance system was
said to be capable of placing the missile on target with an error not
exceeding two thousandths of the range; i. e., for a flight range of
6,200 miles, the missile would not niiss the target by more than 1.4
miles. G. I. Pokrovskii discusses the problem of attaining the pre-
cision required to put ballistic missiles on target in an article entitled
"Architecture in the Cosmos" in the December 1957 issue of
Tekhnika-Molodezhi. The last-stage engine accelerates the ballistic
rocket to its assigned velocity in an "ethereal gun-barrel" or "tunnel"
formed by radio beams from 3 or 4 radio stations on the ground. At
the slightest deviation in direction the missile enters a zone in which
the intensity of the radio waves is greater than in the center of the
tunnel. The waves act on the missiles autornatic-control instruments
and return it to the center of the tunnel. A radio signal shuts off the
last-stage engine at the precise moment at which the rocket has at-
tained its predetermined speed.

To impress the worhi- that their possession of the ICBM is fact.
not phantasy, the Soviets followed through with an unprecedented
display of propulsive might by launching, in quick succession, arti-
ficial Earth satellites on October 4 and November 3, 1957. The size
of the sputnik carrier rockets was evident from the fact that, as K. P.
Stanyukovich, a member of the Commission on Interplanetary Com-
munications, pointed out, they could be easily observed with the naked
eve as stars of zero or first magintude, whereas the American satellite
Explorer I can be observed as a star of fifth or sixth magnitude only
when it is closest to the earth. These differences in stellar magnitude
indicate that the reflective areas of the sputnik carrier rockets were
no less than 100 times greater than that of Explorer I. It is quite
likely, therefore, that Sputnik II was no smaller dimensionally than
the ballistic rockets displayed in Moscow during the Red Square
parade on November 7, 1957, i. e., about the size of the United States
Redstone missile. Moreover, since the announced weight of the experi-
mental equipment in Sputnik II was 1,118 pounds, the entire device
in orbit must have had a mass in the neighborhood of 4.4 to 6.6 tons.

In the March, - .58, issue of Astronautics Walter R. Dornberger
(of V-2 fame) makcs the following observation with regard to the
Soviet missile and space-flight program: "Along with the experience
they gainI in handling long-range rockets, the Russians also got
the Peenemiinde way of thinking and the schedule for space conquest
we had set up as far back as 1942. The satellites are only the first
step. Another look at the schedule is all that's necessary to predict
what lies ahead." The schedule that Dornberger and his confr~res
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at Peenemiinde had set up was the following 10-point guided-missile
and space-flight program:

1. Automatic long-range single-stage rockets (A-4 or V-2).
2. Automatic long-range gliders (A-9B).
3. Manned long-range gliders (A-9B).
4. Automatic multistage rockets (A-9/10).
5. Manned hypersonic gliders (A-9B/10).
6. Unmanned satellites.
7. Manned ferrv rockets to satellite orbits.
8. Manned satellites.
9. Automatic space vehicles.

10. Manned space vehicles.

Since the Soviets are masters in the arts of exploitation and tong-
range planning,, as well as being endowed with a native competence in
matters scientific and technological, it is not difficult to imagine the
alacrity with which they assimilated the Peenemilnde program and
adapted it to their own plans for world domination. It is not known
how slavishly they are adhering to the Peenemiinde program, but it
is known that they have already accomplished points 1, 4, and 6, and
have made considerable progress in implementing some of the others.

The Soviet ballistic-missile and space-flight program is probably
somewhat more involved and proliferated than the straightforward
program of the Peenemiinde group. It undoubtedly follows a logical
pattern of development, involving the integration of complex military
facilities and skills with the disciplines ofthe scientific and technical
communities. The probable activities of the Soviet program can be
arranged in four general categories that depend, in the main, on theo-
retical minimum-space-flight-velocity requirements and on the type of
mission to be accomplished.

Category I is, in Russian parlance, that of geocosmic flights, or
flights from one point of the terrestrial globe to another through cosmic
space, for which the flight-velocity requirement is less than orbital
(less than 4.9 miles per second). This category is the fundamental
one, because the success of the remainder of the program depends on it.
Soviet achievements in geocosmic flight consist of their long-range
1- and 2-stage (i. e., their much-heralded "multistage") ballistic
missiles, as well as their geophysical rockets for exploring the upper
atmosphere and their biological rockets for studying the behavior of
animals during flight to and from the upper atmosphere. The Soviets
have had considerable experience and success with their technique of
recovering by parachute test-instrument containers and encapsulated
experimental animals after rocket flights to altitudes exceeding 60
miles. In view of their extensive studies in the various aspects of
space medicine and their patent desire to be first to achieve manned
space flight, it is reasonablye to assume that the Soviets will soon an-
nounce the "successful", return of a human passenger from a rocket
flight in the Soviet Union.



234 ASTRONAUTICS AND ITS APPLICATIONS

Category II is that of orbital flight around the Earth for which the
flight-velocity requirement is between 4.9 miles per second (the
so-called first cosmic or circular velocity) and 6.9 miles per second (the
so-called second cosmic or "escape" velocity). In this category the
Soviets have achieved three successful launchings that were (a) spec-
taccular primarily because of the size of the packaages placed in orbit';
(b) significant because of their scientific and military reconnaissance
implications; and (c) effective as propaganda devices.

('omimnenting, on the level of developments of techniology in the Soviet
Union, Khirushchev made the following statement in a speech at.
Minsk on January 22, 1'J198: "The whole world was amazed by the
fact that the second artiticial satellite weighed over six times more
than the first one; it weighed more than half a ton. But even this is
not the limit. We can double, even more than double, the weight of
the satellite, because the Soviet intercontinental rocket has enormnons
power which makes it possible for us to launch a. even heavier satel-
lite to a still greater height. And we shall probably ,', .ý,, !" On May
15, 195S, the Soviets announced that they had placed Sputnik III in
orbit. This satellite had a gross_ weight of 2,919 pounds, 2,130 pounds
of which was instrumentation that was somewhat more sophisticated
than that in Sputnik I and II.

A. V. Topchiev, chief scientific secretary of the U. S. S. R. Academy
of Sciences, in summarizing the first scientific results obtained from
Sputniks I and II before a general assembly of the academy in March
1958, formalized Khrushchev's statement in the following terms:

Using the achievements of native reactive technology which
make it possible to raise to a great height and place in orbit
containers with scientific apparatus weighing many hundreds
of kilograms, our scientists can now raise the most diverse
problems in the investigation of the upper layers of the atmos-
phere and in the region of cosmic space closest to the Earth.
It is clear, also, that the solution of the problem of long flights
in cosmic space and the attainment of other planets lies only
in creating satellites of great weight.

The Soviets are quite aware of the importance of recovering photo-
graphic film, instruments, fnd animals from satellites; the examina-
tion of such items after orbiting around the Earth would be of much
greater value than telemetered data. They have discussed the gen-
eral techniques of recovery and have indicated the existence of various
recovery projects. One such project, described in some detail by
V. Petrov,'3 involves the ejection of a 20.9-pound package from a
satellite or carrier rocket at perigee. The package consists of an
11.9-pound retrorocket and a 3.5-pound stainless-steel collapsible
sphere, which, when inflated with helium, measures 3 feet in diameter
and acts as a drag brake, bringing down to Earth, with a terminal
velocity of 29.5 feet per second, a small beacon transmitter and an
8-ounce cartridge of exposed film within 20 minutes after leaving the
orbit. Prof. E. K. Feclerov, commenting on the prospects of recover-
ing satellites, said that the problem is solvable in principle, but as
yet has not been solved. At any rate, the availability of such mas-

w Lenlngradskaya Pravda, November 17. 1957.



ASTRONAUTICS AND ITS APPLICATIONS 235

sive sputniks should afford Soviet scientists and technologists abun-
dant opportunities for testing their recovery techniques.

The ultimate goal in this category is, of course, a manned space
station that can serve not only as a space laboratory, but also as an
intermediate station for future interplanetary voyages. The real-
ization of this goal presupposes the implementation of points 3, 5, and
7 of the Peenemiinde program.

Category III is that of lunar flight for which the minimum flight-
velocity requirement is about 6.8 miles per second--slightly less than
escape velocity. The Soviets are admittedly deeply engaged in a
moon-rocket program. Professor Stanyukovich has indicated that
"if a few more stages were added to modern ballistic rockets, then
the last stage of such a rocket would attain a speed of 12 kilometers
per second (7.4 miles a second). This will be quite sufficient to fly
to the Moon. The first flight to the Moon, or circumflilht of the
Moon, will evidently take place within the next few years.' But, he
added, "before a rocket flies to the Moon, a number of artificial satel-
lites will be launched along increasingly elongated elliptical orbits
which will draw nearer and nearer to the Moon. Instruments in-
stalled in such satellites will make it possible to closely study and
to photograph the lunar surface, and to learn the nature of its
mysterious relief." 11 Considering the extensive calculations of
Earth-Moon trajectories that have been carried out by V. A. Egorvov
at the Steklov Mathematics Institute in Moscow and by G. A. Chebo-
tarev at the Institute of Theoretical Astronomy in Leningrad, the
Soviets are theoretically well prepared for lunar flights. There seems
to be no question of their propulsion capability in this respect, but it
remains to be seen whether they have the necessary guidance and
control capability to strike the Moon.

Category IV is that of interplanetary travel for which the flight-
velocity requirement is considerably greater than escape velocity be-
cause of the maneuvers involved in transferring from one planetary
orbit to another. Thus, for a spaceship to fly with a minimum ex-
penditure of propellants from Earth to Mars along an ellipse tangent
to the orbits of both planets, the theoretical minimum velocity re-
quired for a "hard" landing (impact) on Mars would be 10.4 miles
per second, and for a "soft"landing, about 13.5 miles per second. The
corresponding theoretical minimum velocities for an Earth-to-Venus
flight would be 10.2 and 16.6 miles per second, respectively. The
Soviets, aware of the limitations of chemical rockets in this regime
are assertedly looking forward to the role that nuclear engines will
play in the future-not only in interplanetary flights, but in geocosmic
flights as well.

In view of the variability of interplanetary distances, flights from
Earth to other planets will be scheduled, not arbitrarily, but in ac-
cordance with a rigid timetable based on the most favorable conjunc-
tion of the planets with Earth. It is entirely possible that the Soviets,
after a successful lunar impact, might attempt to send rockets to Mars
and/or Venus along cotangential orbits as mentioned above. The dura.
tion of these excursions to Mars and Venus would be 260 and 146 days,
respectively. The probable launching dates can be determined by
reference to "Specific flight possibilities," in chapter 20, page 170.

U6 Sovetskaya Aviatelya. January 1. 1958.
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Because the space-flight program is inherently connected with the
ICBM, Soviet reluctance to discuss certain details of satellite launch-mhg is necessarily dictated by military secrecy. It is ironic, however,that the more sputniks that are placed in orbit, the more the free

world will learn about Russian military capabilities in rocketry as a
result of direct observation and logical deduction. The following two
examples can be cited.

Prof. Tadao Takenounchi, of the University of Tokyo Astronomical
Laboratory, on the basis of sputnik periods and initial transit times
over Moscow, published by Tass, determined the launching time of
Sputnik I to be 1921 hours (G. m. t.) October 4, 1957, and that of
Sputnik II to be 0232 hours (G. m. t.) November 3, 1957. The inter-
section of the traces of the two satellites, the elements of whose orbits
were determined from observations made in Japan, placed the launch-
ing site in the Kyzyl Kum Desert at a spot with the approximate co-
ordinates 42O30" N./650 00" E., i. e., about 248 miles southeast of the
Aral Sea. Data from Sputnik III should help to establish the launch-
ing site somewhat more precisely.

In August 1958, at the International Astronautical Federation Con-
gress in Amsterdam, Academician L. I. Sedov, Chairman of the Soviet
"Union's Commission on Astronautics, presented a paper on Dynamic
Effects in the Motion of Artificial Earth Satellites. For illustrative
purposes, he presented a table of parameters of the orbits at the begin-
ning of motion of each of the three Soviet scientific satellites. Of
special interest is the fact that the values of perigee altitude (i. e., the
minimum altitude) were 140-141.3, 139.5, and 140 miles, for Sputniks
I, II, and III, respectively. The corresponding valeus of apogee
altitude (i. e., the maximum altitude) were 587, 1,036, and 1,166 miles,
res ectively. The almost identical values of perigee altitude may
indicate that a fairly good guidance system was employed by the
Soviet scientists in placing their satellites into orbit, although not
necessarily one suitable for ICBM use.

Because the Astronomical Council of the U. S. S. R. Academy of
Sciences, through its permanent Interdepartmental Commission on
Interplanetary Communications, is allegedly the agency responsible
for the conduct of the Soviet space-flight program (at least the scien-
tific aspects thereof), it is logical to expect that certain phases of this
program would come to light in the pages of the Academy's scientific
journals. This has, indeed, been the case. Even before Sputnik I
was launched, a number of space-flight research papers appeared in a
variety of journals. In celebration of the 100th anniversary of the
birth of K. E. Tsiolkovskii, the Academy saw fit to publish 17 papers
pertaining to astronautics in the September 1957 issue of Uspekhi
Fizicheskikh Nauk (Advances in the Physical Sciences). Since the
sputniks, the U. S. S. R. Academy of Sciences has been publishing the
results of its theoretical and experimental space-flight research, not
only in its established scientific periodicals, but also in special collec-
tions such as the one entitled "Preliminary Results of Scientific Re-
searches on the First Soviet Artificial Earth Satellites and Rockets,"
dated July 1958. It is of interest to note that during the August 1958
IGY meeting in Moscow at the rocket and satellite symposium, Soviet
scientists presented 18 papers based on research conducted by means
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of rockets and satellites. No information was released concerning
the nature of the rockets used to put the Soviet satellites into orbit.

In reading Soviet scientific literature, one cannot help but be im-
pressed by the boldness, the scope, and the dedication of the Soviet
effort toward the ultimate conquest of the cosmos; i. e., manned inter-
planetary travel. There seems to be no question in the Soviet mind
that the Communist Party's authoritarian directive to realize man's
most cherished dream will be fulfilled in and by the Soviet Union.
The Soviets have already made great strides toward attaining this
goal by virtue of their large geophysical research rockets and by their
massive artificial Earth satellites and extensive detection, tracking,
and data-handling network associated with the Earth-satellite pro-
gram. In addition to these established and well-publicized advances,
the Soviets are building up a tremendous backlog of detailed informa-
tion from concentrated studies in geophysics, astrophysics, celestial
mechanics, radio astronomy, planetology, astrobiology, space medicine,
and a variety of other disciplines, an intimate knowledge of which
will help make interpilanetary communication a reality.

Soviet confidence in the ultimate result is reflected in the fact that,
whereas originally authorities exhorted sputnik observers-profes-
sional as well as amateur-to send their tracking data to Moskva-
Sputnik, they now ask that data be sent to Moskva-Kosmos.



29. ASTRONAUTIcs IN OTHER COUNTRIES

A. ASTRONAUTICS IN THE UNITED KINGDOm[

British interest and activities in space flight and the requirements
for its realization were for a long time identified with the British Inter-
planetary Society, a respected organization founded in 1933, that has
regularly published a responsible and sober Journal. The society has
recently suggested that the resources of the British Commonwealth be
pooled in the pursuit of a British Commonwealth Space Exploration

rogram.'
In addition to this essentially private space activity, the British

Government has carried on development work of direct value to an
actual astronautics capability. The most prominent pieces of work
are the Black Knight and Blue Streak missile programs.

The Black Knight, a single-stage, liquid-propellant rocket vehicle,
35 feet in length, was fired on September 7, 1958, at the Woomera
guided missiles test range in Australia.2 a This test range is reported
to bh 1,200 miles long.4 In this first test, Black Knight reached a
niaximuni speed of 8,000 miles per hour and an altitude of 300 to 400
miles.5 6

It is reported that Black Knight can reach an altitude of 600 miles,
and that an effort will be made over the next year to combine Black
Knight with a solid-propellant second stage to reach an altitude of
1,600 miles.7

The Blue Streak, now in development, is a ballistic missile to be
stored and fired from underground, with a range reported to be well
over 2,000 miles.8 A combination of Blue Streak and Black Knight
could launch a satellite weighing as much as 1,000 )ounds.9 Such
rocket performance also impn ies a capability to launch instrumented
probes on lunar and interpianetary flights.

The British Government has been considering with the Royal
Society what further steps should be taken toward a satellite program.
This investigation is proceeding under the general premise that any
British contribution should be unique and original, rather than some-
thing that may repeat what others may have done.'0

'Industry Report, Missile Design and Development, vol. 4, No. 10, October 1958, p. 12.
5 Black Knight Rocket Fired at Woomera. London Times. September 8, 1958, 1). 8.

B ack Knight Reentry Successful in First Australian Firing Effort, Aviation Week,
Vol. 43., No. 11, September 15, 195A, P..33.

1 Space Research Minus Controls Suggested, Los Angeles Times, November 10, 1958, pt.
Ill. I. 1.

. Black Knight Test Rocket Designed for ICBM Nose Cone Evaluation, Aviation Week,
vol. 1;9, No. 12. September 22, 195S. p. 50.

o International Cooperation In the Exploration of Space, staff report of the Select Com-
ittee on Astronautics and Space Exploration, 85th Cong., 2d sess., October 15, 1958.

7 S,-e footnotes 3 and 5.
s See footnote 2.
9 See footnote 6.
0 See footnotes 1. 8, 6.
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B. AS'I I(INA.IC'S I IN Til: I'l' 1I"1: It II'PU'BLIC o (FIII NA

There have been a number of rep)orts of various kinds that claim an
active space program in Red China.1 -i4 AccordiIng to these reports,
an effort is going forward to launch a satellite, or even a Moon rocket,
from the territory of Communist China, probably with Russian equip-
ment. There is nto information about the nationality of the personnel
involved.

The objectives behind any such work, if it is actually taking place,
are matters of speculation, but the prestige aspects, as related to Red
(China's dehsires for imternational recognition, would probably be a
large factor.

The Red Chinese are apparently cooperating with the U. S. S. R.
in the program of observation of Soviet satellites.15

II Pirlsvopiu• thti World. Nrw.,wrk. %1,. .l1. No. 3 ,, ily 21. 195R. p. 12.
2 \'l 's Neii. The Wall Str.,t- .hJiriial. 34)but., r ao. "11*5. p. I."ti Xl (Ihiuiiw se S pave IPrje-lis i iiig lr gartd. I,.ts Angiits T'ilmes. Nom hei' r 4. 195lt.

l't. ' .1 . ItI.
14 i-',on, One Who Fl,,dl A I.t.,k atI S• i,-ltl*' I it, I ICihi;. U. q. %i,-ws & World I port,

",ol. XI.V. Ni,. II9 Nov.lmhor 7. 1 pi5. . 11-7.
, r• r inaurie. •nd Spi; Exphi' limi, hia!rili,.s bifift~rv tilt N-lett V.,iliitti' ol IFt ;i

11:10A,,• :lsl i * pav- Ei pltrliio. s•111, Cit.. .i .,. --- i i, tbiýifb : L Mayl 12. WI,';, on
I. i. llsvl : L, V. lt*ri'k r. p. 10-i3.
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CORnEsPONDMECE BErWn-EN THE SELE(Cr CoMMirTEE ON ASTRONAUTICS

AND SPACE ExrIon.T0RloN AND T'm RAND CORPOI•ATION

"SELECT COrMwrE'1IFE ON ASTRONAUTICS

AND SPACE EXPLORATION,
HIOU.SE OF REPRESENTATIVES,

Was*hington, D. C., November 14, 19,58.
Mr. F. R. COLLBOHM,

President, The R. I XD ('Corpwu tion,
Santa lonica, ('Calif.

DIAR MR. CoL.Laoiim: The Select Committee on Astronautics and
Space Exploration of the House of Representatives is completing its
work before turning over its responsibilities to the new standing Com-
mittee on Science and Astronautics in January 1959. Our major ac-
complishment has been the writing of the National Astronautics and
Space Act of 1958, which we hope will be an important step toward
assuring that our country shows the necessary leadership in the field
of the space sciences and their practical application to strengthen the
position of the United States in the larger struggle.

Our committee is very conscious that the job is not complete, even
so far as the Congress is concerned, although the executive branch has
been sup plied with some of the tools for pushing space development.
There will be future decisions on directions, speed, priorities, and many
other matters which will conie before the Congress under our system
of government.

We are particularly conscious that a major responsibility of this
committee is to aid the Congress in gaining an understanding of the
new technologies and their implications for future defense, economic
application, and scientific advance, and what some of the less tangible
although very real psychological and political potentialities may be.

In light of these responsibilities, it is important that this coin-
mittee prepare for the incoming Congress and the successor committee
the best possible appreciation of the state of the art and the future
trends which are likely to result from aggressive development of our
capabilities, or conversely, from the failure to do so. The committee
staff has given considerable thought to these matters and for a year
has diligently sought to learn the opinions of those best qualified and
to evaluate these matters for the committee. But they andIl recognize
that the final report on so grave a matter must be the most authorita-
tive assessment which it is possible to give the American people. We
have had many offers of help from different organizations, and their
advice has been beneficial. However, we have come to the conclusion

241



242 ASTRONAUTICS AND ITS APPLICATIONS

after careful review, that The RAND Corporation could make a
unique contribution to the cause of public understanding, if we can
persuade it to marshal its resources of long experience and talent in
this field to help us prepare a balanced report on the space outlook
suitable forpublic release. We particularly like RAND s reputation
for independence and integrity.

I appreciate the importance to RAND as an independent, nonprofit
corp)oration of confining its work to technical comments and scientific
analysis and conclusions, since expressions of opinion on policy or
administrative matters are the purview of the Congress or the executive
as responsible branches of the Government. I am in complete agree-
ment with this view. The committee wishes assistance on those matters
in which RAND has scientific competence where we think you can
contribute to a better understanding of the implications of the scientific
possibilities in the field of space technology.

I have said nothing about the form any report prepared by your
company might take, whether it would be printed as received with
direct credit or whether it would serve better as grist for the mill for
a report issued under committee staff auspices. I would prefer to leave
this question to the good judgment of your people and mine when
there is something concrete to consider. You may rest assured that
we would not tamper with the content of a RAND report issued by us
without full consultation and consent by your people. On the other
hand, it is clear that our public responsibilities require that we review
any material before printing it with our sponsorship. I do not antici-
p ate any difficulties, of course, or I would not have made such a request
for assistance of you.

There is a classified report which I will not describe specifically in
this letter which your organizat ion prepared for us earlier in the year.
It was an excellent job, and I hope that in expurgated form it can be
at least a point of departure for any new study for us.

I hope that with this explanation of our needs, I can have your agree-
ment in principle with a plan for RAND cooperation with our commit-
tee. If you concur, I believe your people and mine on the committee
staff who have already been in consultation are prepared to go ahead
with specific arrangements.

The committee and I personally will be very grateful to you for such
help as you can render.Very sincerely, JOHN W. MCCORMACK.

Majority Leader and Chairman.

THn RAND CORPORATION,
Santa Monica, Calif., December 1, 1958.

Hon. JOHN W. MCCORMACK,
Chairman, Select Committee on A8tronautics and Space Ex-

ploration, House of Representatives, Washii.qton, D. C.
DEAR MR. CHAIRMAN: Thank you for your letter of November 14

in which you request that The RAND) Corporation assist the House of
Representatives Select Committee on Astronautics and Space Explo-
ration in the preparatioi, of its final report. We are honored by your
solicitation of our techii&'d commieiw bkised cvi our scientific analyses
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in the field of astronautics, which as you know have been and continue
to be sponsored largely by the United States Air Force under the
Project RAND contract. Also, we deeply appreciate your generous
remarks on RAND's reputation for independence and integrity.

We welcome this opportunity to be of service to your committee as
outlined in your letter to us. In accordance with RAND's purposes as
a nonprofit organization to further and promote public welfare and
national security, we concluded it to be appropriate that work by our
staff in response to your request be supported with RAND Corpo-
ration funds.

We are aware of the importance of the committee's responsibilities
to the Conress. to the successor Committee on Science and Astro-
nautics, ansto the public. Consequently, we have been proceeding as
rapidly as possible in the collection and preparation of relevant ma-
terial ever since the informal inquiry from the committee staff. We
plan to have a preliminary draft of our response available to your
committee this week. We certainly understand your requiremenits to
review any material prior to printing and stand ready to consult with
members of your committee and staff on the content of material
furnished by RAND.

We trust t6at our contribution will assist the committee to build
public understanding of the state of the art as well as of the uncer-
tainties and complexities associated woith the development and acconi-
plhishlniellt of a vigorous, adequate astronautics and space explorat ion
program.

Very sincerely, F. R. Cou.noinw•, President.
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