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FOREWORD 

Within a few short years everyone on Earth will have had an oppor- 

tunity to visit the Moon, our neighboring planets, and the far reaches of 

our Solar System—not physically, but through the television eyes and 

other sensors of unmanned spacecraft. Already the Ranger pictures have 

been viewed with interest throughout the world. Countless thousands 

have followed the Mariners on their long journeys, with some of the 

anticipation that accompanies a personal visit to a new place. 

Advances in space science and technology during recent years are best 

characterized as explosive. The dynamic nature of developments in space 

probes, rocket vehicles, data handling, and communication systems make 

the task of capturing a candid view very difficult. However, that is just 

what William R. Corliss has done in this book. 

The aspect of space probe design that continually haunts the engineer 

is compromise. One of the best features of this book is the treatment of 

tradeoffs that confront the space scientist and engineer in the planning 

and implementation of a mission. 

This book is written for those engaged in the business of exploring 

space, and for those on the fringes who want to appreciate better the 

breadth and depth of the subject. The material presented, and the format 

of presentation, will make this especially interesting and useful to the 

engineer. It is a current effort, coming directly from Mr. Corliss’ contact 

with engineers and scientists in the field. His visits with most of the 

NASA laboratories, the Jet Propulsion Laboratory, aerospace companies, 

and universities, plus his assimilation of large quantities of published and 

unpublished data, have equipped him with an up-to-the-minute view. 

In spite of its technical nature, the organization of this book and its 

link with the exciting, history-making projects of our space age make it 

enjoyable as well as informative reading. I am pleased to recommend 

“Space Probes and Planetary Exploration” as an addition to the library 

of everyone interested in the mysteries of space exploration. 

Oran W. Nicks, Director 

Lunar and Planetary Programs 

National Aeronautics and Space Administration 
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PREFACE 

Beyond the realm of the satellite and outside the volume circumscribed 

by the Moon’s orbit stretches the domain of the deep-space probe. The 

targets of these unmanned, instrumented spacecraft are the Sun, planets, 

comets, asteroids, and space itself. Ultimately they will go to the stars. 

The complete space probe is more than a few hundred kilograms of 

intricate machinery hundreds of millions of kilometers from Earth. It is 

a radio-knit system of many parts, with a spacecraft at one end and man 

at the other. In between are tracking stations, immense paraboloid an- 

tennas, and data reduction equipment. From man to spacecraft sensor; 

that is the scope of the book. 

Emphasis is on equipment and technique rather than results and their 

interpretations. Except for four general chapters at the beginning, the 

reader is assumed to have a scientific or engineering background. 

The author wishes to acknowledge the help of many individuals in the 

National Aeronautics and Space Administration, the Jet Propulsion Lab- 

oratory, the Department of Defense, industry, and the universities. 

WILLIAM R. Cor.iss 

vil 
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Part I 

THE INTERPLANETARY CHALLENGE 





Chapter I 

INTERPLANETARY SCIENTIFIC OBJECTIVES 

\ 

The solar system is a magnificent frontier for exploration. There is an 

inexhaustible supply of research problems, ranging from Jupiter’s red 

spot and the “canals” of Mars to the turbulent fluxes of particles and 

force fields that fill interplanetary space. Perhaps somewhere in the solar 

system’s 10°° cubic kilometers of space there is even a clue to the origin 

of life and man himself. 

Space probes are highly instrumented, unmanned machines capable of 

performing a great variety of scientific and engineering research in outer 

space by remote control. Not only do space probes provide science with 

a new research tool but they also help chart the way for the eventual 

manned flights to the Moon and planets. In this sense, space probes are 

the precursors of man throughout the solar system. 

As space probes radiate outward from the Earth, at first along the 

plane of the ecliptic toward Mars and Venus, later to the other planets 

and to the asteroids and comets, two primary objectives shape astro- 

nautical planning: 

1. The flight of man himself to the planets, 

2. The increase of scientific knowledge and understanding. 

It is fashionable to emphasize the divergence of philosophy inherent in 

these two objectives. On one hand, there is knowledge for the sake of 

knowledge; on the other, knowledge promoting subjective human goals. 

The conflict is best seen in the assertion that man is non-essential out in 

space; that instruments can make all necessary measurements. Such an 

attitude undermines human involvement in space flight. In direct opposi- 

tion is the claim that space exploration must be a human adventure, where 

man himself treads the surface of the Moon and Mars. The latter con- 

3 



4 THE INTERPLANETARY CHALLENGE 

tention dates back to the birth of astronautics and, though it is assailed 

by some logic, molds our present interplanetary efforts. Space probes 

actually serve both philosophies by telemetering back to Earth the scien- 

tific data needed for planning manned space voyages. 

The proper question to ask about any particular astronautical experi- 

ment is whether the task can be carried out effectively without man’s 

presence. If the answer is ‘“‘yes,” the unmanned vehicle is the correct in- 

strument to use. Often, however, the space phenomenon being investigated 

is so unfamiliar that intriguing facets might be missed entirely by a nar- 

rowly planned experiment. Man, an adaptive component par excellence, 

might do a better job in such cases. But let no one underrate the ultimate 

versatility of those self-adapting machines, the automata, their sensors, 

and their artificial brains. Sophisticated machines are logical companions 

for man in the exploration of space. 

Three basic ground rules and constraints shape the planning of space 

probe experiments: 

1. Experiments must be designed to minimize perturbations to extra- 

terrestrial biological and chemical populations. One consequence of 

this constraint is that equipment must be sterilized on trips to and 

from extraterrestrial biological provinces. 

2. Experiments supporting manned lunar and interplanetary explora- 

tion should be given preference. This is not a serious restriction 

today, since almost any new knowledge of interplanetary space pro- 

motes manned ventures. Priority should also be given to proving out 

equipment and operating techniques vital to manned space flight. 

3. National budgetary limitations. 

The technical problems of space exploration are solvable. Certainly the 

mesmerism of the Moon and planets and man’s ebullient nature will over- 

come the other obstacles. 

What legitimate tasks can be set for space probes? A few of the more 

important scientific questions within space-probe capabilities are noted 

below. Some are of recent origin; some have dogged science ever since the 

planets were first seen. Not unexpectedly, many questions are concerned 

with the accurate mapping of the physical phenomena in outer space. 

Active experiments, involving intentional cause and effect, soon to be 

added to the more common passive, listening experiments, significantly 

extend a probe’s ability to find the answers to the questions. 

Questions of Interplanetary Physics: 

1. Do Earth-verified physical laws hold throughout the solar system? 

2. How did the solar system originate and evolve? 
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4. 

5. 
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What is the nature of gravity? 

Are the Earth-based scales of time and distance valid over solar- 

system distances? 

What are the magnitudes and distributions of the particle fluxes, 

electromagnetic radiations, magnetic fields, and particulate matter 

throughout the solar system? 

Questions Concerning Planetary Atmospheres: 

Af 

2. 

3. 

4. 

What are the origins, compositions, and physical characteristics of 

the planetary and satellite atmospheres? 

What meteorological processes occur on other planets and satellites? 

Do other planets have radiation belts? 

What use can be made of planetary atmospheres during manned 

space missions? 

Questions about Planetary Surfaces and Interwors: 

1 

oR wh 

What are the temperatures, compositions, and physical properties 

of the planetary and satellite surfaces? 

_ How will these properties affect manned exploration? 

. What are the “geologies” of the other planets? 

_ What are the accurate masses and shapes of the planets? 

Are there unnatural surface or subsurface features on the planets 

and satellites? 

Questions Concerning Extraterrestrial Life: 

1 

2. If so, what is (was) it like? How did it begin and evolve? 

3: 

4. Are there any other bases for the origin and evolution of life than 

Does extraterrestrial life exist now? In the past? 

Is the panspermia hypothesis* valid? 

that which we now know? 

Questions about the Sun, the Comets, and the Asteroids: 

Li 

2. 

3. 

How did the asteroid belt originate? 

How are comets created? What are their compositions? 

How are solar flares generated? Can they be predicted? 

Questions about Interstellar Space: 

Ife 

2. 

3. 

4, 

What fields and fluxes of particles exist between the stars? 

Is our interstellar distance scale accurate? 

What is the origin of galactic cosmic rays? 

Does life exist outside the solar system? 

* See discussion below, page 33. 
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Unaskable Questions: The exploration of outer space should have the 

unpredictability of an honest slot machine. If startling, totally unex- 

pected phenomena are not discovered, it will be a disappointing universe 

indeed. 

The plan of this book is first to show how space probes function and 

carry scientific instruments to distant points, then to describe the instru- 

ments that ferret out the answers to the questions posed above. The 

actual data obtained from probes and its interpretation are subjects left 

for other texts. This book concentrates on probe equipment and method- 

ology. 

Space probes are mechanical pathfinders for man’s expansion into 

space. They scout the way and prove out the equipment. As the stars 

themselves become attainable, unmanned automata will again spearhead 

the assault. 



Chapter 2 

HISTORY OF INTERPLANETARY 

INQUIRY AND EXPLORATION 

) 
/' 2-1. Approaches to Astronautical History 

The usual history of astronautics begins with the Babylonian scripts 

of 4000 B.C. that depict a man ascending skyward aided by an eagle. 

Another well-worn tale is that of the Chinese Mandarin Wan-Hoo 

and his suicidal rocket-propelled car of 1500-A.D. vintage. All astro- 

nautical histories introduce the space age with the German V-2 war 

rocket and the Viking high altitude rockets fired from White Sands fol- 

lowing World War II. 

Rocket development has been well-documented in this way; but astro- 

nautics is more than just a recapitulation of rocketry.( Modern rockets 

would be useless without parallel advances in tracking, communications, 

and launching facilities. [For example, without refined communication 

equipment a Venus probe could not bridge 80,000,000 kilometers. Ac- 

curate attitude control systems, reliable power supplies, and good track- 

ing facilities are all essential to good spacecraft performance. A complete 

history of space probes must describe almost all elements in that com- 

plex intermingling of technologies called astronautics. 

The history of instrumented space probes is still, however, only a frac- 

tional part of the general history of astronautics. The discipline of bioas- 

tronautics may be safely omitted, for example, since space probes are 

controlled by internal electronic organs and the distant hand of man. Be- 

cause man is not aboard, space-probe history is distinct from, though not 

completely independent of, the history of manned vehicles. 

7 



8 THE INTERPLANETARY CHALLENGE 

2-2. From Passive Terrestrial Observer 

to Active Space Probe 

The concept of the unmanned space probe ranging the solar system, 

telemetering scientific data back to Earth, is comparatively modern. In 

fact, the history of interplanetary inquiry has been rather sharply echan- 

neled into Just two categories: 

1. Passive observation from the Earth’s surface, 

2. Plans for manned space flight to the Moon and beyond. 

Unmanned scientific satellites received little attention until 1951, when a 

Key paper with the diminutive title Minimum Satellite Vehicles (Ref. 

2-14) was presented at the Second Congress of the International Astro- 

nautical Federation (IAF), by Gatland, Kunesch, and Dixon. Even 

though by 1946 the V-2 had shown small satellite vehicles to be feasible, 

~astronauties has been historically synonomous with manned space flight. 

It is also notable that the early thinkers in astronautics placed little 

emphasis on the acquisition of scientific data in outer space. 

The first scientific studies of the heavens began with the systematic 

astronomical observations of the Babytontans-and Egyptians, thirty cen- 

turies before Christ. Great precision and impressive instrumentation 

have developed over the years. With the advent of modern physics and 

its spectroscopes, particle counters, and radio telescopes, data on the solar 

RADIO NOISE _ COSMIC RAYS _ 

SUNLIGHT 

(Csatecurtes DEFLECTING 
MAGNETIC FIELD 

PARTIALLY. 
A ABSORBING ABSORBING MOLECULES 

REFLECTING : t 
IONOSPHERE _ ee ATOMS AND NUCLEI 

RADIO WINDOW OPTICAL WINDOW 

EARTH'S SURFACE 

=! a eel Nat Rt th tt tn! 
1KM 1M 1CM 100 u {ue 100A 1A 1X 

WAVE LENGTH OF INCIDENT RADIATION 

Fig. 2-1. Schematie showing atmospheric-absorption mechanisms. Spectral win- 

dows permit only small portions of the electromagnetic spectrum to reach the 
Earth’s surface, limiting man’s view of the universe. 
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system have piled_up rapidly. Our knowledge of outer space is really 

~ remarkable, considering the opaqueness of our atmosphere to the pho- 

tons, particles, and meteorites that bring us our only extraterrestrial in- 

formation (Fig. 2-1). The summary of our current knowledge of outer 
‘Space presented in Chapter 3 is largely the result of centuries of passive 

listening. 

The blind spots forced on the terrestrial observer by the Earth’s at- 

mosphere and magnetic field were recognized long ago when scientists 

began to locate telescopes on high mountains and to send instruments 

aloft in balloons. In 1928, the American rocket pioneer, Robert H. God- 

dard, first demonstrated the practicality of high altitude research rock- 

ets, though a Frenchman named Dencesse had designed a camera- 

equipped rocket for military reconnaisance as far back as 1895. After the 

Viking shots and Aerobee successes in the late 1940’s, high altitude re- 

search became commonplace. In the light of history, the logical sequence 

of unmanned scientific vehicles has been: 

1. The high altitude sounding rocket. 

2. The unmanned, instrumented satellite. 

3. The space probe. 

Unmanned satellites and space probes both had difficult births. Logic 

and scientific need were not enough to divert attention from the more 

dramatic plans for manned space conquest. 

Hermann Oberth, the great German astronautical thinker, originated 

the research satellite concept in his 1923 book, Rocket to Outer Space 

(Ref. 2-26). Although Oberth proposed a manned space station, one of 

its major functions was the acquisition of scientific data, an unusual con- 

cept for a spacecraft in those days. Actually, Oberth was preceded in the 

space station idea by Kurd Lasswitz, who employed a space station in 

his novel Of Two Planets published in 1897 (Ref. 2-21). Lasswitz, how- 

ever, used antigravity rather than centrifugal force to position his station 

over the North Pole. Scientific research was not mentioned in the Lass- 

witz novel. 

The flood of satellite literature did not start until 1951. Many pro- 

“posals began circulating when the technical community realized that 

rockets large enough to place small instrument packages in orbit were 

just around the corner. A typical suggestion was MOUSE, a 1953 acronym 

for Minimum Orbital Unmanned Satellite of the Earth. The scientific 

interest aroused by the forthcoming International Geophysical Year 

stimulated the United States Government to announce the Vanguard 

Program on July 29, 1955. After decades of neglect, the instrumented 

satellite suddenly became technically feasible, scientifically desirable, 
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p financially possible, and politically astute. It was not far from this point 

> 

to unmanned space probes. 
The first mention of an unmanned research probe appeared in God- 

dard’s 1919 classic, A Method of Reaching Extreme Altitudes (Ref. 2-15). 

Goddard suggested using a rocket to explode a couple of pounds of flash- 

powder on the Moon’s surface. He calculated that the flash could be seen 

from Harth with a telescope having a twelve-inch aperture. The scientific 

value of exploding flashpowder is questionable, but nevertheless it is the 

first recorded concept of a space probe. Willy Ley later improved on 

Goddard’s idea by proposing a Moon rocket loaded with powdered glass 

and an explosive charge that would spread it over a wide area that could 

be permanently seen from Earth. The next landmark occurred on Septem- 

ber 20, 1952, when Burgess and Cross presented a short paper entitled The 

Martian Probe to a meeting of the British Interplanetary Society (Ref. 

2-2). The term “probe” had its origin with this article. Despite the 

technical merit of the probe concept, interest lagged behind the upsurge 

in satellite thinking. Five years later, sparked by papers such as Singer’s 

Interplanetary Ballistic Missiles, A New Astrophysical Research Tool, 

space probe enthusiasm increased rapidly (Ref. 2-32).* Hardware pro}- 

ects, hke the Pioneer probes, began to materialize. 

2-3. History of the Space Probe 

So far, space-probe history has been discussed only in terms of the 

spacecraft alone. Since space probes are the products of merging several 

convergent technologies, a convenient approach to their developmental 

history consists of singling out the important technical elements and 

sketching each briefly. These are listed below with references to subse- 

quent technical chapters in this book in which they are discussed: 

Element of Probe Technology Technical Chapter 

Astrodynamic theory and attitude control 5 

Space communications and data handling 6 

Navigation, guidance, and control (fl 

Testing, checkout and Earth-based facilities 8 

Rockets 9 

Space-probe systems 10 and 11 

From this list it is clear that today’s probes did not appear full blown. 

They depend upon developments in many fields, only one of which is 

rocketry. 

* Singer’s paper was read at the Highth IAF meeting, in Barcelona, just a few 
days after Sputnik I was successfully launched, on October 4, 1957. 
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Astrodynamic Theory and Attitude Control. Astrodynamics has often 

been called an engineering extension of celestial mechanics. In this limited 

sense, it dates back to the early Egyptians and Babylonians who first 

tried to explain the regular features of the stellar motion. Tycho Brahe’s 

careful observations in the late sixteenth century laid the experimental 

foundations for Kepler’s three laws. Newton followed with his universal 

law of gravitation, published in 1687. The powerful mathematical meth- 

ods of celestial mechanics sprang from the eighteenth- and nineteenth- 

century masters like Clairaut, Lagrange, Laplace, and Gauss. The crown- 

ing achievements of celestial mechanics were the predictions and subse- 

quent discoveries of Neptune, by Galle, in 1846, and Pluto, by Tombaugh, 

in 1930. 
Despite this distinguished background, many modifications and ex- 

tensions of celestial mechanics were necessary before precision space 

probe trajectories could be calculated. Celestial mechanics had not needed 

and had not generated mathematical techniques for dealing with strong 

applied thrusts. 

The first real astrodynamic computations were done in the 1920’s and 

1930’s by foresighted amateurs such as Hohmann, Goddard, von Pirquet, 

and Oberth (see Bibliography). The goals of these pioneers were to deter- 

mine energy requirements and rocket sizes. They were happy enough to 

show space flight to be feasible, and had little incentive to work out new 

methods of high precision. Most of this early astrodynamical work ap- 

peared in the then rather obscure monographs and periodicals, like the 

Journal of the British Interplanetary Society. Such literature was not 

accepted by members of the scientific community at that time. As astro- 

nautics became more respectable and recognized as a fertile field for 

study, some astronomers began devoting effort to the stimulating prob- 

lems of trajectory optimization, orbital dynamics, and the adaptation of 

celestial mechanics techniques. Still, even in 1955, though many hundreds 

of feasibility calculations had been made, astrodynamics was still at such 

a primitive level that it could not accurately fly a probe to another 

planet.* 

/ ven the first Earth satellites strained the meager resources of astro- 

dynamics. High-speed, precision techniques to deal with the perturbing 

forces of the Earth’s bulge and atmospheric drag were wanting. At this 

point, the finesse of celestial mechanics and the vigor of its young off- 

shoot, astrodynamics, were finally welded together. 

Three subareas of astrodynamics are of special interest in interplane- 

tary exploration: 

*It was fashionable in this period of astronautical history to calculate lunar and 

Martian voyages. 
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1. Low thrust-to-weight-ratio trajectories typical of electrical pro- 

pulsion. 

2. Trajectory optimization with respect to parameters like energy, time, 

and launch vehicle weight. 

3. Attitude control. 

Classical celestial mechanics is silent concerning these problems. The 

significance of such studies was pointed out by the advanced thinkers like 

Oberth, Goddard, and Esnault-Pelterie, but little work was done before 

1955. 
Another facet of astrodynamics, still critical today, is the acquisition 

of more precise astrodynamic constants, such as better values for the 

masses of the planets and the ratio of the Astronomical Unit to the 

kilometer. Interplanetary radar experiments and data from probes lke 

Mariner 2 are rapidly improving the accuracy of our model of the solar 

system. Hand in hand with the appearance of better physical data has 

been the introduction of better digital computers and more sophisticated 

trajectory programs. Today, no one would think of launching a space 

probe without extensive machine calculations taking into account all 

known perturbing forces. In short, astrodynamics is maturing and is al- 

ready a powerful, productive tool of space flight. 

Space Communications and Data Handling. Historically, space com- 

munications resembles astrodynamics. Both spring from parent disciplines 

with long, distinguished backgrounds. Communication by electromagnetic 

radiation can be traced back to Hertz’ induction experiments in 1887. It is 

true that radio communication does not stretch back into antiquity lke 

celestial mechanics; but certainly Hertz, Maxwell, and Ampére can hold 

their places in history beside Laplace, Newton, and Clairaut. 

Marconi demonstrated long distant radio communication in a series of 

experiments commencing in 1895, but remote control and telemetering 

developed much more slowly. In the 1920’s and 1930’s, radio control was 

demonstrated for boats and aircraft. Radiosondes were shown feasible 

during the same period. World War II stimulated developments in every- 

thing electronic, but even at the end of the war the miniaturized tele- 

metering equipment typical of space probes like Surveyor, Mariner, and 

Ranger would have been considered fantastic. The slow growth of tele- 

metering was a significant factor in the delayed development of instru- 

mented satellites and space probes. 

As the early pioneers were contemplating manned rockets and voyages 

to the Moon and planets during the first half of this century, they paid 

secant attention to the special problems of space communication. Some 

of the neglect was undoubtedly due to the almost universal belief that 
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man would ride along as an observer and data memory device. This 

point is consistent with the parallel given concerning the slighting of in- 

strumented probes and satellites. Another factor was the common thought, 

still not completely dispelled, that space communication should be easier 

than terrestrial communication because the sender and receiver are al- 

most always in sight of one another in space and the fickle atmosphere 

of the Earth is replaced by the more dependable near-vacuum of outer 

space. 
Satellite command and telemetering are not particularly difficult be- 

cause distances are still small. In fact, radio amateurs can listen to 

satellite transmissions with ease. Lunar-probe communication is more 

difficult, but easily within the 1950 state of the art. To converse effectively 

with a space probe 100,000,000 km away, however, new technical de- 

velopments were needed despite the line-of-sight and transmission 

medium advantages cited above. Most of these inventions appeared after 

1940. 

Small, compact electronic payloads with low power drains and high 

reliabilities were made possible by the invention of the transistor by 

Bardeen and Brattain in 1943. The discovery of the maser reduced re- 

ceiver thermal noise temperatures to less than 20°K, permitting an in- 

crease of more than an order of magnitude in the signal-to-noise ratio. 

Coupled with these unpredictable breakthroughs was the gift from radio 

astronomy of immense, steerable antennas. In 1953, a 15-meter diameter 

dish went operational at the Naval Research Laboratory. The 26-meter 

Goldstone antenna and the 76-meter giant at Jodrell Bank, in England, 

followed in 1958 and 1959. The sheer size of these installations has proven 

to be just as important as electronic finesse in space communications. 

Improvements came from still another quarter: communication theory. 

The quantization of information and the formulation of laws governing 

its transmission and reception, by Shannon and Weaver, in 1948, led 

to improvements in data-processing by reducing data redundancy and 

permitting more information to flow over a given channel. 

Even more important than these technical factors has been the shift 

away from the black-box approach, in which radio equipment is “hung 

on” the spacecraft with little regard for other subsystems, to the system 

approach, where all components are subservient to over-all mission goals. 

No definite date can be assigned to this transition in thinking. No press 

announcements were made. The systems approach is an obvious necessity 

when viewing sensitive probe interfaces like those between solar cell and 

radio antenna orientation, antenna beam width and attitude-control- 

system accuracy, and power supply weight versus transmitter weight. 

System thinking is exemplified by the NASA Deep Space Instrumentation 
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Facility (DSIF), a carefully engineered Harth-based communications 

terminal subsystem which is meticulously matched to the interplanetary 

spacecraft and overall mission objectives. 

Guidance, Navigation, and Control. Space probes, like primitive man, 

will use the stars and other natural landmarks for navigation. Supple- 

menting this time-honored approach are a number of technical aids that 

have been developed over the last several hundred years: 

Terrestrial Instrument 

Accurate chronometer John Harrison, 1729 

Sextant U.S. and England, 173i 

Reliable ephemerides England, 1767 

Gyroscope Foucault, 1852 

Schuler pendulum Schuler, 1923 

Radar US., England, France, Germany, 

about 1935 

Since these basic devices were invented, there have been a great many 

technical improvements. The early marine chronometers, for example, 

have been superseded by precision electronic clocks for space flight. 

Modern gyroscopes, using air bearings and force-field suspensions, are 

orders of magnitude more accurate than Foucault’s first models. 

Most of the early navigational aids owe their births to sea commerce 

and the search for colonies. World War II triggered an intense burst of 

development. By its end, the German V-2 boasted commendable gyros 

and accelerometers. The cold war aftermath saw gyro development con- 

tinued with emphasis on unmanned, guided weapons. By 1953, MIT 

scientists were able to fly a B-29 from Boston to Los Angeles with only 

an inertial guidance system at the helm. Further development of guidance 

equipment for the ICBM’s made accurately aimed interplanetary probes 

reasonable technical targets. 

It is interesting to look back and discover that precision inertial 

guidance was actually discounted by the early planners of space flight due 

to seemingly unsolvable technical problems. Early astronauties therefore 

concentrated on stellar navigation, just as terrestrial navigators did. The 

remarkable developments in inertial navigation have reinstated this 

technique. Interplanetary space vehicles will probably use some combina- 

tion of inertial guidance, stellar navigation, and radio tracking from 

Earth. 

Parallel to engineering advances, theoretical work should have been 

moving ahead in astronavigation; but as in the other “auxiliary” dis- 

ciplines, deep-space navigation and guidance suffered from disinterest. 
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The first paper of real significance to the navigation of space probes was 

presented by Herrick in 1950 (Ref. 2-17). The avalanche of literature be- 

gan with the onset of the space age in 1957. As in space communication, 

a most significant trend has been the integration of the navigation and 

guidance equipment into the joint probe-Earth-facility system. 

Almost ignored amid the flood of new gyroscopes and accelerometers 

has been the progress of computers and adaptive automata. Space ve- 

hicles, like the Mariners, are now commanded by the DSIF to perform 

various functions, like scanning a planetary disk or changing the vehicle’s 

attitude in space. In future probes that will range to the limits of the 

solar system, it will probably be desirable to provide greater autonomy. 

Norbert Wiener’s 1948 book Cybernetics set many people to thinking 

about such “intelligent” machines. During the 1950’s, many checker- and 

chess-playing computers were demonstrated. More recent have been the 

mechanical rats that “learn” to run mazes to perfection. Today’s Earth- 

guided space vehicle, which was preceded by remotely controlled ships 

and aircraft, may in turn be supplanted by machines that can make their 

own way in space. 
Testing, Checkout, and Earth-Based Facilities. Before a space probe 

leaves its launch pad, it is subjected to thousands of tests. When it finally 

lifts off, it is followed on its flight by strategically placed telescopic and 

electronic eyes all over the world. This mighty complex of launch ranges, 

test sites, and tracking stations is the least publicized facet of all astro- 

nautics. Even though the largest fraction of the space dollar is spent on 

facilities and ground support equipment, literature on the subject was 

almost non-existent until 1960, when a few papers began to appear. 

The first rockets in history, using solid propellants, did not demand 

extensive ground facilities for testing and launching. The military and 

Fourth-of-July rockets were fired from simple racks or were just stuck 

into the ground at improvised sites. Probably the first rocket range with 

any technical sophistication was the artillery range of the Royal Labora- 

tory at Woolwich, England, where Congreve experimented with his war 

rockets in 1802. Even Goddard was at a loss for a test site and flew his 

first liquid-fueled models from empty fields near Auburn, Massachusetts, 

in 1926. In 1930, Goddard moved his tests to Mescalero Ranch near 

Roswell, New Mexico, where he experimented with larger rockets. In the 

same year, the German amateur rocket organization, the Verein fir 

Raumschiffahrt (V{R), obtained permission to use some government- 

owned concrete barracks on the northern outskirts of Berlin for rocket 

tests. The installation was christened the Raketenflugplatz (rocket flight 

place). Although barely instrumented at all by modern standards, many 

farsighted experiments were carried out at “ranges” such as these in the 
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1930’s. Meanwhile, rocket amateurs the world over were testing home- 

made devices in deserted fields and lots, incurring the wrath of fire de- 

partment officials and local property owners wherever they went. 

Peenemunde, located on the Baltic coast, was the first modern launch 

range. As the German war rocket facilities were built up, from 1937 on, 

Peenemunde acquired rocket test stands, tracking radar, a liquid-oxygen 

plant, and many of the trappings of a modern range. 

The White Sands Proving Grounds, in New Mexico, constituted the 

first American launch site of any size. Here, captured German V-2’s, 

Private A’s, WAC Corporals, and other military and high altitude rockets 

were fired from 1946 on. Strangely enough, Goddard’s New Mexico test 

site of the 1930’s was only a hundred miles east of White Sands. Another 

strange geographical coincidence occurred when the Eastern Test Range 

(ETR) was activated at Cape Canaveral (now Cape Kennedy) in 1950, 

just a few tens of miles from where Jules Verne had his Baltimore Gun 

Club fire a manned projectile to the Moon. 

The first nonfictional flight from ETR took place on July 24, 1950, 

when a Project Bumper shot, using a V-2 first stage and a WAC Corporal 

upper stage, was successfully fired. The ETR is now a multi-billion dollar 

facility, extending over 8000 km along an arc of islands and deployed 

ships terminating near Ascension Island. 

Another major U.S. launch facility is the Western Test Range (WTR), 

at Point Mugu, in California, which was opened in 1958 and is used 

primarily for military space programs. 

Missile ranges like the ETR and WTR must be supplemented by 

other ground facilities, since successful deep space shots quickly pass 

beyond the limits of the equipment on the ranges. Several worldwide 

tracking and communications networks have sprung up since 1957. The 

Vanguard program began the Minitrack network of tracking stations in 

1957. It consisted of interferometer stations sprinkled along the 75th 

Meridian and in a few other selected spots. Similar, but more advanced, 

networks since installed include the Microlock Doppler tracking equip- 

ment for Earth satellites, the Project Mercury tracking net (1960), and 

the Deep Space Instrumentation Facility (DSIF). 

Another important segment of space technology is preflight testing 

and checkout. These activities are essential to the establishment of re- 

hable equipment, especially space probes that must function for many 

months during the long Journey around the Sun to the target planet. 

Ground checkout and reliability tests have always been performed 

before committing components and vehicles to a mission, but it took the 

ICBM program to evolve the massive launch-simulation equipment dupli- 

cating the shock and vibration of an actual launch. The scientific satellite 
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and space probe efforts stimulated the construction of large environmental 

simulation chambers, where the Sun’s effects, the vacuum of space, and 

other phenomena are manufactured on the ground before any flight takes 

place. Today, every major government and industrial space laboratory 

possesses large environmental test facilities. 

Rockets. The long and fascinating evolution of rockets has been well- 

documented (Refs. 2-1, 2-10, 2-13, 2-23, 2-25). With so much readily 

available rocket history, only a short table of key events seems necessary 

here: 

Date Event 

1919 Goddard publishes his rocket test results (Ref. 2-15). 

1926 Goddard launches first liquid-fuel rocket intended for high-alti- 

tude probes. 

1936 Guggenheim Aeronautical Laboratory, forerunner of JPL, 

founded at California Institute of Technology to study sound- 

ing rockets. 

1938 First flight of A-2, precursor to German V-2. 

1953 First Redstone Flight. 

1957 First successful Atlas ICBM Launch. 

1958 Pioneer 1, first successful probe launched. 

1962 Mariner 2 Venus probe successfully launched. 

1964 Mariner 4 Mars probe successfully launched. 

Space Probe Systems. The Pioneer space probes were the first US. 

space vehicles to leave the gravitational field of the earth. This series of 

vehicles used the World Tracking Net, the early version of the DSIF, 

which had stations at Cape Canaveral, Jodrell Bank, Singapore, and 

Hawaii, and a portable station set up at Salisbury, Southern Rhodesia. 

With this integrated ground support and space vehicle system, the 

Pioneers were already immeasurably more complex in terms of equip- 

ment, facilities, and people than any visionary had ever foreseen. 

The Pioneer Program originated in early 1956, when the Army Ballistic 

Missile Agency and JPL were asked to launch two lunar probes during 

the International Geophysical Year. The probe objectives were to be: 

1. Measure cosmic rays in deep space. 

2. Verify the design of the tracking and communications systems. 

3 (Obtain a better value for the mass of the Moon by observing probe 

perturbations in the Moon’s vicinity. 

The booster used for the first two Pioneer shots was the Thor-Able-I. The 

Juno-II vehicle was used for the remainder of the shots. Pioneers 1, 2, 
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and 3 reached very high altitudes, but fell back to Earth before reaching 

the neighborhood of the Moon. Pioneers 4 and 5 were injected into orbits 

around the Sun, where they still remain. Even the probes that fell short 

of their target transmitted useful information about the geomagnetic field 

and radiation belts back to the Earth. 

Like the first Pioneers, the Rangers and Surveyors are lunar probes and 

have historical and technological relevance to this book. The first true 

planetary probes are the Mariners, which will probably be followed 

by the Voyager series. Concurrent with the Mariner program, the na- 

tional lunar effort is providing pertinent technology through the Ranger 

and Surveyor programs. Just as the manned landings on the lunar surface 

require extensive probe exploration beforehand, the manned voyages to 

Mars—the next celestial target for manned spacecraft after the Moon— 

also demand detailed knowledge of the planet’s surface and environment. 

All of these programs just mentioned are too young to have developed 

much history. 

Before leaving the subject of space probe evolution, consider what 

comes next. What technical developments will trigger new generations of 

space probes? There will certainly be a trend toward active probes that 

carry out cause-and-effect experiments in addition to passive listening. 

The advances in computers and cybernetics will certainly be adopted by 

probe designers, continuing the trend toward self-adapting machines and 

internal control. 

If history has said little about the conventional concept of the space 

probe, it has said even less about possible extrapolations to automata. 

What man thinks of himself as replaceable by a machine? It is not too 

surprising that astronautics has been preoccupied with manned space 

flight to the near exclusion of the somewhat distasteful automata. The 

conflict between man and machine is just beginning. Although human in- 

volvement in space flight was confidently asserted in Chapter 1, there is 

always that seed of doubt, that small voice warning against the superior 

machine that might usurp man’s role in space. 

Machines may never completely replace man in space, but the start of 

the competition has been signaled. Already there are many who say that 

man is not needed in space. There are many others who say that machines 

will always have extremely limited capabilities and that man is essential 

for reliability and serendipity. History will probably prove both groups 

to be shortsighted. 



Chapter 3 

erie SACK U SOF 

INTERPLANETARY EXPLORATION 

3-1. Introduction 

Once a space probe has penetrated a distance of twenty Earth radii 

into interplanetary space, it enters a new realm for scientific research. 

Behind are the Earth’s atmosphere and magnetosphere; beyond, deep 

space with eight unexplored planets, swarms of asteroids, and the myste- 

rious comets. It is hard to avoid a parallel with the early explorers of the 

seas, when they left behind the vicissitudes of coastal waters and set 

forth on broad unknown oceans. In sharp contrast, however, the first 

interplanetary ships are unmanned, and their goal is scientific knowledge 

rather than new trade routes. 

It is not feasible to summarize all that is known about interplanetary 

space and the planets in a single chapter. What is possible is a short status 

report on those parts of astronautical science where space probes are 

helping to expand our knowledge. Stellar astronomy and geophysical re- 

search can be carried out better and more cheaply by satellite observa- 

tories and will not be covered here, but no Earth- or satellite-based in- 

struments can substitute for the simplest probe under the clouds of Venus. 

Consequently, this chapter concentrates on the middle ground, the space 

between the effective termination of the Earth’s magnetic field and the 

beginning of interstellar space. 

3-2. Between the Planets: Interplanetary Physics 

Continuing the ocean analogy drawn in the last section, few of the 

physical events occurring out on the interplanetary sea ever reach in- 

struments in our sheltered harbor beneath the Earth’s atmosphere and 
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magnetic field, Most satellites only partially penetrate these shields. Far 

ranging space vehicles are needed to chart the force fields, particle fluxes, 

and bits of matter that crisscross the depths of outer space, 

Astrenemical Data, Even if the atmosphere were completely trans- 

parent, the Earth-based astronomer could not accurately measure the 

absolute masses and distances of the planets. 

Relative planetary distances are measured with high precision in terms 

of the Astronomical Unit (A.U.), but what is the ratio of the A.U. to 

the kilometer? Conventional astronomical measurements, involving anal- 

ysis of the perturbations of the planets and asteroids, have led to an 

adopted value of 1495 X 108 km for the A.U. Accuracy is hmited because 

of the uncertainty of the planetary masses. Radar astronomy measure- 

ments at JPL, MIT, Jodrell Bank, and other facilities have increased the 

precision considerably. The average of several radar determinations made 

in 1961 was 1.495983 X 108 km (Ref. 3-40). But the accuracy of radar 

measurements depends upon the velocity of light, which is affeeted by the 

electron density of the interplanetary medium,* Space probes can provide 

direct measurements of the interplanetary gas density, permitting precise 

corrections of radar data, Careful tracking of probes from Earth and the 

analysis of their trajectory perturbations by the planets can lead to bet- 

ter mass values for the planets and, indirectly, to a better value for the 
ALU, 

The seven significant figures just quoted for the radar-measured value 

of the A.U. might seem precise enough. Unfortunately, small uncer- 

tainties in the A.U. can lead to large probe miss distances in trajectory 

analysis, possibly causing a future manned space vehicle to miss its 

planetary target. 

Gravitational Fields and Relativity. Newton's Law of Gravitation and 

Einstein’s General Theory of Relativity, despite their elegance, do not 

represent complete descriptions of gravity. In addition, the General 

Theory of Relativity has not been adequately tested by experiment. One 

of the important cheeks of the General Theory, the measurement of the 

rotation of the perihelion of Mereury, depends upon accurate planetary 

masses. Here again, scientists are caught in a box of relative measure- 

ments, where planetary masses are measured in terms of the Earth’s. The 

box cannot be escaped until probes obtain absolute mass data, 

Emphasizing the complexity of the universe (and te scuttle any 

thoughts concerning the patness of science), some cosmologists now be- 

lieve that the value of the gravitational constant in Newton’s Law varies 

with time. To compound this crime against the simplicity of nature, the 

* An electron density of 10/em* would delay Venus echoes by 0.08 see, correspond- 
ing to a range error of almost 5000 km. 
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Fig. 3-1. Current measurements of magnetic fields in space show the Earth’s 

field dropping off rapidly out to about eight Earth radii. Between eight and 

twenty Earth radii, there exists a variable, turbulent, highly asymmetric region 

marking the transition zone between the Earth’s field and that of the Sun. 

velocity of light may also exhibit secular changes. Possibilities like these 

can be checked by space experiments. 

Space probes can aid cosmology and relativity theory in several other 

ways. A space probe carrying a high-frequency transponder could give 

continuous, highly accurate distance measurements* between the probe 

and the Earth, helping to tie down the interplanetary distance scale. 

More advanced concepts involve placing an atomic clock on a probe to 

measure relativistic time dilation effects. It might also be possible to 

confirm the gravitational red shift predicted by the General Theory of 

Relativity by stationing identical atomic clocks on the Earth and far out 

in space. Any changes in frequency between clocks would be due to the 

change in gravitational field strength (Ref. 3-7). 

Magnetic Fields. The other important action-at-a-distance field be- 

sides gravity in outer space is the magnetic field. At the surface of the 

Earth, the total magnetic field is some 50,000 gammas (one gamma = 103 

gauss). As a space vehicle moves away from the sunlit side of the Earth, 

the strength of the dipole magnetic field first drops according to an in- 

* More properly, time of transmission multiplied by the velocity of light. 
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verse cube law (Fig. 3-i). Between eight and twenty Harth radii away, 

a probe’s magnetometer would indicate passage through the transition 

zone between the Earth’s field and the interplanetary field that is derived 

mainly from the Sun (Fig. 8-2). In this zone, shock waves and transients 

PLASMA STREAMS 

SOLAR WIND 

SHOCK FRONT 

Fig. 3-2. Conceptual sketch showing the flow of solar plasma around the Earth’s 
magnetopause. The Earth’s magnetic field is distorted into a teardrop shape by 

the solar wind. 

would cause magnetometer readings to fluctuate wildly. Probes like 

Pioneer 5 and Mariner 2 have recorded fluctuations of 50 gammas. The 

transition region is not symmetric but is drawn out into a teardrop shape 

with the tail blown away from the Sun by the solar wind. Surrounded by 

this irregular magnetic cavity, the Earth swings around the Sun partially 

insulated from physical events occurring outside the magnetosphere. 

Complete magnetic isolation from interplanetary magnetic effects does 

not occur on the Earth’s surface. Tongues of plasma frequently shoot off 

the Sun’s surface and, dragging their magnetic lines of force with them, 

engulf the Earth and inject current carriers into the Earth’s radiation 

belts. 

Three scientific tasks can be set for space probes as they move toward 

their planetary destinations: 
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1. Record the vagaries of the transition zone between the Earth and 

the rest of the solar system. 

2. Survey synoptically the interplanetary magnetic field. 

3. Record the fine structure of the interplanetary field fluctuations. 

Once a space probe approaches Venus, Mars, or any other object in 

space, its magnetometer will start searching for indigenous magnetic 

fields. There is no fundamental reason to believe that a planet must have 

a magnetic field. Although the Earth possesses one, Russian and US. 

probes have indicated that the Moon and Venus have small fields, per- 

haps none at all. The synchrotron radiation emanating from Jupiter in- 

dicates that that planet may have radiation belts and a surface field of 

perhaps 10* gauss. The magnetic splitting of the solar spectral lines 

(Zeeman effect) implies strong, though perhaps localized, magnetic fields 

on the solar surface. Clearly, space probes could help unravel some of 

these problems. 

Moving still farther away from the Sun, a probe should encounter an- 

other transition zone, between the solar system and interplanetary space. 

The polarization of starlight indicates that an interstellar magnetic 

field of about one gamma exists. But what is the origin of the interstellar 

field, and where is the boundary between it and the solar-system magnetic 

cavity? 

Interplanetary Plasma and Particle Fluxes. Matter throughout the 

universe is usually found in the plasma state. Since a plasma contains 

charged particles, it interacts with magnetic fields, and plasma in motion 

ean, in turn, generate magnetic fields. 

Space probes can carry instruments beyond the Earth’s magnetosphere 

into the stormy plasma seas dominated by the steady solar wind, solar 

flares, and the galactic cosmic ray flux. Satellites with greatly elongated 

orbits, like the Interplanetary Monitoring Platform (IMP), can strike 

a short distance out into interplanetary space, but are primarily reserved 

for studying geophysical phenomena. 

A guide to the particle fluxes measured in space is shown in Fig. 3-3. 

Ultimately, particle fluxes, measured as functions of energy and position, 

will be available for the solar system. Such a solar-system weather map 

would be considerably more sophisticated than the morphological chart 

of Fig. 3-3. 

In deep space, the solar wind seems to be the most dependable solar 

phenomenon. E. N. Parker coined the term “solar wind” during studies 

of the interplanetary medium. Instead of assuming a solar corona in 

hydrostatic equilibrium, he postulated a continuous efflux of mass from 

the Sun’s surface in the form of a fluid with an ion density of about 
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Fig. 3-3. The intensities and energies of nuclear particle radiations in space. 
The “trapped” particles are those in the Earth’s radiation belts. (Adapted from 

Ref. 3-43.) 

100/cm?, traveling at about 500 km/sec. Substantiation of this hypothesis 

comes from the blowing of comet tails away from the Sun like wind- 

socks; and, more directly, from probe plasma measurements. Plasma 

detectors aboard Mariner 2 showed that the solar wind has a particle 

density between 0.5 and 30/cm? and a plasma velocity of from 200 to 1200 

km/sec. Additional data are needed to determine how the wind varies 

with position and time. » 

Superimposed on the solar wind are irregular disturbances called solar 

flares. Flares are immense tongues of plasma that erupt from the Sun’s 

surface. Flinging themselves across interplanetary space, they engulf 

planets that happen to be in their paths. The plasma in the flares and 

the magnetic fields they drag along with them create magnetic storms 

on the Earth. Once the Earth is immersed in a plasma tongue, the 

magnetic fields on the outside of the tongue deflect galactic cosmic rays 

away from the Earth, causing the characteristic Forbush decrease of 

cosmic-ray intensity (Fig. 3-4). Large flares bring enough ionizing radia- 

tion with them to pose serious threats to manned space flight. Space 

probes can help define flare details. More knowledge might lead to flare- 

prediction techniques that would hold manned spacecraft on their launch 

pads when flares are threatened. 

The last important component of the interplanetary corpuscular popu- 

lation is the cosmic ray flux. Some cosmic rays are born on the Sun, 
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Fig. 3-4. Schematic drawing of a solar flare engulfing the Earth, causing a For- 

bush decrease of cosmic-ray flux. 

along with solar flares. Compared to cosmic rays of galactic origin, which 

may have energies per nucleon as high as 109 ev, the solar cosmic rays 

are low-energy phenomena, with maximum energies of just a few billion 

electron volts per particle. The different compositions of the two cosmic 

ray populations shown in Table 3-1 indicate that stars like the Sun may 

inject significant quantities of matter into the galactic cosmic-ray ac- 

celerating mechanism (whatever that may be). Solar-generated cosmic 

rays obviously vary in position and intensity, depending upon solar flare 

activity. In large flares, the proton flux over 20 Mev may exceed 1000 

protons/cm?-sec-steradian for more than a day. The galactic cosmic ray 

flux drops off rapidly as the particle energy increases (Fig. 3-3). Ener- 

gies are higher and fluxes lower than those of solar cosmic rays. The 

integrated, galactic cosmic-ray flux over 500 Mev is only about 0.18 

particles /cm?-sec-steradian. 

TABLE 3-1. RELATIVE ABUNDANCES OF COSMIC RAY PARTICLES* 

Element Galactic Solar 

Hydrogen 2500 varies 

Helium 360 1250 

Lithium, beryllium, boron 11 0.3 

Carbon” 18 6 

Nitrogen 8 2 

Oxygen 10 10 

Fluorine 
1 0.4 

Neon 
3 1.5 

115272518 9 Las 

* Ref. 3-25 
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Space probes will provide synoptic measurements of both cosmic ray 

populations well away from the Earth’s magnetic field. Active experi- 

ments involving particle injection, possibly using nuclear explosions, 

might be used if the man-made effects were sure to be short-lived. Un- 

doubtedly, space probes will find unexpected radiations in space, Just as 

the Earth’s radiation belts surprised the first satellite experimenters. 

Electromagnetic Radiation. Space-probe sensors fixed on the Sun see 

a rich and broad electromagnetic spectrum. Even the narrow band of 

wavelengths seen on the ground (3000A to 13,000A) has more than 26,000 

absorption lines originating in the Sun’s cooler upper layers. Above the 

Earth’s atmosphere, the spectrum opens up at both ends (Fig. 2-1, page 

8). Below 3000A, a complex, time-varying spectral picture is seen by 

high altitude rockets and satellites. Our knowledge of the spectrum over 

13,000A is limited since few experiments in that spectral region have 

been carried out above the atmosphere. Large terrestrial radio telescope 

dishes peer out into interstellar space through the radio windows in the 

atmosphere, but they are too large for present space vehicles. Looking 

away from the Sun, starlight and galactic radio noise bathe space probes 

with very low fluxes of noise from radio stars, also the 1420-Me signal 
from interstellar hydrogen. 

A space probe would be inefficiently used if assigned solely to the visual 

observation of the Sun and stars. The electromagnetic radiation from 

these objects can be studied more effectively from Harth satellites like 
the Orbiting Astronomical Observatory (OAO) and Orbiting Solar Ob- 
servatory (OSO). Probes could supplement orbital data with information 
gathered far away from the Earth’s influence. 

Particulate Matter. Variously called cosmic dust, interplanetary matter, 
and micrometeoroids, these small bits of matter seem to have a higher 
concentration around the Earth than those other areas in the solar sys- 
tem penetrated by space probes. Some micrometeoroids have an asteroidal 
origin and densities of trom 3 to 8 g/cm?; most, however, are light and 
fluffy (densities less than 1 g/cm), possibly indicating a vometary origin. 

Mariner-2 measurements show that the interplanetary dust concentra- 
tion is at least 10,000 times lower than it is in the vicinity of the Earth. 
This is fortunate for space-vehicle designers, who must protect manned 
cabins and liquid-filled radiators against these projectiles, which have 
velocities relative to the Earth of between 28 and 72 km/sec. 

The data in Fig. 3-5 come from satellite-mounted detectors, Earth- 
based visual measurements of meteors, and studies of the zodiacal light. 
Probes, of course, will carry instruments to measure the possible pres- 
ence of dust clouds around other planets as well as the detailed dust 
distribution in space. Since much of the dust probably originates from 



THE STATUS OF INTERPLANETARY EXPLORATION 27 

CUMULATIVE INFLUX RATE (1/m*-SEC) 

10° 1 —_t_t—_l 

Haoeeo io) Oo" 10 10 40 8 AO fe 

PARTICLE MASS (GRAMS) 

Fig. 3-5. Average mass distribution curve for micrometeoroids in the vicinity 

of the Earth. Ordinate is cumulative; i.e., any point includes all heavier particles. 

In deep space away from the Earth, the micrometeoroid flux apparently drops 

three or four orders of magnitude. 

the disintegration of comets and asteroids and from lunar material ejected 

during meteoroid collisions, it will be intriguing to search for dust 

streams and irregularities in its distribution. 

Role of the Space Probe in Interplanetary Physics. The interplanetary 

fields and particle fluxes undergo large distortions in the neighborhood 

of the Earth. Probes, then, are valuable for measuring unperturbed dis- 

tributions and fluxes in deep space. Stellar astronomy and physical 

phenomena not significantly disturbed by the Earth’s atmosphere and 

magnetic field can be studied more easily from the ground and Earth 

satellites. 

3-3. Exploration of the Planets 

Human curiosity dictates that most space probes be aimed at planetary 

targets, for on these bodies, some similar to the Earth, there may be other 

life forms and hints about man’s own beginnings. The objective of this 

section is to sketch some of the planetary characteristics and suggest how 
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probes might expand our knowledge, thereby paving the way for manned 

expeditions. 

General Characteristics of the Planets. The solar system offers the 

space explorer nine planets, thirty-one natural satellites, and innumera- 

ble asteroids and comets as astronautical targets. The planets all move 

around the Sun in the same direction, in ellipses of low eccentricity, with 

their orbital planes slightly inclined to one another. The four inner, minor 

planets (sometimes called “terrestrial”) and Pluto have average densities 

of four or five times that of water. The four major planets have average 

densities between 9.7 and 2.5. While the following planetary vignettes 

suggest that the four major planets are inhospitable to life, there are still 
many mysteries for probes to unravel beneath their swirling methane and 
ammonia clouds. The greatest discoveries in science have often been 
found where least expected. With this homily in mind, the space-probe 
designer should incorporate enough flexibility into his vehicle to take 
advantage of unforeseen opportunities. 

Mercury. This planet stays so close to the Sun that it is difficult to 
observe. Scattered sunlight during the day and the thick layers of the 
Earth’s atmosphere after sunset frustrate terrestrial observers. The 
planet’s orbit is well known, but its diameter and mass have less precision 
than desired. Probes could be orbited around Mercury to pinpoint its 
mass. Better visual measurements could be made from astronomical 
satellites above the Earth’s atmosphere. 

The surface temperature of Mercury apparently reaches about 600°K 
on the hot side, but, because one side of the planet always faces away 
from the Sun, the temperature of the perpetually dark side cannot be 
much above absolute zero. Some atmosphere probably exists, but it would 
be frozen on the cold side. The atmosphere’s composition and extent are 
the subject of considerable debate. Some scientists predict that Mercury 
also has a cloud of dust around it, much like that of the Earth. On-the- 
spot vehicles can resolve these questions. 

Estimates of Mercury’s density vary from 3.7 to 6.2, with the high 
side favored. A high concentration of iron, possibly, indicating a core, 
and perhaps a magnetic field are inferred from the high density. Besides 
checking on such suppositions, surface instruments could make heat-flow 
measurements and record seismic data on a planet whose proximity to 
the Sun should create large thermal gradients as well as distorting core 
hydrodynamics and surface geology. 

Venus. Like Mercury, Venus is so close to the Sun that astronomers see 
it fully lighted only when it is across the solar system from the Earth. 
When it is close, it reveals only a frustrating thin crescent. No natural 
satellite helps fix its mass accurately. To make matters more difficult, 



THE STATUS OF INTERPLANETARY EXPLORATION 29 

it is perpetually covered by thick clouds. The utility of a probe is mani- 

fest. 

Spectroscopic observations indicate a high concentration of carbon 

dioxide in the Venusian atmosphere. This discovery, by Dunham, in 1933, 

disappointed many who looked for an Earth-like atmosphere that would 

reinforce the then-common intuition that Venus was a primitive model 

of the Earth. This hoped-for resemblance became even more remote after 

Mariner 2 scanned the planet’s heavy cloud banks with radiometers, on 

December 14, 1962. A cold cloud cover 24 km thick, with its base about 

72 km above the surface, has been inferred from the Mariner-2 data. The 

surface atmospheric pressure might be twenty times that on Earth. 

Surface temperature seems to be about 600°K, a fact supporting the 

so-called “Greenhouse Model” of the Venusian atmosphere in which 

solar energy penetrates the atmosphere but cannot be reradiated through 

the cloud cover at long wavelengths. 

Radar roughness measurements of the surface of Venus show enough 

relief to dispel thoughts of a liquid surface. There may, however, be lakes 

of liquid metals or other fluids at 700°K. Surface observations from the 

Earth are impossible, except for fleeting, perhaps illusory, impressions 

gained as the clouds shift. 

An artificial satellite of Venus would reveal a great deal about its 

atmosphere as well as permitting a more accurate calculation of its mass. 

A sample-taking probe flying through the atmosphere or descending to 

the surface would be of even more value to the planetologist. 

Mars. Since Venus seems unlikely to harbor life, much astronautical 

attention has shifted to Mars, where a transparent atmosphere has long 

allowed close observation of its surface. The data available do not pre- 

clude the existence of some form of life, but the same data have posed 

even more questions: What are the strange markings called canals? 

How did the two tiny moons originate? Why are they so close to the 

surface (9400 km and 23,500 km)? Does Mars have a core? What creates 

the so-called blue haze? 

The Martian atmosphere is mostly nitrogen with some carbon dioxide, 

water vapor, and oxygen. Atmospheric phenomena that look like dust 

storms and clouds are occasionally noted, making a meteorological satel- 

lite of Mars a useful tool. The atmospheric pressure on Mars is con- 

siderably less than that on Earth (only 10 millibars, according to some 

scientists). It may not be feasible to deploy balloons, parachutes, and 

maneuverable reentry bodies. 

The surface of Mars seems to have little relief when compared to 

Earth’s mountains. Well-marked features include the polar caps, the 

dark maria, and deserts. An instrumented observational satellite would 
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pick out more detail, as well as provide some answers to the controversial 

canal question. A remote television camera might indicate whether the 

canals are long continuous cracks in the crust, lines of separated points, 

or engineering works. The surface of Mars has a mean temperature of 

about —70°C, but at the equator the average rises to a little over 0°C, 

making life at least possible. 

Better mapping of the surface from geological and thermal standpoints 

would tell much concerning the origin and history of the planet. 

Mars has a mean density of 4.0. It also shows a decided equatorial 

bulge about 34 kim in radius. The origin of the bulge and the existence 

of a core are important in probe studies. Unmanned probes must also 

complete topographical and chemical analyses of the surface before 

manned vehicles can be designed. 

The two tiny satellites (Phobos is 8 km in diameter, Deimos is 16 km) 
are mysterious because of their small size and apparent low density. 
Some astronomers have speculated that they might be artificial. Rendez- 
vous with these strange objects by probes should clear up their origin. 

The Major Planets. Beyond the asteroid belt, four huge planets (Jupi- 
ter, Saturn, Uranus, Neptune), all with similar characteristics, revolve 
around the Sun. Their diameters range from 50,000 km to 140,000 km. 
Densities are low, falling between 0.7 and 2.5. Their atmospheres are 
dense and optically impenetrable. The gases detected above the unseen 
surfaces are mainly hydrogen, helium, methane, and ammonia, in strong 
contrast to the nitrogen, oxygen, and carbon dioxide of the terrestrial 
planets. Space probes must search out the reasons for the remarkable 
differences between the minor and major planets. Did they have different 
origins? Some scientists have proposed that the major planets were once 
even larger and have since “evaporated” away. The propulsion require- 
ments needed to reach these huge, low-density spheres and the (perhaps 
erroneous) low likelihood of finding life, make them secondary astronau- 
tical objectives for probes. There is no discounting, however, the tanta- 
lizing physical and chemical problems that must exist beneath the 
imposing layers of gases. 

In the face of the general similarities just mentioned, each of the four 
major planets has peculiar, specific features that call for special explana- 
tions. The 13,000 x 40,000 km red spot on Jupiter is a prime example. 
What is it and why does it wander erratically? Is it an island of hght-gas 
ices floating on denser gases, like ice cream in a soda? Frequent, in- 
explicable bursts of radio signals also emanate from sources near Jupi- 
ter’s surface. Jupiter’s twelve natural satellites pose new questions about 
planetary evolution. The more distant and irregular of the moons may 
be captured asteroids. Conversely, some of the asteroids, like the Trojans 
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group, may be lost Jovian satellites. In fact, the dynamics and histories 

of all major-planet satellites need considerable study. Comparison of 

chemical samples from the moons with those from the planets and 

asteroids might unravel the puzzle. 

Saturn has a spectacular system of rings, but otherwise seems a small 

version of Jupiter. The rings, most investigators agree, are composed of 

fine particles, probably bits of ordinary ice. The axis of the next major 

planet, Uranus, is tilted so far that its rotation is actually retrograde with 

respect to all other planets, excepting perhaps Venus. Does the tilt infer 

a near collision with another planet in the past? No one knows. Circling 

the last major planet, Neptune, is a very dense moon, even larger in size 

than our own. Triton’s density of nearly five, its 4000-km diameter, and 

perfect circular orbit seem incongruous. Triton is unlike the other satellite 

of Neptune and has twice the density of its parent planet. 

The outer planets are logical targets for advanced space probes, pos- 

sessing adaptive control characteristics. With vastly improved sensors 

and small computers aboard, automata should have the flexibility and 

learning abilities necessary to investigate the complex and unpredictable 

planetary phenomena prevailing beyond the asteroid belt. 

Pluto. Pluto is small and dense, like the inner terrestrial planets. Yet, 

it is on the outer limits of the solar system. Possibly it is a lost moon 

of Neptune. A probe to Pluto might radio back some of the answers to 

questions about its origin, but the closer planets and satellites must be 

explored first. 

3-4. Asteroids, Comets, and the Sun 

There is no shortage of scientific missions for instrumented probes 

within the solar system. Although Mars and Venus are first-priority 

targets, the Sun, the asteroids, and some of the comets may yield more 

important astronomical data than space-vehicle studies of the major 

planets. 

Between Mars and Jupiter lie the orbits of tens of thousands of small 

objects, ranging from dust grains to 768-km planetoids, like Ceres. Sizes, 

orbits, and albedoes are the only real data available for the asteroids, 

Their creation is a matter of surmise. Certainly mutual collisions have 

caused some fragmentation. Gravitational interactions with other bodies 

in the solar system have probably modified the geometry of the asteroid 

belt. If space probes could discover the chemical composition of a typical 

asteroid, it would be a clue to the belt’s origin and perhaps the formation 

of the entire solar system. Unfortunately, individual asteroids will be 

dificult to catch. They are many in number but occupy an awesome 

volume of space. Rendezvous with a specific asteroid would probably 
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be controlled by the probe itself, since an observer on Earth would be 

ineffectual because of distance and the smallness of the asteroid. Sugges- 

tions have also been made by many that instruments be landed on 

asteroids and carried piggy-back for a “free” ride around the solar 

system. 

Comets seem to be conglomerates of ices and dust that move in highly 

elongated orbits around the Sun. Some astronomers believe that the whole 

solar system is surrounded by a halo of comets and that the comets 

themselves are made of the primordial stuff of the universe. When comets 

approach the Sun, they usually flare up under the influence of the solar 

wind, producing a long tail, blown in the direction of the solar wind. 

The tails disappear as the comets recede from the Sun, leaving only the 

customary nucleus and nebulous coma. Many suggestions have been 

made for probe flights through comets. Since a comet’s nucleus is only 

a few kilometers in extent, it presents a difficult target. The much larger 

tail offers a more sporting chance. 

The Sun is by far the largest object in our system, as well as its main- 

spring of energy. The Earth itself is a fair solar probe. With Orbiting 

Solar Observatories (OSO’s) in operation, supplemented by many ob- 

servers on the ground, careful watch is continuously kept on the Sun with 

all manner of instruments. In general, unmanned probes would be most 

useful only if they could be sent to within a few tenths of an A.U. of the 

Sun and thus be out of the infiuence of the geomagnetic field that distorts 
solar plasma. They would also be in a good spot to observe transitory solar 
events at close range. 

3-5. Extraterrestrial Life 

No matter how much is said about the importance and manifest value 

of physical science in space, the major driving force behind astronautics 
has always been the search for life outside our planet and transportation 
of Earthmen to the Moon and planets. In support of this strong assertion, 
consider the intense excitement and speculation generated by the least 
clue to extraterrestrial life: the Martian canals, the “organized” matter 
in some meteorites, even the creation of amino acids in terrestrial experi- 
ments. 

There are in reality no data from astronomy, biology, or astronautics 
that conclusively declare the existence or nonexistence of life in the uni- 
verse outside the Earth. The present widspread belief in the existence of 
extraterrestrial life stems from the slightest of hints and a great deal of 
enthusiasm. 

One important exobiological hypothesis states that, given the right 
conditions, life is spontaneously born and evolved. Consequently, atten- 
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tion has been focused upon determining just what these right conditions 

might be and where they exist in the universe. The right conditions for 

“life as we know it” (that ubiquitous qualifying phrase) include the 

presence of water, carbon, oxygen, a source of radiant energy, and tem- 

peratures between 200°K and 500°K. Of course, once life arises it may 

be transported or kept dormant under much more severe conditions. 

Simple terrestrial life forms can apparently survive the rigors of outer 

space. Life ‘as we do not know it” may be based on radically different 

chemical processes and environmental conditions. The generality of the 

preceding statements typifies the speculation about extraterrestrial life. 

In the absence of conclusive data, the searching role of space probes be- 

comes obvious. 
When the terrestrial planets are examined for the right conditions for 

life as we know it, only Mars survives the screening. It is warm enough 

and has some oxygen and water. The dark areas (maria) can apparently 

regenerate themselves after being covered by Martian dust storms, a 

most life-like characteristic. The infrared reflection spectrum of the dark 

areas has some similarity to that of certain terrestrial vegetation. These 

are suggestive but not conclusive facts. 

With such possibilities, a Martian probe must first of all be sterile to 

preclude contaminating Mars with terrestrial organisms. Secondly, life- 

detection experiments should have high priority. Thirdly and most im- 

portant, equipment returned to Earth, such as sampling devices, must 

be rigorously sterilized to prevent back-contamination by possible Mar- 

tian life forms. 

Our knowledge of life-sustaining conditions on planets other than Mars 

is even less precise. Life may be hidden by clouds, by geological and 

other planetary features. Even our own Moon may have residual or 

transported forms of life in sheltered spots on or beneath the surface. 

The possibilities of life developing and existing outside the narrow limits 

of earthly life are unknown but may be many in number. 

Another old and still useful exobiological hypothesis is that of pan- 

spermia, which states that life may have been (and may still be) trans- 

ported through space as simple life forms (spores) by natural phenomena 

such as meteoroids. Over the immense age of the universe, life may have 

become’as common and widespread as it is on Earth today, where every 

breath of air and clump of soil are laden with it. Artificial panspermia 

has also been considered by many science fiction novelists and by some 

scientists with impeccable reputations. Such accidental or intentional 

propagation of life through space should not be difficult for an advanced 

civilization; we, as a case in point, feel obliged to sterilize our space 

probes to prevent such dispersion. A major objective of any space program 
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should be the substantiation or refutation of the panspermia hypothesis. 

In addition to the direct detection of extraterrestrial life, long range 

communication with other intelligent life forms is considered by some to 

be a reasonable and practical goal. Some terrestrial experiments (Project 

Ozma) have already started. Interstellar communication by radio waves 

seems best left to Earth-based equipment, where ample power and large 

antennas are readily available. This subject, except for elements of 

communication theory, will be bypassed. 

Setting aside interstellar conversation and the analysis of organic mate- 

rials in recovered meteorites, the biological tasks confronting inter- 

planetary probe designers are still imposing. Experimental biology of 

completely unknown organisms cannot be carried out across tens of 

millions of miles without astute experimental planning and clever inven- 

tion. 

3-6. Interstellar Probes 

Beyond Pluto stretch 4.3 light years of “empty” space before the near- 

est stellar system is encountered. This great void is populated by perhaps 
one proton per cubic centimeter, a weak magnetic field of about one 
gamma, and maybe a few pieces of meteoric or cometary dust that have 

escaped from stellar systems. The first interstellar probes will penetrate 
only short distances into this unexplored space, because of their limited 
lifetimes. They will still, however, be able to gather a great deal of data 
useful to the astronomers and cosmologists. Perhaps they will be able to 
detect the postulated cometary halo about solar system. What, for in- 
stance, is the acceleration mechanism for galactic cosmic rays? How 
much matter really resides between the stars? The scale measuring the 
universe depends upon the proper correction for the reddening of starlight 
by such interstellar matter. 

Before the nearest stellar systems can be probed, one of two tech- 
nological breakthroughs must take place. Either probe equipment, in- 
cluding electronics and power supplies, must be given lifetimes on the 
order of ten years, or self-diagnosing, self-repairing automata must be 
developed. Both avenues will certainly be attempted. . 

Pursuing the subject of automata further, the most valuable space 
probe will probably be the most adaptable one, that is, a device that can 
recognize new situations and alter its actions accordingly. For although 
life will probably be uncovered elsewhere in space and bizarre physical 
phenomena recorded, the most revolutionary discoveries will be the un- 
expected ones. No matter how many brainstorm sessions are held on earth 
and despite our richly prophetic science fiction, there is an infinite reser- 
voir of unknown, unpredictable knowledge to be tapped in outer space. 
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Only manned vehicles or machines with man-like qualities will be ver- 

satile enough to reap the full harvest. It would be a travesty of science 

to explore the universe with equipment tailored to detect only the ex- 

pected event and anticipated datum. 



Chapter 4 

INTEGRATING THE SPACE VEHICLE, 

EAR TH BASED FACIEI Tis: 

AND INSTRUMENTATION 

4-1. Defining the Generalized Interplanetary 

Exploratory System 

Not so many years ago, even as late as World War II, complex vehicles 
and weapons were assemblies of separately designed components (black 
boxes) rather than thoughtfully integrated systems. Often the interfaces 
between components failed to match properly, reducing the overall 
system performance level. The design and manufacture of the B-58 
supersonic bomber during the 1950’s typified the upsurge of systems 
analysis, in which each component is made subservient to system needs, 
This approach produces highly tuned equipment, but it has disadvantages 
when applied to scientific spacecraft. The trouble arises when widely 
separated researchers design different items of scientific equipment for a 
satellite or space probe. In addition, scientists are generally unaware of 
the delicate interfaces present in space vehicles. They are inclined to 
supply instruments and experiments that are not precisely adjusted to 
the system as a whole. 

With the advent of the streetcar-satellite concept, typified by the 
Orbiting Geophysical Observatory (OGO) series, the pendulum has 
started to swing back ever so slightly toward reasonably tolerant space- 
craft frames in which interface matching are not so critical. By supply- 
ing standardized mounting racks and busbars, satellites like OGO make 
it easy for experiment designers. At the same time, however, overall 
system performance is reduced. A satellite of a given weight, for example, 
could return more useful data if its components were better integrated 
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and each experiment designed with the others in mind. The pendulum 

will not swing back very far in the case of space probes, where weight is 

far more important than it is on satellites. Probe experimenters must 

provide more systems-oriented engineering than they would for an equiva- 

lent satellite experiment. The tradeoffs are sharper and interfaces more 

sensitive. 

A space-probe system is more than just a vehicle. It includes all Earth- 

based facilities and the rocket booster as well. Furthermore, the vehicle 

is subdivided into several subsystems, such as the power supply, the 

communications equipment, and so forth. The interfaces between the 

components or subsystems are characterized by spatial, mechanical, elec- 

trical, thermal, and radiative links. Fortunately, not all interfaces are 

sensitive. Every system with n subsystems will have n(n-1) /2 interfaces, 

with proper matching of many critical to good performance. 

A generalized interplanetary probe may be defined in terms of its sub- 

systems and their interfaces as it is in Fig. 4-1. The figure might represent 

a Mariner, Voyager, or IMP. The type of interface and its general 

importance to space probes are discussed in the blocks of the figure. Even 
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Fig. 4-1. Interface diagram for the spacecraft, Earth-based facilities, and the 

launch vehicle. Individual subsystems are shown only for the spacecraft. 
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in the generalized model there are 45 interfaces, a number which must 

be multiplied by perhaps an order of magnitude when the wide variety 

of experiments and the various types of interfaces are considered. A space 

probe integrator must keep a careful eye on each interface and maximize 

the return relative to the investment, or, in other words, optimize system 

performance. 

4-2. Measures of System Performance 

In systems analysis, it is desirable to have a single figure of merit that 

integrates all performance factors into a single number, like a cost- 

effectiveness parameter. This tack is difficult in the case of space probes 

because no one can really put a value on the scientific information which 

is the real product of the operation. Furthermore, the probe might un- 

cover unexpected physical phenomena that negate any prior assessment 

of an experiment’s value. Data from space experiments also tend to be 

highly redundant so that a figure of merit like bits of data received per 

dollar invested is not particularly significant. Space probes are more of 

a gamble than an ICBM. The data that are returned may not be at all 

commensurate with the investment. 

There are several important performance factors that cut across the 

system interfaces and have important meaning in performance analysis. 

Vehicle weight, system reliability, and system cost are the most important 
of these. During the preliminary planning of a probe mission, targets are 
set for each of these three factors with an eye toward maximizing the 
scientific value of the mission. Since scientific value cannot be quantified, 
the establishment of reliability budgets, weight targets, and cost limita- 
tions becomes highly subjective and in the end the designer depends upon 
experience and intuition. Cost limitations may be dictated by political 
considerations, though fortunately these do not loom large in the design 
of space probes. 

The space probe systeins analyst breaks his system down into physi- 

SPATIAL (ATTITUDE, VOLUME, SOLID ANGLE) 

ELECTRICAL (POWER, VOLTAGE, REGULATION) 
ELECTROMAGNETIC (COMMUNICATION INTERFERENCE) 

MAGNETIC (INTERFERENCE) 
RADIATIVE (NUCLEAR FLUXES) SUBSYSTEM 

MECHANICAL (STRUCTURE, SHOCK, VIBRATION) #2 
THERMAL (HEAT FLOW, TEMPERATURE) 

INFORMATION (WORD FORMAT, BIT RATE) 

BIOLOGICAL (TRANSFER OF MICROORGANISMS) 

Fig. 4-2. Nine different kinds of interfaces may connect any two subsystems or 
systems. The importance of each kind of interface depends upon the subsystems 

involved. 
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cally meaningful parameters and varies them to achieve or, if possible, 

surpass the targets that have been set for weight, reliability, cost, or 

other secondary figure of merit. If it turns out to be easy to surpass a 

specific performance objective, the target may be raised, or there may 

be a tradeoff that improves one of the other secondary figures of merit; 

for they cannot be mutually independent. 

Any spacecraft optimization focuses attention on the many interfaces 

present in a spacecraft system. Each of the n(n-1)/2 interfaces will 

TABLE 4-1. DEFINITION OF THE GENERALIZED SPACE-PROBE SYSTEM 

Systems and Subsystems Functions 

Spacecraft system Carry instruments to planetary targets and relay in- 

formation back to Earth. 

Communications Relay information (data and commands) between 

subsystem Earth and spacecraft, and between spacecraft and 
landing capsules, ete. 

Power-supply Provide electrical power to spacecraft. 
subsystem 

On-board propulsion Execute mid-course and terminal maneuvers. 

subsystem 

Attitude-control Stabilize spacecraft attitude and modify attitude upon 

subsystem command. 

Environmental- Maintain specified temperatures, radiation levels, ete. 

control subsystem 

Guidance-and-control Receive commands from memory or from Earth and 

subsystem relay them to appropriate subsystems. Establish status 

of spacecraft (including spatial coordinates), transmit 

critical data to Earth, and act to reduce deviations 

from desired performance. 

Computer subsystem Carry out mathematial computations and store in- 

formation. 

Structure subsystem Support and maintain spacecraft configuration under 

design loads. 

Engineering-instru- Measure status of spacecraft. 

ment subsystem 

Scientific-instru- Measure scientific phenomena. 

ment subsystem 

Launch-vehicle system Launch spacecraft from Earth’s surface and place it 

into desired trajectory. 

Earth-based facility Provide all necessary services for launch vehicle and 

system spacecraft; viz. testing, tracking, communication, 

data reduction, computation, decision making, ete. 
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consist of several interlocking parameters which tie the system together 

physically and mathematically. A thermal interface will involve pa- 

rameters like temperature and rate of heat flow. An electrical interface 

is bridged by voltage and current parameters (see Fig. 4-2). Finally, as 

already pointed out, all subsystems are tied together at a still higher level 

by weight, cost, and reliability. Thus, each parameter helps to bind the 

system into a well-performing whole. Each experiment, each component, 

and their interfaces must be carefully scrutinized to insure not only that 

the experiment or component will work when immersed in the system 

but that the over-all system performance is not degraded by poor design 

or unmatched interfaces. 

Interfaces can be split into two categories. The first group deals only 

with the proper functioning of the spacecraft itself; that is, the attain- 

ment of the target trajectory, proper orientation in space, adequate 

power production, and so on. As Fig. 4-1 indicates, some of these inter- 

faces are quite sensitive and must be handled with care. Part II of this 

book is devoted to this phase of space probe engineering. Part III con- 

cerns itself with the second group of interfaces, those between the scien- 

tific instruments and the rest of the space-probe system. Every experi- 

ment must be designed so that it doesn’t harm other experiments. 

The age of the black box has passed. On a space probe on which where 

every pound destined for Mars may cost $100,000 and where every hour 

of reliable operation is wrung from perverse equipment by painstaking 

development, there is no room for unmatched interfaces. 
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Chapter 5 

INTERPLANETARY PRANSPOR TATION 

AND SPACE MECHANICS 

5-1. Prologue 

The most obvious and fundamental property of a space-probe system 

is its ability to transport scientific instruments accurately from the sur- 

face of the Earth to an astronautical target—planet, asteroid, comet, or 

just deep space—where measurements may be made. Whether in free 

flight through space or impelled by a reaction engine, the spacecraft’s 

motion is described by physical laws that dictate the duration and cost 

of the mission and influence the size and shape of the spacecraft. A short 

but sharply focused review of space mechanics is in order before space- 

craft design is discussed. 

This review concentrates upon such critical facets of space mechanics 

as launch windows and the tradeoffs between propulsive requirements, 

mission duration, and spacecraft payload. The considerations listed in 

Table 5-1 point out the strong influence that space mechanics has upon 

the character and magnitude of space probe interfaces. 

The discipline of space mechanics (also called space dynamics) in- 

cludes astrodynamics. Astrodynamics is narrower in scope and does not 

encompass rocket launch-vehicle dynamics or space-vehicle attitude con- 

trol. Several good textbooks and collections of papers are available for 

detailed study of these technical provinces (Refs. 5-1, 5-15, 5-88, and 

5-42). 

Chapter 2 claimed astrodynamics to be a fusion of classical celestial 

mechanics and astronautics. A striking feature of astrodynamics and 

space mechanics today is the slow emergence of elegant, mathematical 

generalizations so typical of the older celestial mechanics. The advent 

of the high-speed digital computer diverted the attention of the theorists 
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TABLE 5-1. INTERFACE IMPLICATIONS FOR SPACE MECHANICS 

Systems and Subsystems Implications for Space Mechanics 

Spacecraft System: 

Communication 
subsystem 

Power-supply 
subsystem 

Propulsion subsystem 

Attitude-control 

subsystem 

Environmental- 

control subsystem 

Guidance-and-control 

subsystem 

Computer subsystem 

Structure subsystem 

Engineering-instru- 

Spacecraft distance to Earth must be held to reason- 
able values. Should not transit Sun. 

No Sun shadowing. Spacecraft must be kept at rea- 
sonable distance from Sun. 

Minimize midcourse and terminal maneuvers. 

Avoid frequent reorientation of spacecraft units. 

Keep spacecraft at a reasonable distance from the 
Sun. Avoid planet shadows and other low-temperature 
regions, 

Maneuvers should be simple and few. 

Minimize on-board computations. 

Avoid high accelerations during launch and reentry. 

None. 
ment subsystem 

Scientific-instru- 
ment subsystem 

Pass close enough to and on the proper side of the 
target to enable instruments to function properly; 
viz., the sunlit side is usually preferred. 

Launch-vehicle System: Reduce energy requirements to keep booster size and 
cost low. 

Ground-support System: Trajectory must pass over established stations during 
launch and operational phases. 

from broad generalizations to the intricacies of computer programming. 
Practical problems in space mechanics are most often solved by the re- 
peated application of simple physical laws (like Newton’s Law of Mo- 
tion) in differential form and their subsequent integration by machine 
over the spacecraft trajectory. More general laws in integral form are 
now being constructed, so that perhaps a decade from now there will be 
powerful generalizations in space dynamics equivalent to Kepler’s Laws. 
During this gestation of analytical techniques, however, differential, 
machine-aided techniques (such as dynamic programming) dominate the 
scene. 

The step-wise integration of simple force equations over a trajectory 
by a machine, which also keeps track of the precise positions and effects 
of all perturbing celestial bodies in its memory, cannot be easily de- 
scribed in terms of readily assimilated mathematical and graphical 
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models. Consequently, this chapter will rely on a few readily compre- 
hended space-mechanical models, particularly those of Vertregt (Ref. 
5-42). It will conclude with the now-common time-date-energy maps of 
propulsive requirements that are the children of the less general but more 

precise differential techniques that are easily programmed on machines. 

5-2. Description of Interplanetary Exploratory Missions 

The basic problem of space exploration can be facetiously described 

as that of getting from one place to another despite, or with the help of, 

inverse-square-law gravitational fields. The only known mechanism for 

producing the necessary thrusts in outer space is the reaction engine. 

Perhaps it is deceptively simple to say that there are really only two 

elementary equations in space dynamics: 

GmM d(mv) 
F= 

se ie at 

where: F = force (newtons) 

= spacecraft mass (kg) 

mass of the gravitating body (kg) 

= distance from spacecraft to center of body (m) 

= spacecraft velocity (m/sec) 

= time (sec) 

G = the universal gravitational constant. 

a= Ses 

I 

The force on the right, controllable by man, is used to offset and over- 

come the force on the left, which is produced by nature. But outer space 

is full of gravitating bodies moving along complex paths at high speeds, 

and the production of reaction forces is costly in terms of human re- 

sources. The superficial simplicity of the equations yields in practice to 

complicated tradeoffs and performance optimization. 

To appreciate the actual complexity of space-probe trajectory design, 

consider the following mutually conflicting ground rules that are applied 

to space-probe trajectory calculations: 

1. Payload should be maximized. 

2. Cost should be minimized. 

3. The spacecraft must be kept within range of the communication 

system. 

4. Mission duration should be minimized because of the finite lifetimes 

of the subsystems. . 

5. Meteoroid swarms, radiation belts, and solar flares should be avoided. 

6. The Sun must not be crossed because of its interference with the 

communication system. 
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7. The probability of planetary biological contamination by the space- 

craft should be small (< 107+). 

8. The trajectory should be accurate enough so that designing instru- 

mentation with large dynamic ranges will be unnecessary. 

9. U.S. launchings are restricted to the Eastern and Western Test 

Ranges. Only certain launch azimuths are permitted if land masses 

are to be avoided. 

There are also limiting physical laws that will act as constraints upon 

the more advanced missions of the future. For example, spacecraft cannot 

equal or exceed the velocity of light. The energy content of fuel is limited 

by H = mc?. Of course, neither of these limits is approached at present. 

TABLE 5-2, SPACE-PROBE MISSIONS 

Required 
Propulsive Extant 

Mission Type Functions* Programs 

Planetary Missions: 

Simple flyby BXM, BOXM Mariner 
Crocco or resonance flyby BXM, BOXM 
Planetary orbital injection BXMO, BOXM 
Hard or soft landing BXMX(R or P) Voyager 
Sample return BXMXRBXMXR ** 

Solar Missions: 

Flyby at 0.1 to 0.8 A. U. BXMO 
Impact BXM 

Out-of-Elliptiec Missions BXMO 

Asteroidal Missions: 
Fly-through belt BXM 
Rendezvous with asteroid BXMXZ 
Sample return BXMXZXMXR 

Cometary Missions 

(same as for asteroids) 

Interplanetary Space Missions: 
Solar orbit BXO Pioneer 
Eccentric Earth orbit BO IMP 

Interstellar Missions BX 

* B= boost from Earth’s surface 

X = escape or capture maneuver 
M = midcourse correction 
O = orbital injection 
R = reentry or entry 
P = powered descent 
Z = rendezvous 

** Note the complexity of a sample-return mission 
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Space-probe missions can be defined by exclusion: they comprise all 

space missions excluding Earth-satellite and manned missions. Even 

though the bulk of the national space program is discarded by such a 

definition, a great variety of stimulating scientific missions remains. Re- 

stricting the field further, this book does not deal with lunar probes. 

The number and variety of the missions listed in Table 5-2 make it 

obvious that space-probe design will be difficult to generalize. The scien- 

tific payoff of any one of the missions, however, is likely to be worth 

considerable effort. 

5-3. Review of Some Techniques 

of Space Mechanics 

In the early days of astronautics, crude trajectory feasibility studies 

were the rule. Even today (and probably tomorrow too), new space mis- 

sions are planned or “scoped,’”’ using simplified techniques based upon 

coplanar, circular planetary orbits, and instantaneous applications of 

thrust at various points along the trajectory. In such calculations, the 

spacecraft is first boosted into an Earth-satellite orbit or an escape 

trajectory. Then, an instantaneous impulse is applied and the craft is 

Fig. 5-1. Various types of interplanetary ballistic trajectories. (1) Impulse 

applied to leave Earth orbit. (2) Impulse applied to leave Hohmann cotangential 

transfer orbit and enter orbit of target planet. (3) Impulse to terminate short- 

path elliptical transfer orbit. (4) Impulse to terminate long-path elliptical transfer 

orbit. (5) Impulse to terminate fast hyperbolic transfer orbit. (6) Crocco or 

resonance orbit with a period such that the spacecraft meets the Earth after an 

integral number of revolutions. Planet flybys do not require impulses at (2), (3), 

or (4). 
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injected into a ballistic, elliptical orbit around the Sun (Fig. 5-1). This 

impulse also signals the change from geocentric to heliocentric coordi- 

nates. It is typical of feasibility studies that the gravitational effects of 

the Sun are ignored during the boost phase and those of the Earth ne- 

elected during the vehicle’s swing around the Sun to the target planet. 

When the target planet is approached, another impulse is applied and 

the spacecraft is captured. Either injection into satellite orbit or landing 

maneuvers follow. The first planetary probes, like the Mariners, do not 

execute the capture maneuver, but rather fly by the planet of interest. 

Feasibility calculations are simple, depending only on Newton’s Law of 

Gravitation and the properties of the conic sections (Ref. 5-42). Because 

such calculations can be put into appealing graphical form, they form 

the foundation of the space mechanics discussions in Sect. 5-4. 

The simplifying assumptions of feasibility calculations make them 

unsuitable for computing precision trajectories for actual probe flights. 

The orbits of the planets are elliptical and not coplanar. The gravita- 

tional effects of the Sun and other bodies must be accounted for. So must 

drag forces, the pressure of sunlight, and other perturbations. Finally, 

precision techniques have to be readily adaptable to digital computers. 

Under such conditions, the differential approach portrayed in Fig. 5-2 is 

v+Ave 

(r+ Ar, ¢+Atz) 

Zz F + AF (THRUST) 

an 

[Sie 
Vv ia 

F Ce 

wide F + AF (GRAVITY) 
a 

(en) 
F (THRUST) 

F (GRAVITY) 

Fig. 5-2. Differential approach to trajectory calculations. Integration of the tra- 
jectory is usually performed on a digital computer. Note: r+ Ar=r(t+ At) = 
r(t) +r(t)At+ --: andv+Av=v(i+ At) =v(t) +v(#)t4+-::. 

appropriate. With emphemerides stored in the computer, all applied 

forces acting on the spacecraft can be estimated and its acceleration can 

be computed over a short span of time At. Referring to Fig. 5-2, the space- 

craft position at the time ¢t + At will be r+ Ar, and the new velocity 

v + Av. At t+ At, the applied forces will be slightly different and new 

positional and velocity vectors must be calculated for ¢ + 2At. In this 

stepwise fashion the whole vehicle trajectory can be computed. 



INTERPLANETARY TRANSPORTATION AND SPACE MECHANICS 49 

The geometrically appealing but approximate feasibility techniques 

and the precise though formless differential approaches provide some gen- 

eral rules for the trajectory designer: 

1. Impulsive thrusts near planets should be delivered quickly (theo- 

retically in zero time) so that their effect will not be compromised by the 

negative term due to gravitational acceleration in the classical rocket 

equation: 

Av = gol, In 7 — vp — got sin 6 (5-1) 

where: 

Av = velocity increment (m/sec) 

go = acceleration due to gravity (m/sec?) 

I,» = propulsion system specific impulse (sec) 

mo, my = initial and final spacecraft masses (kg) 

Up = drag velocity penalty (m/sec) 

6 = angle with horizontal. 

2. In general, impulsive thrusts should be applied close to the launch- 

ing planet so that propellant will not have to be carried needlessly to high 

levels of gravitational potential energy. 

3. The different periods of the planets lead to launch windows—short 

periods of time in which interplanetary transfer is particularly easy in 

terms of energy. 

4. Lack of precision in the Earth-launch operation make midcourse 

trajectory correction essential if a specific celestial target is to be inter- 

cepted. Such considerations do not apply to solar probes, vehicles flying 

through the asteroid belt, or those Just sent into deep space for scientific 

monitoring purposes. 

Low-Thrust Propulsion. So far, only ballistic trajectories in which the 

space vehicle travels without thrust along a conic section have been men- 

tioned. Before considering the intricacies of ballistic space travel, let us 

examine the simpler case of continuous thrust. Advanced probe propulsion 

systems, like the ion and plasma engines contemplated for trips beyond 

Mars will provide small propulsive thrusts over long periods of time. Con- 

tinuously applied forces in effect modify the inverse-square-law force 

applied by gravity. Thus, the trajectories of electrically propelled ships 

will not be conic sections. A special segment of astrodynamics has been 

built up around these low-thrust space vehicles (Refs. 5-24, 5-27, and 

5-32). 

The mathematical formulation for low-thrust trajectories is straight- 

forward and must, of course, reduce to the proper conic section when the 

applied force is reduced to zero. For an interplanetary spacecraft escap- 
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ing a planet, the planar differential equations in polar coordinates are: 

dr ve | GM _ -2 Fe pb ae OSD (5-2) 

: daa) = asin g (5-3) 

where: v, = the circumferential velocity (m/sec) 

ay = accelerating force applied by engine (newtons) 

@ = angle between thrust vector and local vertical. 

Equation (5-2) balances thrust, gravitational force, centrifugal force, 

and radial acceleration. If a; = 0, Eq. (5-2) will yield a conic section. 

Equation (5-3) relates the circumferential component of applied thrust to 

the rate of change of angular momentum. The latter quantity is conserved 

in conic sections. 

It is customary to introduce four dimensionless parameters at this point: 

leg IGM 
ar = a oO Ue = Vv 

To ra) 

r nd ee ie 
p To alan Jes 

The parameter a is the ratio of the applied thrust to the initial gravita- 
tional force. For electrical propulsion systems, 10-2 > a > 10-5. In terms 

of the dimensionless parameters, the equations of motion become particu- 
larly simple: 

(5-4) 

Cie al i i 7 + pT FCS (5-5) 

dover oa.” S 
ioe lay a sin @ (5-6) 

In applying Eqs. (5-5) and (5-6) to low-thrust planetary probes, de- 
parture usually begins from a circular Earth orbit where po = 1, po = 0, 
and vo = 1, Energy is added until the spacecraft’s energy equals or ex- 
ceeds zero. By definition, planetary escape occurs when the sum of an 
object’s kinetic and potential energies equals zero. A zero-energy trajec- 
tory is parabolic, while a hyperbolic path possesses positive total energy. 
When escape takes place, the vehicle coordinates are shifted to a helio- 
centric set. Escape has occurred only relative to the planet of origin, not 
the solar system as a whole. 

The shape of the escape trajectory will depend upon the angle ¢. Un- 
der radial acceleration, where ¢=0 and py = constant, Eq. (5-5) be- 
comes: 
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ye 

Pleat = (5-7) 

Integration of Eq. (5-7) shows that escape can occur with constant radial 

thrust only when a > 1/8. In circumferential acceleration, ¢ = 7/2 and 

a = constant. In tangential acceleration ¢ = tan—1 v/p. 

In all cases of constant application of low thrust, the space vehicle 

spirals out to planetary escape from the initial circular orbit. Once the 

field of the Sun becomes dominant, the vehicle spirals heliocentrically 

inward or outward to its destination. The equations of motion are then 

put in heliocentric terms, otherwise the calculations are similar to those 

made for the planetary case. 

Studies have shown that the most efficient thrust programs vary both 

the magnitude and orientation of the thrust vector. In general, however, the 

most efficient thrust program lies between tangential and circumferential 

conditions. Low-thrust propulsion always requires more total energy than 

an equivalent ballistic program because the engine is continuously fight- 

ing against gravity. By applying low thrusts only when passing through 

perigee, the energy requirements can be reduced to nearly those of the 

ideal instantaneous impulse. Instead of the usual spiral orbit, this ap- 

proach produces a series of ever-larger ellipses. A pulsed-thrust program 

also permits escape with radial thrust even when a < 1/8. 

The great advantage of low-thrust propulsion comes from the higher 

specific impulses of electrical engines (5000-10,000 sec, compared to 200- 

400 sec for chemical rockets). Higher payload-to-gross-weight ratios are 

possible. However, the problem of building electrical power plants that 

can operate reliably for several years seems a major obstacle. 

Propulsion-System Comparison Techniques. Chemical propulsion seems 

likely to reign supreme for boosters and spacecraft until well after 1970. 

Nuclear heat transfer rockets and electrical propulsion systems (ion and 

plasma engines) are under intensive development, but their operational 

use must await major advances in nuclear powerplant engineering. Keep- 

ing this time scale in the back of the mind, a common astrodynamic exer- 

cise compares the overall performance of such advanced engines with the 

ubiquitous chemical rocket. Here, the role of space mechanics is twofold. 

First, the characteristic velocity or energy requirement for flight from the 

Earth to the target must be specified. Second, mass ratios are computed 

using relationships like Eq. (5-1). No specific comparisons of systems 

will be made in this book. In general, such comparisons show large pay- 

load advantages for nuclear and electrical propulsion only when very 

ambitious missions are considered. The real challenge in comparing pro- 

pulsion systems transcends space mechanics and mass ratios, since it in- 
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volves estimation of cost, reliability, and nuclear safety. Many of these 

factors are still judged on an intuitive basis. 

Optimization Techniques. Hand in hand with propulsion system com- 

parison comes trajectory optimization. Special techniques are employed 

to find the best trajectory compatible with the system constraints listed 

in Table 5-1. The following questions are typical of those answered with 

the help of space mechanics optimization techniques (Refs. 5-24, 5-27, and 

5-33). 

1. What is the optimum staging for a given rocket? 

2. What is the optimum thrust program for a low-thrust space vehicle? 

3. What is the maximum payload-to-gross-weight ratio for a power- 

limited vehicle; 1.e., an electrically propelled spacecraft? 

In solving astrodynamic optimization or extremal problems, three 

techniques find favor today (Ref. 5-27): 

1. The calculus of variations (Ref. 5-33) 

2. The direct method of gradients (a numerical technique used in the 

calculus of variations) 

3. Dynamic programming (Ref. 5-2) 

All three methods are adaptable to digital computers, a property most 

appropriate to current trajectory analysis techniques. 

The Problem of Trajectory Accuracy. A space probe may miss its target 

because of five kinds of “inaccuracies”: 

1. Ignorance concerning the true distances and masses of objects in the 

solar system in absolute terms; i.e., kilograms and meters 

2. Approximations made in trajectory calculations 

3. Lack of precision performance by probe-system hardware. Trajec- 

tory dispersion may arise from booster deviations, guidance-equip- 

ment errors, deviations in midcourse propulsion system functioning, 
and so on. 

4. Uncertainty in the initial conditions 

5. Post-injection perturbations (solar wind, ete.) 

The effects of each assumed error can be found mathematically in terms 
of trajectory dispersion or the target miss distance (Ref. 5-1). Present- 
day errors in all categories are large enough to make midcourse correc- 
tions mandatory for space probes. Otherwise, planetary targets might be 
missed by many radii. This guidance problem will be covered more 
thoroughly later. The role of space mechanics here is the identification of 
the ultimate consequences in terms of trajectory dispersion. 
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Relatiwistic Space Mechanics. Einstein’s Special Theory of Relativity 
affects space probes in three ways: 

1. If the engine’s propellant leaves the spacecraft at a velocity close 
to that of light, the specific impulse will be modified by the rela- 
tivistic increase in propellant mass (Ref. 5-20). 

2. If the vehicle itself is traveling close to the speed of light relative to 
some external reference frame, time dilation will be apparent to an 
observer in the reference frame. 

3. Immense quantities of energy are needed to accelerate a spaceship 

close to the velocity of light. Using nuclear fuel and reasonable mass 

ratios (about 1000), it is impossible to reach 20% of the velocity of 

light (Ref. 5-16). 

Such relativistic effects are not likely to be important to probe technology 

over the next twenty years, probably much longer. Interstellar probes, 

when they become practical, will have to travel close to the speed of light 

if data are to be acquired during the life of the experimenter. 

The Use of Gravity and Asteroids. Opportunities exist for “free” rides 

within the solar system. Perhaps the most daring of the suggestions is 

that of Cole (Ref. 5-12). He suggests propulsively diverting a small 

asteroid so that its orbit approaches Mars closely enough so that the 

gravitational perturbation of Mars will cause the asteroid to make a close 

approach to Earth. Many have also suggested just hitchhiking a ride 

around the solar system on an asteroid without deflecting its orbit. While 

such free rides are possible in theory, and though a small, permanent 

asteroidal instrument platform would have many advantages, the realiza- 

tion of the idea is several decades away. 

Several scientists have recommended using celestial bodies for gravita- 

tionally changing the velocity vector of a spacecraft in order to save 

fuel (Refs. 5-18 and 5-40). In a sense, this effect is already used on 

planetary missions, since the spacecraft velocity is increased after it 

enters a planet’s sphere of influence. If a resonance or Crocco trajectory 

passing close to two planets in one solar orbit is planned, planetary fields 

are useful in shaping the trajectory. When the fringes of the solar system 

are explored in the distant future, the gravitational fields of the major 

planets may be very helpful. To illustrate, astronomers postulate that 

Pluto was ejected from the satellite system of Neptune by interplanetary 

pertubations. A spacecraft could be flung outward in like fashion. 

5-4. Propulsive Functions 

Although some energy advantages may be gained by gravitational in- 

teractions with the planets, the great bulk of a space vehicle’s energy 
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must be produced by a rocket engine. The propelling of a payload from 

the surface of the Earth to the surface of Mars might be done with one 

or two well-aimed impulses. In actuality, an interplanetary mission is 

usually broken down into several basic propulsive functions (Table 5-2, 

page 46) : 

. Boost to orbit or escape from the originating planet. 

Orbit-to-orbit transfer between planets. 

Midcourse and terminal maneuvers for purposes of accuracy. 

. Reentry propulsion. 

Powered descent to a planetary surface. 

. Rendezvous propulsion Oo RON 

The Earth-orbit-to-planetary-orbit trip is critical in mission planning for 

it requires a great deal of energy and takes the most time. Rendezvous 

maneuvers occur only when homing on an asteroid or comet nucleus. The 

six functions will be discussed in the above order. 

Boost to Orbit or Escape. The first task of any launch vehicle is pro- 

pelling the vehicle out of the gravitational well created by the Earth’s 

gravitational field. The depth of this potential well is —GmM/r. In the 

case of the Earth, this corresponds to 6.25 x 107 joules/kg of payload, 

which translates to an escape velocity of 11.2 km/sec. A rocket ascent 

trajectory is more complex than this simple concept suggests. Compli- 

cating factors include the drag forces of the atmosphere, the variation of 

go With altitude, centrifugal forces, the curvature of the Earth, and the 

need for carrying propellant to high levels of potential energy because 
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Fig. 5-3. Major launch-vehicle trajectory parameters as functions of time after 
launch. 
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of the finite burning time of the rocket. Considering only drag, propellant 

acceleration, and gravitational losses, the approximate velocity change 

acquired by an ascending rocket was given by Eq. (5-1). 

Most launch vehicles have several stages. Equation (5-1) must be ap- 

plied separately for each stage, accumulating the velocity additions as 

the rocket rises. The usual stepwise ascent is shown in Fig. 5-3, especially 

in the acceleration parameter. 

The major consequences of propelling the space vehicle out of any 

potential-energy well is the price paid in terms of the mass ratio: the 

quotient of the launch-vehicle mass and the final payload mass. That this 

ratio is high even for Earth-satellite launching is obvious in Fig. 5-4. 

Other space missions have been marked on Fig. 5-4 to show the ex- 

ponential relationship between velocity additions and mass ratio. Every 

kilogram of probe payload saved has great leverage on the booster mass. 

The advantages of staging, where portions of the launch vehicle that are 

no longer needed are discarded, are also clearcut from Fig. 5-4. 

The ascent trajectory may include the injection of the space vehicle 
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Fig. 5-4. Rocket mass ratio plotted for different mission velocity requirements. 

: Note the powerful influence of specific impulse and staging. 
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into an Earth-satellite orbit or carry it directly into an interplanetary 

trajectory with the last thrust application. Since a 500-km Earth orbit is 

well up toward the top of the Earth’s potential energy well, little addi- 

tional velocity is needed for escape. 

A continuous range of mass ratios is implied by Fig. 5-4, while in 

actuality the United States possesses a “stable” of launch vehicles with 

well-defined thrust levels. This limited number of boosters and combina- 

tions of upper stages means that only certain curves in Fig. 5-4 have 

practical significance. 

Orbit-to-Orbit Transfers. Once a space probe is in a parking orbit 

around the Earth or coasting parabolically at high altitudes, one final 

impulse must be applied to send the vehicle off on a ballistic trajectory 

that will intersect the orbit of the selected astronautical target. The 

classical way to effect this transfer from the Earth’s orbit to the target 

planet’s orbit is by the Hohmann transfer ellipse. All ballistic trajectories 

are conic sections, but the Hohmann ellipse has the special property of 

requiring the least energy for a two-impulse transfer between planetary 

orbits. The Hohmann ellipse is cotangential to both planetary orbits as 

shown in Fig. 5-1. Contrary to popular belief, it has been shown that 

other trajectories requiring less energy than the Hohmann ellipse exist if 

more than two impulses are permitted (Ref. 5-14). 

TARGET'S ORBIT 

EARTH'S ORBIT 

ELLIPTICAL 
TRANSFER ORBIT 

Fig. 5-5. Definition of velocities for a trip to an outer planet. (After Vertregt, 
Ref, 5-42.) 



INTERPLANETARY TRANSPORTATION AND SPACE MECHANICS 657 

Accurate, three-dimensional trajectory calculations must always be 
made by a computer before any probe launching, but with a few simpli- 
fying assumptions a particularly appealing geometrical picture of inter- 
planetary trajectories can be drawn. 

Assume that: 

1. Thrusting times are short compared to the length of the interplane- 
tary transfer. 

2. Only the Sun’s attraction is important during the coasting phase be- 
tween satellite orbits about the terminal planets. 

3. Planetary orbits are circular and coplanar. 

Following Vertregt’s approach (Ref. 5-42), two new quantities are de- 
fined in terms of conic-section parameters (Fig. 5-5): 

oer Glee) 

fist Ty 

where rz = the radius from the Sun to the planet or spacecraft (km) 

r; = the radius from the Sun to the Earth (km) 

n = the radial distance expressed in A. U. (dimensionless) 

a = the major semi-axis of the transfer ellipse (km) 

é = the eccentricity of the ellipse, which is the ratio of the minor 

and major axes 

p = a dimensionless parameter. 

All possible two-impulse interplanetary ballistic trajectories may be 

represented as points on a graph of e vs. p. On Fig. 5-6, the four different 

conic sections are confined to mutually exclusive areas on the e-p graph. 

The hyperbolas all have e >1 and they are unbounded on the graph. 

The line e = 1 represents parabolic trajectories. The ellipses are confined 

to the triangular area; here, of course, e < 1. A little juggling of conic 

section parameters will confirm the equations given for the sides of the 

triangles. Circular orbits, where e = 0, are impossible for orbital transfer. 

The transfer ellipse with the least eccentricity is the cotangential Hoh- 

mann ellipse represented by the lower vertex of the triangle. 

Carrying this geometric portrayal a step further, simple equations for 

the transit times and energies can be derived. On Fig. 5-5, the following 

velocities are defined: 

GM 
Vv} Vo 

2— Va 

(5-8) 
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Fig. 5-6. Regions of permissible conic-section transfer orbits for one-way trips 
to the inner planets (above) and outer planets (below). (After Vertregt, Ref. 

5-42.) 

where: vg = the orbital velocity of planet a 

v, = the orbital velocity of planet b 

v, = the velocity of an object in the transfer ellipse at its inter- 

section with planet a. 

vp = the velocity of an object in the transfer ellipse at its inter- 
section with planet b. 

If a new dimensionless quantity g = a/7, is introduced: 

vy = ve /n 

Pei esed| eee 

nS eae; (5-9) 
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In order to change the velocity of the space probe, va, to the velocity 

needed for entry into the transfer ellipse, v1, the cosine law must be used 

Via? = Vg? + v1? — Vedi COS (6 == 3) (5-10) 
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Now the angle @ must be found from the equation: 

d¢ tan @ = —r=*. an @ r ap 

Since ¢ and r are related by 

me (1 — é?) 

1 + € cos b 

an equation for 6 can be found 

tan.@ = —L 1260s ¢, 
esin 

Using trigonometric identities, eliminating ¢, and substituting into Eq. 
(5-10) 
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ace See 1/2 

a [3 - 2a — 2) - 7 
a 

and in terms of p, recalling that p = a(1 — e?) /r; = q(1 — e?) 
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In a similar fashion an analogous equation for ve, can be derived 

Vop _ Ae. Aa ee 

elena 
Now the quantity that is of most interest in establishing the difficulty of 

an interplanetary voyage is the sum Vjq + Vay. The sum is frequently 

called the characteristic velocity for the mission. Vertregt defines a di- 

mensionless number H# to measure the difficulty of the mission: 

joe Via + Usp 

Va 

which, of course, in just the total velocity increment expressed in units 

of the Earth’s orbital speed around the Sun. The final equation for F is 

not particularly simple, though it is only algebraic and is derived using 

relatively straightforward techniques: 

E-= [3 BW pa - =|, - ames aie calle (5-11) 
n 

Equation (5-11) is the key to the so-called isoerg diagrams. The equation 
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Fig. 5-7. Isoerg diagram for a one-way trip to Venus, using two impulses. 
“Energy units” that are multiples 6fthé EKarth’s velocity. Launch to Earth orbit 

is not included. (Adapted from Vertregt, Ref. 5-42.) 

is applicable to inner and outer planets and any of the conic-section tra- 
jectories. A typical isoerg diagram from Ref. 5-42 is shown in Fig. 5-7 
for the Earth-Venus trajectories. For any given E and e, there are two 
possible elliptical trajectories, each with a different value of p. Since p 
is proportional to the major semi-axis, there should be some additional 
figure of merit that will separate the two possible ellipses. This figure of 
merit is time, which is not surprising, since a larger value of p infers a 
more lengthy journey. 

Vertregt also derives an equation for the duration of the voyage by 
appealing to the same trigonometric arguments used to find EZ. Measuring 
the duration of the mission in units of the Earth’s orbital period, T, he 
finds 

3/2 

T= == [972 ne (ine sin 

(5-12) 
1/q ite ioe 

where 7; = cos7! ar and t2 = cos! Land. 
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Fig. 5-8. Isochrone diagram for a one-way trip to Venus, using two impulses. 
Short trips are energetic and hyperbolic. (Adapted from Vertregt, Ref. 5-42.) 

The results are plotted on an isochrone (equal time) diagram, Fig. 5-8. 

The curves are also double-valued for elliptical transfers. The very short 

trips are hyperbolic in nature, as expected, and a cross reference to Fig. 

5-7 shows them to be more energetic also. 

The preceding arguments assume that the target planet, asteroid, or 

comet will be in the right place at the right time; 1.e., when the space 

probe orbit intersects the planet’s orbit. Unhappily, the planets are not 

that cooperative, and low-energy launchings must await firing windows, 

periods when the two terminal planets are in favorable positions. Al- 

though these synchronizations can also be handled with the geometrical 

techniques just described, it seems appropriate to jump right to the pro- 

pulsive requirement “maps” presented in Sec. 5-5. Maps such as these 

(Figs. 5-14 through 5-22, pages 68-74) are the common currency of space 

technology. They are computer-constructed for elliptical, non-coplanar 

planetary orbits and are more precise than the simplified curves shown in 

Figs. 5-7 and 5-8. 
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Midcourse Maneuvers. At one or more points along a spacecraft’s 

trajectory it will be necessary to apply corrective thrusts to assure hitting 

the desired celestial target. Minor thrust adjustments are made by an 

onboard propulsion system, which carefully controls the impulse de- 

livered and the direction of the thrust vector. 

Chapter 7, which covers vehicle guidance and trajectory correction in 

more detail, will show how really small the planetary targets are, par- 

ticularly if narrow flyby or reentry corridors must be hit. 

The amounts of fuel and oxidizer needed for a midcourse or terminal 

maneuver depend upon how much velocity change is needed. Equation 

5-1 can be used to determine the mass ratio, but drag and gravitational 

losses must be subtracted in deep space. 

Reentry. If the target planet has an atmosphere of adequate density or 

if a space probe is returning to Earth from a sample-collecting mission, 

the braking forces of atmospheric reentry may be used to slow the space- 

craft’s descent to a speed where wings or parachutes may be used. Ac- 

curacy requirements are high, but the fuel-mass savings over powered 

descent by retrorocket are great. The probe reentry corridor portrayed in 

Fig. 5-9 is much larger than it would be for manned spacecraft, which are 

less tolerant of reentry deceleration and heating. As the reentering vehicle 

plunges into a dense atmosphere, deceleration forces and aerodynamic 

heating narrow the reentry corridor shown in Fig. 5-10. 

For trajectory-calculating purposes, the path of the reentering space 

vehicle is usually broken up into three segments. In the first segment, the 

spacecraft has penetrated far enough into the atmosphere so that the 

drag is no longer negligible. In the second regime, the aerodynamic drag 

OVERSHOOT 
LIMIT 
ae 

a eae ae CORRIDOR 

UNDERSHOOT 
LIMIT 

Fig. 5-9. Earth-atmosphere reentry overshoot and undershoot limits. The re- 
entry corridor may be further narrowed by deceleration and aerodynamic-heating 

limitations. 
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forces are dominant and gravity may now be ignored. This is the region 
where deceleration and heating are highest. The differential equation of 

motion is quite simple in this case: 

m— = —CpAp(r)v?/2. (5-13) 

An atmospheric model must be adopted in order to specify the mass 

density, p(r). The model usually takes the form p = po exp (— Br), where 

r = altitude and B and pp are constants. When Eq. (5-13) is integrated 

and plotted, curves like those shown in Fig. 5-10 result. The third, and 

final, reentry regime occurs when the space vehicle has been slowed to a 

point when drag forces are comparable to gravitational forces. If the 

spacecraft can survive to this point, success is usually assured, because 

thermal forces have subsided and the vehicle begins to cool. Wings and 

parachutes can take over for the actual landing maneuver. 

So far, reentry has been assumed to occur during the first penetration 

of the atmosphere. It is quite feasible to cause the craft to skip out of the 

atmosphere after losing some of its velocity and then reenter on the 

second, third, or some later pass. The extreme case is that of braking 

ellupses, where the vehicle just brushes the atmosphere at each perigee 

pass. It is slowed step-wise and finally captured after much of its velocity 
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Fig. 5-10. Typical reentry parameters for a space vehicle using atmospheric 

braking on approach to the Earth. 
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has been lost. Braking ellipses are useful in hyperbolic encounters when 

relative velocities are high. 

Powered Descent. Many of the astronautical targets of space probes do 

not boast atmospheres dense enough to brake high-velocity vehicles, yet 

they still have strong gravitational fields. The Earth’s Moon and Mercury 

are typical of such bodies. The only way to softly land a probe on such 

an object is through the use of retrorockets. Directed opposite to the 

velocity vector, retrorocket thrust eases the spacecraft to the target’s 

surface without damaging equipment. During soft landings, the vehicle 

may touch down at between 0 and 10 m/sec. Hard landings may range 

from 10 to 100 m/sec. Both hard and soft landings require retrorockets, 

because the approach velocities of an unimpeded spacecraft are usually 

measured in thousands of meters per second. 

Rendezvous. If a space vehicle is to examine an asteroid or comet, 

velocity matching will be necessary. The rendezvous maneuver is some- 

what simpler than planetary intercept, because the weaker gravitational 

fields of asteroids and comets will have much smaller effects upon the 

trajectory. 

In essence the rendezvous maneuver consists first of rough matching 

of both velocity and trajectory by a series of thrusts. Docking, the final 

phase of the maneuver, would be achieved by small impulses generated 

by the on-board propulsion system followed by a physical link, such as a 

30 

ine) (2) 

EARTH LAUNCH 
VELOCITY (KM/SEC) 

3 

OA 1.0 10.0 100 
DISTANCE FROM THE SUN (A.U.) 

MINIMUM-ENERGY FLIGHT TIMES: 

. MERCURY (0.29 YR) 1 

2. VENUS (0.41 YR) 6. SATURN (5,95 YRS) 

3. EARTH 7, URANUS (16.1 YRS) 

4. MARS (0.70 YR) 8. NEPTUNE (30.6 YRS) 

5. JUPITER (2.69 YRS) 9, PLUTO (46.7 YRS) 

Fig. 5-11. Velocity requirements for flyby probes within the solar system. Solar 
probes would be at extreme left, interstellar probes at the far right. Faster trips 
require more energy as shown by the steeply rising flight-time curves. Energy for 

launching from Earth’s surface is included. (Ref. 5-19) 
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cable, to ease the vehicle to the surface. Velocity matching would be ade- 
quate in many cases since unmanned space probes could easily withstand 
a residual impact velocity of several meters/sec. 

Other Space-Probe Missions. Many space probes are aimed at the 
planets in the solar system, but future plans call for flights to the 
comets, the asteroids, the Sun, or just into deep space. The space me- 
chanical problems are somewhat different for each case. 

To put a space probe into orbit around the Sun, the launch vehicle 
merely boosts the probe out of the potential-energy well of the Earth. 
The probe will swing around the Sun in an orbit similar to that of the 
Karth. If an orbit close to the Sun is desired, an extra impulse must be 
applied that either places the probe is a highly elliptical orbit with a 
perihelion near the Sun or carries the probe in toward the Sun to where 

another impulse will place it in a tight orbit around the Sun. The closer 

the solar probe is placed to the Sun, the larger the energy requirements 
(Fig. 5-11). The orbiting of a solar probe at 0.1 A. U. from the Sun is, in 

fact, one of the most difficult missions within the solar system. 

All of the probe missions mentioned so far have been confined to the 

plane of the ecliptic; but scientists are most interested in the space radia- 

tion levels and micrometeoroid fluxes well away from the ecliptic. To 

inject a probe into a plane that is tilted with respect to the ecliptic takes 

thrust; the greater the change in plane angle, the higher the impulse re- 

quirements (Fig. 5-7). Of course, the total energy of a probe circling 

the Sun in a plane inclined 90° to the ecliptic is equal to the energy of a 

probe in the plane of the ecliptic if the orbital radii are the same. Al- 

though there is no net change in probe energy, the probe propulsion sys- 

tem must first apply power to change the plane of rotation and second to 

bring the orbit radius back to its original value. 

40 

30 

20 

EARTH LAUNCH VELOCITY (KM/SEC) == el 
(0) To 20 30 40 50 60 70 80 930 

ORBIT ANGLE FROM ECLIPTIC (DEG) 

O 

Fig. 5-12. Velocity requirements for out-of-the-ecliptic probes. Probes are posi- 
tioned 1 A.U. from the Sun after plane change. (Ref. 5-19) 
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The comets and asteroids move in eccentric ellipses about the Sun. The 

space mechanical techniques for reaching them are the same as for the 

planets. Comets and asteroids are relatively easy to fly by, but matching 

their velocities for prolonged inspection demands a great deal from the 

propulsion system. The higher the eccentricity of the target’s orbit, the 

greater the energy requirements. A mission to any specific asteroid or 

comet is planned like a planetary mission. Maps of the propulsion require- 

ments have been prepared for some of these interesting celestial objects. 

(See Fig. 5-21, page 75.) 

The ultimate mission now conceived is intersteliar flight. The pro- 
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Fig. 5-13. Mass ratios for interstellar flights approaching the velocity of heht. 
Curves assume a many-staged nuclear rocket where the fuel is all converted into 

exhaust kinetic energy. (Ref. 5-37) 
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pulsive functions are simple: escape the Earth’s field and then that of the 
Sun. The factor of time enters the picture here, because a minimum- 
energy interstellar probe would just drift to the edge of the Sun’s field 
and then slowly fall into toward the target star. Such a low-velocity 
maneuver would take thousands of years in view of the immense distances 
that must be covered. All interstellar mission planners contemplate fly- 
ing the probe close to the velocity of light in order to cut down the travel 
time. A simple calculation shows that the energy needed to attain a 
velocity just one tenth that of light is several orders of magnitude greater 
than that for solar-system escape starting from the Earth’s orbit. En- 
ergy, then, is used mainly for accelerating the interstellar probe to near- 

optic velocities and then slowing it down as it nears its stellar destination. 
The top speed desired determines the energy requirement (Fig. 5-13). 

5-5. Flight Maps 

When the computer-calculated flight maps (Figs. 5-14 through 5-21) 

are examined, several points become apparent: 

1. There are launch windows of varying sizes for all planets and helio- 

centric objects. The windows are more pronounced for the closer planets, 

TABLE 5-3. MINIMUM-ENERGY ONE-WAY INTERPLANETARY FLYBY FLIGHTS* 

Launch Flight Kinetic Energy 
Planet Date Time (days) (joules/kg * 108) 

Venus 11-12-65 108 0.066 
6-11-67 142 0.032 
1-13-69 126 0.038 
8-19-70 116 0.042 

Mars 11-19-64 244 0.045 
1-5-67 202 0.046 
3-2-69 178 0.044 

5-24-71 210 0.039 
7-30-73 192 0.073 
9-15-75 206 0.093 

10-19-77 224 0.085 
Mercury 11-23-67 107 0.206 

4-4-68 92 0.416 
7-30-68 89 0.522 
11-12-68 103 0.224 

Jupiter 1-3-70 985 0.376 

* Adapted from Ref. 5-9. Only trajectories requiring less than half a revolution 

around the Sun have been included. Firing windows are approximately 19 and 26 

months apart for Venus and Mars respectively. The period of recurrence for minimum- 

energy conditions is approximately eight years for Venus and fifteen vears for Mars. 

The series of Venus launch windows listed above would begin to repeat after 1973, for 

example. 



N
a
 
UN L

U
 

be N
e
t
s
 
a
 ak h
l
 
i
 

c
s
 

zed 
AZ1oue 

uorjoalut 
o11,U90008 

[%10} 
oY} 

901M} 
st *Q 

‘aqord 
A
q
A
p
-
s
I
B
 
G
O
T
 

B 
10} 

C
e
u
 

opep-youne] 
pue 

IYSIY-Jo-eully, 
“F[-G 

“Sy 

3ivad 
H
O
N
N
V
?
 

696! 

anne 
AVN 

W
d
v
 

HOMVN 
Auvnyaas 

AdvWoNUr 
v 

Sz 
SI 

S 
cz 

SI 
S 

92 
91 

9 
oz 

vl 
> 

Sz 
cI x

 

; 
sepeer 

ities 
EEE 

EEE EEE EEE EEE EEE EEE 
REESE EESEEEE 

EEE 
EEE 

EEE 
EEE EEE EEE 

EEE EEE ECE HE EEE EE oe E
E
E
 

tH 
: 

ais 
a
o
e
 
a
t
k
 E 

E
E
 

| 
E
P
 

FH 
CI 

E
A
E
 

| 
E
E
E
 

1 
=EEEEEEH 

{
T
t
 
i
E
 

f
a
l
 
i
 
F
A
H
 

i
a
 

B
i
a
s
 

Hee 
T
S
 

+ 
H
H
 

H
f
 

f
a
 

F
 

i
E
 

T
e
 

A
o
 

i 
i
 
(
2
B
 

ofa 

co 
ra 

[ 
E
E
E
 

Bai 
Co 

EEE 
EPE 

LEE 
E
e
e
 

it 
‘
a
 

7
]
 

g 
| 

i 
| 

a 
I 

| 
TT 

f
e
y
)
 

1 
+
+
 

n 
ze 

t
 

e
a
l
 

o
a
 

_
|
 

: 
a
a
n
 

G
i
e
i
a
i
e
i
a
 
i
a
 
H
y
 
a
e
 

C 
E
e
e
 

cot 
HI 

r
o
o
 

ES 
3 

| 
a
 

t
I
 

1 
i 

T 
C
L
 
H
d
 

{
 

sirevesees 
H
t
 

oil 
ia 

BI 
i
 
|
 

P
A
E
 
F
E
E
 

a
e
 

+
+
 

0b! 
e
t
y
 

t
 

a
o
s
 

I 

E
E
E
 

= 
i 

e
l
 

= 
O
l
 

= 
t 

ais 
m
 

Sec 
auee! 

gS 
1
 

7
1
 

3 
- 

0
0
2
 -
 

a
n
n
e
 

a
 =e 

c
e
 

4
 

aa 
es] 

=
 

ig 
| 

I 
is) 

r
e
 

| 
o
e
 
2
 

| 
o 

092 

—
 

- 
062 

1 
| 

L
I
 

| 
im 

oze 

iH 
ose 

68 



Z| 

(e78P 
Tdf) 

‘01 
X 

2208/,u 
= 

spay) 
‘ssvuT 

run 
Jed 

AB10u9 
uorZdofUT 

9113099008 
[e40} 

oY} 
BDI} 

ST ®O 
‘aqoid 

AQAY-sIVJY 
TLE. 

& 
1OJ 

deur 
ojep-youney 

pue 
yysIy-jo-oully, 

“e[-¢ 
“Sy 

3
1
v
d
 

H
O
N
O
V
 

12
61
 

a
n
n
e
 

A
V
W
 

H
O
Y
V
N
 

8 
62

 
6l

 
6 

isnonv 

Zz 82 

eia
lai

ate
he 

P
E
E
R
 

Sfe
lal

el=
ist

ala
lst

ala
 

S
e
e
e
e
 

al
 

OP
 

[3
 

t 
C
e
C
e
 

F
E
C
A
 

C
o
P
 

P
C
E
 

E
E
E
 

EE 
P
o
 

H
H
 

SSS
 

S
S
S
 

EE
E 

st
al
e 

co
or
 

7 
i 

i
a
t
 

oe
 

nH
 

7 
a 

oo
! 

ra
na
ca
re
s 

S
e
t
 

P
H
S
 

EARS 
S5

00
55

55
50

55
 

00
00

58
0 

FE
EE

EE
EE

EE
PE

EE
PE

 
E
E
E
 

SE
RG
E 

ae
 

EE
RE

 
EE

E 
EE
RE
 

E
E
S
 

C
S
C
S
 

PER
E 

E
E
R
E
 

E
E
E
 

E
r
 

' 
S
E
R
R
E
 

E
R
S
 

S
C
E
 

RSE 
E
E
R
E
 

P
E
E
P
 

EH
 

02
 

|
 

E
a
 

PAR 
DI
E 

IC
IS

 
IE

 
BH

 
SSEEE 

EE
RE

 
BREE 

SRS
CEE

 
EE

 
EE

E 
EEE 

EEE 
EE
E 

E
E
 

EE
RE

 
EE

E 
EE
EE
EE
EE
EH
 

a
 

B
o
e
 

Se
is
ee
ie
ai
s 

i 
C
E
C
A
 

SET 
B
E
R
G
 

S
S
S
 

ose 
te
et
a 

ab
e 

lin)
 

alisha 
la

tt
e 

ba
l 

a 
P
E
A
C
E
 

a 
-
]
 

[e
le

s 
ne

 
B
H
e
a
T
T
e
o
m
 

L 
{ 

T 
: 

it
 

i 
o
H
 

i 
eis

tat
els

tal
a) 

Sis
Tet

Ie 
- 

EC
or

h 
R
E
C
C
C
E
R
S
C
O
C
E
S
S
C
C
E
S
E
E
E
 

Per 
E
e
e
 

E
E
R
E
 

a 

A 
EEE

 
ee

 
Ho
r 

Sa
nn

er
 

an 
E
E
E
 

PEP 
RS
EE
CE
LE
ES
RE
EH
E 

BR
EE
SE
 

SH
 

P
t
 

ov
 

BE
EE

EE
E 

E
E
E
 

zi
 

Eb
aa

 
ol
 

Bu
ea
 

| 
1 

x 
P
C
 

| 
BE
EE
EE
EE
 

S
C
P
E
 

o
s
e
 

o
e
 

inna SAS im CN : ogi 

v
o
 

c
H
 

' 
8
1
0
 

="
 

9 
He
 

EE
E 

P
E
E
 

E
O
 

4 
p
e
c
t
s
 

Ht
} 

08
! 

T 
T 
T 

| 
i 
T 
i 
1 

I 

| 

(SAvVG) LHOINS JO 3WIL 

SC
EE
EE
EE
 

H
O
S
 

: 
P
E
E
L
E
 

PE
HE

HH
 

HH
H 

00
2 

C
e
e
 

eti
hal

eta
 

at
ad
 

HH
 

Elc
hei

ota
hst

ete
 

S 

O22 Ove 

a
o
 

H
H
 

i
c
e
 

L
y
 

- 
a 

| 
4
-
4
-
4
 

f
a
y
 

b+
 

7
}
 

| 
a 

Bi
 

pen 
fa

l 
S
S
I
 

Fa 
| 

al
 

AG
GI

E)
 

Pa 
C 

-E
 

: 
a
p
o
e
e
e
s
 

F 
P
H
A
R
 

H-
EE
 

IF
 

L
A
 

I
G
E
N
)
 

Ct
y 

BE
SS

 
- 

09
2 

69 



(
G
E
D
 
T
d
i
)
 
s
U
L
 

XK 
g
e
e
s
e
 
=
 

otteyy] 
s
s
o
 
p
e
t
 

iad 
AB1eue 

uoroolut 
o114U90003 

[v}0} 
dy} 

a0IMy 
SI “Dy “aqord 

A
q
A
p
-
s
i
V
P
 

ELGT 
B 

JO} 
deur 

ayep-youney 
pue 

yYSIy-jo-sully, 
‘“O{-¢g 

“sly 

3ivd 
H
O
N
N
V
)
 

Y3a8W31d3as 
i
s
n
o
n
v
 

} 
o
a
 

anenm 
CRETE 

N
L
T
 
Op 

T 
T 

T
o
 

1 
n
o
 

e
e
e
 

S
T
E
 

e
e
e
 

O
O
!
 

002 

(SAVG) LH9IN4S JO SWIL 

O92 ose oo¢e 

70 



(G
18

P 
T
I
L
)
 

‘s
O 

X 
2
0
0
S
/
z
 

= 
S}

tU
Q 

‘s
sv

uU
N 

yt
UN
 

Je
d 

AB
10
u9
 

uo
ro

al
ut

 
o1

13
U9

00
03

 
[e

}0
} 

ay
} 

01
mg

 
st
 

>
 

‘a
qo
sd
 

A
q
A
y
-
s
t
e
Y
 

C7
26

1 
B 

10
J 

de
ur

 
oy

ep
-y

ou
nr

],
 

pu
v 

yY
yS
IB
-j
o-
ou
ny
, 

“y
I-
G 

“B
ty

 

3ivd 
H
O
N
N
V
1
 

Y
S
E
W
3
A
O
N
 

4
3
8
0
1
9
0
 

Y
3
S
W
3
1
d
3
a
S
 

i
s
n
o
n
v
 

6l 
i 

£ 
S2 

Zi 
6 

| 
be 

gl 
8 

fa 
a
 

aS 
|
|
 

mm 
H
-
4
4
]
3
 

SaS550 
S00 

SSeS 08058 
cc 

Ot Ut 
G
k
 a 

Hl 
| 

t
t
 

n
o
e
 

& 
[eage 

af 
i 

a 
+
t
 

4
-
4
 

a
f
 

{ 
z
o
n
 

+
 

EATS! 
ct 

f
a
 

I
J
 

S
a
n
a
 

ae 
i 

fe) 
| 

L
t
 

a
i
 

L
E
H
 

1 Ov! 

He 
SeaEPEBEOREGE 

IEEBEST 
a 

SESETCASEEETETTETETERESTeeaeriesaret 
HE 

ESSHOESSTASEETTETESSETERTE 
P
E
E
 

cae 
SSS 

0005R0555RR 
F 

e
S
 

; 
091 

Gh 
F
e
 nt
 

Gil 
C 

taal 
H
f
 
“
A
E
E
 

| 
is} 

P
S
 

amas 
w
a
l
a
 

sera nsaeaienataeeatl 
L
E
A
R
 

Le 
E
P
P
S
 

ee 
5 

NO i 
1 

el 
7] 

zi 
p
e
t
t
y
 

imal 
os! 

Tae 
ones 

o
e
)
 

ie 
| 

4
 

i
a
 

lel 
C
O
R
E
E
 

elelelalatate 
met 

i
 

Cor 
as 

| 
BB 

ODS 
coo 

| 
ai 

M
o
e
 

a 
oa 

E
E
R
E
 

EEE 
| 

{ 
satay 

\ 
mn 

il 

|
 002 O22 

i 
H
A
H
 

Hy 
4
 
P
e
n
n
e
 

a
a
a
 

:
 
H
C
E
 
co 

a 
a 

S
r
o
u
u
s
e
e
 

| 
is 

+ 
SE
Ee
re
: 

re
ye
s 

o
t
 

! 
HE
E 

H
E
H
 

H 
oz
¢e
 

(SAVG) LH9I14 JO SWIL 

(pl 



(o76YV acey SUL A Coes CM — PEM See ree 

Jed 

ABiaue 

uorjoolut 

o113U9000T 

[e}0} 

oY} 

ddIMy 

st 
®D 

‘oqord 

AqAY-sIvJ 

2/6 

& 
Joy 

Aew 

oyep-gouneyl 

pue 

yySpY-jo-ouny, 

‘gI-¢ 

“SIZ 

3
1
V
0
 
H
O
N
N
V
1
 

2
1
6
|
 

yag0190 
yuaaWw3aid3s 

cz 
S 

og 
Gz 

oz 
gl 

BSD 
e
a
 a 

ai 
1 

I 
T 

1] 
02! 

FECES 
| 

Spelelataletete 
[slatutalelabetatatsl 

a
a
 

ae 
Ovi 

SOMES 
a
m
o
 

[ 

PEEEEEEEEEEE 
R
S
E
 

200000 
ooo 

o
o
o
 

ogi 

SCHEER 
SSE 
C
E
E
S
 

8 
B
E
R
R
I
 

EARes 
aS 

aa 
@ 

fa 
: 

F
e
 

oe 
| 

B
l
 

|_| 
“
|
 

eal 
t 

. 
O
s
i
 

SESS 
SSRS5eEES 

= 
r 

< 
es 

a
 

e
s
s
a
 rte FD

 
S
O
 

a 
ay 

R
E
E
 
C
L
 

4
 

C
a
F
 

1
 
I
 

H
H
 

Be 
w
i
t
 

ffi i
 k
i
 

facia 
fale 

c
e
 

18 
=A 

E
E
E
 

are 
oo 

=
 

“EE 
SE 

E
C
 EEE EC 

m 

+
 

_
|
 

f
e
e
 

a 
2
 

a 
L
-
4
 
B
e
 

a 
al 

zl 
nm 

a
 

OZcuia 
T
T
 

i 
i 

| 
Q
 

| 
E 

i 
4 

=
 

E 
P
E
t
 

| 
= 

a 
= 

i 
A
 

- 
7 
—
 

i
 

a 
: 

L
T
 

9
 

iene 
1 

ove 
a 

e
e
c
t
 

“9229 
Eh 

x 
anuae 

ane 
e9691'0=£9 

+ 
if 

5 
T 

1 
i
a
 

lin 
i
 

i
t
 

i 

BEE 
EEE E

E
E
 E
E
E
 

gl1o=£9 
aan 

o
r
a
l
 

imal 
D
E
a
 

a
 
F
A
 

i 
f 

i 

1 
+ 

Dee 
1
4
1
0
9
2
 

acon 
be Leesa 

csond Ganeae 
Spec 

teeossessba(Ackmcaoracevaszscers 
: 

4
 

a
e
 

=. 
a
l
e
e
 

aifeatat] 
;
 - 

t
H
 

e
t
 

EE 

+
7
 

BCLESSEEEE 
EEE 

EERE 
SEECEEE 

E
E
E
 

Eee 
eet 2 O

=
8
 

Coir 
E
s
 

@
!
 

a
e
 

A
B
!
 

S
e
 

m
i
 

i 
S
e
 

_
|
 

n
N
 

r 
0
8
2
 

c
e
e
 

e
e
 

S
A
E
 

20-89 
THA 

iat 
Bleialstsb stata) 

ay 
os e

e
 a
y
 

a 
; 

BRE 
a 

me 
at 

4
}
 +
H
 

;
 
a
 

a
 

+
 

E
H
 

i
a
 

a
n
 

a 
{ 
O
e
 
0
=
£
.
 

a 
t
 

a
s
t
 

a
 

a
e
 s
i
 a3 

in 
if 

E
l
 

fetes 
qopeta} 

EEE 
E
E
E
 
Ht 

Pet 
00 

a
o
o
e
 

nal 
tie) 

B
i
l
 

i 
| 

a
 

co 
1 

a 
ql 

E
C
C
 

tt 
F
L
E
E
C
E
 

—
}
-
 
P
E
E
 

H
H
 

- 
+
H
 T
I
 

rH 
1 

oze 

72 



(2IVp 
T
d
)
 

‘sO1 
X 

7
0
0
8
/
4
 
= 

sytug 
‘sseu 

y
u
n
 
Jed 

AZ10us 
UOrzoalurI 

d11yU90008 
[BI01 

oY} 
9OIMy 

SI ®
 
‘aqord 

A
Q
A
Y
-
S
n
U
e
A
 

GOGBI-SO6T 
B 

10} 
deur 

oywp-Yyoune] 
pue 

JYSIY-Jo-eull], 
“G[-¢G 

“
S
y
 

3LVd 
HONNVT 

gg6) 

896! 

HOUVA 

Auwnug3s 

AYVANY? 

y¥38Ww3a9030 

Y3EWSAON 

91 

8 

82 

02 

A 

v 

kA 

61 

Wl 

€ 

92 

gl 

ol 

2% 

v2 

9! 

a 

C 

Ty] 

OL 

ed 

aH 

- 

aa 

HE 

Iz 
0-89) 

: 

E 

ry 

se 

tate 

BAH 

610=£9 

H 

| 

ei 
anon = Ht Ga a 

CI 

a 

EEE 

EEPPRN 

se 

EEE 

2V0=£2 

SIS 

SS 

II 

+H 

(safe 

tabetelela 

etal 
staat 

: 

ae 

001 

tye 

t 

s10=£9 

120289 

FAH 

2 

ie 

E 

mae 

CEES 

02220'0=£9 

| 

HHH 

6l0=£9 

“CHEN 

: 

cee 

: 

Sil 

Es 

EE 

au 

B 

Pee 

60'0=£9 

FE 
LV0=£9 

FLEE 

a 

H 

Z 

- 

os 

“HHH 

1'0=£9 

‘O=£ 

a 

fete 

i 

H 

= 

si'0=£9 

sua 

Ceeceaceaa 

| 

ol 

= 

eaee 

. 

SHINO 

=€9 

| 

m 

ero=£2 

iat 

[ 

O 

} 

Palstetet 

i 

1 

| 

— 

y 

‘Oxf 

{ 

F 

. 

+ 

B 

sa 

22S2l0=£9K 

: 

2 

see 

ey 

de 

ia 

. 

ioe 

a 

HH 

cesta. 

= 

rH 

: 

: 

: 

) 

= 

Ho 

& 

: 

— 

o 

H 

Gl 

: 

| 

i 

t 

| 

t 

By 

: 

H 

: 

gee 

isneuEEGEED 

HLH 

@lpero=£9 

: 

: 

+ 

=a 

i 

C 

lI 

HI 

f 

+H 

e10=£9 

H 

aa 

| 

TI 

iam 

is 

_ 

Poo 

HH 

PEELED 

if 

SCRE 

RE 

RS 

Ee 

= 

ian 

[ 

coo] 

a | r O06! 

is 

ae 

_ 

ime! 

FSC 

ES 

cath 

FECA 

or 

ie 

. 

oa 

= 

== 

b 

eH 

fale 

+H 

+} 

L] 

a 

t 

i 

auae 

rr 

- 

a 

rot 

— 

a4 

soz 

Ep 

sce 

sseeeees 

PE 

ae 

EEEEEEEEEH 

a 

t 

Hoo 

EEEEEEEEEEH 

EEEEEH 

a 

ane 

: 

oe 

1 

+ 

sane 

& 

= 

coms 

S 

a 

SESaSee 

73 



Je
d 

AS
i9
ua
 

uo
ro
al
ut
 

o1
yU
a0
00
8 

[8
10
} 

94
} 

99
 

2 

y
3
8
0
1
9
0
 

92 

8 

oi
 

a 
uk
 

S
a
l
 

Da
s 

Ga
 

OR
 

aa
 

i 
a 

aa
 

L
a
c
 

Li
 

a
a
 

IM
} 

st
“)
 

“a
qo
id
 

A
q
A
y
-
s
n
u
e
a
 

O2
6,
 

@ 
10
} 

d
e
w
 

ov
ep
-Y
OU
N]
 

PU
v 

JY
SI
Y-
Jo
-e
ul
y,
 

“O
Z-
¢ 

“F
y 

4
3
8
W
3
l
d
3
a
s
 

ol 

@ 

Si
va

 
H
O
N
A
V
?
 G2
 

Z|
 

6 

i
s
n
o
n
v
 

| 

be 

s
e
 

ool 

Sil 

o
£
 Sti 

09
1 

SLI O61 

ol
ey
4 

(SAVQ) LHOIN4 40 3WIL 

74 



INTERPLANETARY TRANSPORTATION AND SPACE MECHANICS 75 

400 

350 20 KM/SEC 

300 6 
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TIME OF FLIGHT (DAYS) 150 

11.5 
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50 | | ! ee a te, Sa al 
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LAUNCH DATE 

Fig. 5-21. Time-of-flight and launch-date map for a 1966-1967 probe to the 
comet Tempel. Contours are measured in terms of geocentric injection velocity. 

(Ref. 5-31) 

especially Mars. Windows must be used as long as propulsion capabilities 

are severely restricted. 

2. Velocity and energy requirements vary from launch window to 

launch window. Table 5-3 summarizes the more important windows that 

will be available over the next few decades. 

3. The contours of the maps are not simple, owing to the ellipticity and 

FROM COMMUNICATION 
SUBSYSTEM 

SUBSYSTEM 

POSITION ROCKET 
SENSORS ENGINE 

CONTROL 
UNIT 

JETS, 
ATTITUDE INERTIA 
SENSORS GUIDANCE-AND- WHEELS, 

CONTROL SUBSYSTEM ETC, 

AT TITUDE-CONT ROL 
SUBSYSTEM 

Fig. 5-22. Schematic showing the relationships between the attitude-control 
subsystem and other spacecraft subsystems. 
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three-dimensionality of the planetary orbits and the synodic effects, 

which tend to repeat themselves over long periods of time. 

4. The maps themselves are not complete estimates of the difficulty of 

interplanetary flight. Takeoff and landing energy increments must be 

added. 
Since the solar system never repeats itself exactly, the maps are only 

guides to estimate-making. Every mission must be preceded by detailed 

studies. 

5-6. Attitude Control 

A rigid spacecraft moving freely through space has at least six degrees 

of freedom. The three position variables and the methods of manipulating 

them were discussed in the preceding sections. The remaining three de- 

grees of freedom concern the attitude or orientation of the vehicle in 

space with respect to some selected reference frame. 

Most space vehicles control at least one of these degrees of freedom. 

The picture is complicated in the more advanced space probes, which are 

often jointed or hinged, a fact which adds degrees of freedom. For ex- 

ample, the highly directional communication antenna of a planetary probe 

must point at the Earth during transmission and reception. At the same 

time the scientific instrumentation and solar-cell array may have to point 

in other directions. The spacecraft must be jointed to accomplish these 

pointing feats simultaneously. Each joint adds one more degree of freedom 

that must be controlled. Joints also cause the principal moments of 

inertia of the vehicle to vary with time; this further complicates the 

situation. 

The complete attitude-control subsystem consists of: 

1. Spacecraft sensors (star trackers, gyros, etc.) that inform the 

guidance-and-control subsystem of the craft’s orientation with respect to 

some set of reference axes. 

2. A small computer and control system for translating sensor-de- 

rived information and positioning commands into signals that actuate the 

inertia wheels or other devices used to change the spacecraft attitude. 

3. Inertia wheels, attitude-control jets, magnetic bars, and other at- 

titude-control devices that act upon commands coming from the control 

unit. 

The purpose of this part of the book is the presentation of the general 

physical concepts that apply to the attitude control of spacecraft. The 

actual hardware necessary to perform the function is described later. 

The attitude control of Earth satellites and space probes differs in 

several ways. First, much satellite instrumentation is Earth-directed and 

must be continuously reoriented as the satellite moves around the planet. 

Second, disturbing torques are larger in the neighborhood of the Earth. 
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Disturbances include atmospheric drag, gravity gradients, and magnetic 

fields. In contrast, the probe is affected mainly by changes in its internal 

angular momentum, solar radiation pressure, and meteoroid hits. Lastly, 

the Earth satellite can be designed to make use of the Earth’s fields and 

atmosphere in stabilizing its own attitude. The space probe has little re- 

course but to provide internal torque generators, with perhaps a modicum 

of help from solar pressure. 

Coordinate Systems. The reference axes in space may be fixed in the 

framework of the fixed stars. They might be geocentric, planetocentric, 

heliocentric, or another of the many available possibilities (Ref. 5-34). 

In establishing its attitude, the 

space probe usually locks one atti- 

tude-control sensor and one space- 

craft axis on the Sun. This is 

convenient for keeping the solar- 

cell panels pointed at the Sun. 

Earth lock is employed by inter- 

planetary spacecraft to provide sig- 

nals for aiming the parabolic 

antennas used in communication. 

EXTERNAL INERTIAL 
REFERENCE FRAME 

EXTERNAL REFERENCE 
FRAME WITH WHICH 
VEHICLE ATTITUDE 
IS COMPARED 

Even with two degrees of freedom 

thus fixed, others remain unspecified 
3 ff, 4 5 VEHICLE REFERENCE 

with a jointed structure. During FRAME ALIGNED WITH 
2 PRINCIPAL MOMENTS 

most of an interplanetary voyage, OF INERTIA 

however, it may be possible to let Fig. 5-23. Reference systems for at- 
the other degrees of freedom drift  titude control Q is the angular velocity 

until the target is approached. In _ of the X,Y,Z axes relative to the ,y,z, 
the case of Mariner 2. Venus lock #8: @ is the angular velocity of the 

: : au . v,y,z, axes relative to inertial space. 
was attained just prior to scanning , 

the planet with radiometers. 

Equations of Motion. In the simplest meaningful case, there will be a 

set of axes X, Y, Z, which also coincide with the principal moments of 

inertia of the vehicle, Ix, Jy, Iz, which are assumed constant in time for 

this example. The x, y, 2 are a set of external reference axes to which 

X, Y, Z are compared. When the spacecraft is properly aligned, the two 

sets of axes are coincident (Fig. 5-23). The angles wz, wy, wz, indicate roll, 

pitch, and yaw respectively in the figure. 

If Q is the angular velocity of the vehicle relative to the external ref- 

erence frame, and w is the angular velocity of the reference frame with 

respect to inertial space, the angular momentum of the vehicle, H is: 

Hie Ost oes @, u,)e,-+ 1,0, +a,)e, (5-14) 

where the e’s are unit vectors. 
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The fundamental! equation of attitude control is written by simply equat- 

ing the external torque, L, to the rate of change of angular momentum: 

H+wXxXH=L (5-15) 

The mathematical formulation of attitude dynamics has been carried 

much further by Roberson (Ref. 5-34) and others. Complicating factors 

are introduced by the changing moments of inertia arising from jointed 

structures, the loss of propellant, and the ejection of instrument capsules 

from the vehicle. 

The external torques that are applied to space probes, say from solar 

pressure, are slight, and practical considerations concentrate upon the 

gross motions that occur when the spacecraft must acquire the Earth, Sun 

and target objects. Another difficulty that is sometimes encountered on 

the vehicle concerns the calculational load on the spacecraft computer. 

In handling the attitude-command and sensor signals, large matrices of 

trigonometric terms must be processed when analyzing the different axes 
and reference frames. 



Chapter 6 

SPACE COMMUNICATIONS 

AND DATA HANDLING 

6-1. Prologue 

Space probes are fundamentally information gatherers. As extrapola- 

tions of man’s senses, probes transmit data back to man across millions 

of kilometers of empty space. The most obvious communication link 

across this near vacuum employs electromagnetic waves—radio. Eventu- 

ally, probes will return actual samples of the environment through which 

they fly, as well as geological and biological specimens from the planets 

they explore. Until that day, electromagnetic waves are the only com- 

munication threads linking the distant sensors with Earth-bound man. 

First, distinguish between space-probe and Earth-satellite communica- 

tions. There is immediately a distance ratio of about 100,000: 1. As a 

further distinction, space probes are almost always within the line of 

sight of one of the Earth-based DSIF* stations, while the horizon quickly 

cuts off radio contact between a fast-moving Earth satellite and any 

single ground station. As a result, satellites frequently store data for 

later transmission to Earth in a burst when they are over a ground sta- 

tion. Space probes, in contrast, often transmit scientific and engineering 

data** continuously. Another shadowing effect occurs when solar-cell 

power supplies are cut off from sunlight when the satellite swings behind 

the Earth. Space probes are in the Sun all the time, except when they pass 

behind a planet or land under an opaque atmosphere. This greater 

availability of energy is fortunate for the space probes because their 

* DSIF—Deep Space Instrumentation Facility, a NASA-JPL facility forming the 

basis for all U.S. space-probe communication. eer 

** Engineering data comes from sensors monitoring the status of the spacecraft. 

Examples: temperature of the electronics equipment, solar cell current. 

79 
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power supplies are harder to design than those of satellites due to more 

stringent weight restrictions. 

Communication is a two-way affair, even for space probes. In addition 

to transmitting engineering and scientific data back to Earth, the com- 

munication subsystem must also carry commands from the mission 

director to the spacecraft. A third demand is imposed on the communica- 

tion link: it must be compatible with the tracking and guidance sub- 

system (Fig. 6-1). The use of a spacecraft radio transponder—an elec- 

COMMUN- 
ICATION 

SUBSYSTEM 

WS; pre El EAT ig 
pearyac™® CrRG TRC 

my AG ~. 

SCIENTIFIC 
INSTRUMENT 
SUBSYSTEM 

POWER 
SUPPLY 

SUBSYSTEM 

ENGINEERING 
INSTRUMENT 
SUBSYSTEM 

ON-BOARD 
PROPULSION 
SUBSYSTEM 

NOILVWYOSNI 

ATTITUDE 
CONTROL 

SUBSYSTEM 

STRUCTURAL 
SUBSYSTEM 

ENVIRON- 
MENTAL 
CONTROL 

SUBSYSTEM 

COMPUTER 
SUBSYSTEM 

GUIDANCE 
AND 

CONTROL 
SUBSYSTEM 

Fig. 6-1. Interface diagram showing the more important relationships between 
the communication subsystem and the rest of the subsystems. 

tronic device that automatically responds to Earth interrogation for 

tracking purposes—illustrates the interweaving of space-probe subsys- 

tems. Also, the choice of an automatic phase-control communication sub- 

system for the Jet Propulsion Laboratory (JPL) space probes stemmed 

from tracking requirements, further binding these two subsystems. 

From the preceding observations, the communication subsystem man- 
ifestly has very strong system ties; that is, the interfaces are complex and 
sensitive (Fig. 6-1). The more difficult areas will be discussed later in 
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this chapter, particularly in Sec. 6-5, where the communication-sub- 
system constraints are analyzed. 

Data processing deserves more attention than it enjoys. It is critical 
in conveying intelligence from distant sensors to the human brain. Data 

processing 1s sometimes viewed with suspicion by scientists because it 

introduces additional machinery between the experimenter and his ap- 

paratus. Without mechanized data processing, however, the tremendous 

deluge of data from space vehicles could overwhelm scientists. The com- 

plete communication subsystem encompasses data selectors, which ulti- 

mately must have some degree of adaptability and judgment, the data 

storage equipment, and the data-formating devices that present the 

REAL-TIME 
COMMANDS 

DATA 
STORAGE 

COMMAND 
DECODER 

DELAYED 
COMMANDS 

RECEIVER 

RANGING | [-L_____ 
ENCODER 

RECEIVER STORAGE 

DATA 
HANDLING 
(SPACE 
SCIENCE) 

TELEMETRY 
ENCODER 

TELEMETRY 
ENCODER 

DATA 
SELECTOR 

DATA TELEMETERING 
(SPACE SCIENCE) DATA 

DETACHED (ENGINEERING) 
SPACECRAFT CAPSULE 

DSIF STATION 

COMMAND 
ENCODER 

RANGING 
CODER 

TELEMETRY} [| 2 © f= === 
DATA 

DECODER 

TELEMETRY 
DATA 

STORAGE RECEIVER 

DOPPLER 
ee VELOCITY & RANGING 

READOUT READOUT DOPPLER CYCLE 
READOUT 

ne ANTENNA POINTING ANGLE 

SPACE FLIGHT ATA 
COMMAND DECISION OPERATIONS TRAJECTORY D 

ENGINEERING TELEMETRY DATA 

SPACE-SCIENCE TELEMETRY DATA 
FACILITY (SFOF) 

Fig. 6-2. Simplified block diagram of a typical space-probe communication sub- 
system, including ground-based equipment. (JPL drawing) 
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experimenter and mission director with information in easily digested 

forms. The block diagrams in Fig. 6-2 show typical data-processing equip- 

ment and in addition the real extent of a complete probe communication 

subsystem. Most of the equipment shown is actually located on the 

ground, not in the spacecraft. 

With such a complex subsystem, engineering tradeoffs are difficult to 

discern. The all-important range equation, Eq. (6-8), for example, in- 

volves six controllable variables and still does not deal with such perti- 

nent factors as cost and reliability. No amount of manipulation of the 

basic range equation alone will yield a good communication subsystem. 

By way of illustration, if more weight were allotted to the power sup- 

ply, the result would be a more powerful radio transmitter and a higher 

rate of information transfer. But with a fixed payload, experiments would 

have to be sacrificed to provide this additional power. The over-all sci- 

entific value of the probe might actually be reduced by this kind of 

tradeoff. Or perhaps money might be better spent in building larger 

terrestrial antennas rather than in developing a bigger spacecraft trans- 

mitter. In the end, the many interlocking parameters must be expressed 

in terms of a single payoff function, a figure of merit, which evaluates 

the mission as a whole. 

In attempting to solve these complex, interlocked problems, various 

groups of engineers have come up with different kinds of space-probe 

communication systems; some good, some less so. A typical high-per- 

formance space communication subsystem is that used for the JPL 

Mariner probes. Much of the experience going into the final subsystem 

design was derived from the successful Pioneer lunar-probe program 

(Ref. 6-9). Figure 6-2 shows the major features of the basic JPL com- 

munication subsystem. Further description is embodied in the initials 

PCM/PSK/PM, short for Pulse-Code Modulation, Phase-Shift Keying, 

Phase Modulation. Though the letters apply ostensibly only to the method 

of modulation, they also contain the essential germ of the communica- 

tion-subsystem design philosophy. PCM (pulse-code modulation) indi- 

cates a digital system rather than one that transmits continuously vary- 

ing data. PSK (phase-shift-keying) is one of several techniques for 
impressing a one or a zero in binary language on a radio carrier or sub- 
carrier. PSK was selected because it is compatible with the phase-lock 
receivers, in which the phase of the carrier signal is “locked onto,” ena- 
bling precise Doppler tracking of the probe. 

The success of the PCM/PSK/PM phase-lock approach is evident in 
the excellent performance of Mariner 2, which transmitted 8.33 bits of 
data per second from a distance of 60,000,000 km with a radiated power 
of only three watts. In another several years, the state of the art will 
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allow satisfactory communications with a probe at the edge of the solar 
system. The most important problems are no longer those of conquering 
distance, but rather of insuring equipment reliability for years at a time, 
increasing the rate of data transmission, and handling intelligently the 
huge masses of data that converge on the Earth from successful space 
vehicles. 

6-2. Information and Languages 

The basic commodity of communication is information. To evaluate 

the performance of a communication subsystem, information must be 

quantified and made measurable. The unit of currency is the bit: a one 

or a zero, a yes or a no, a pulse or a lack of a pulse, or, in the case of the 

JPL probes using phase-shift keying, a phase difference of 0° or 180° 

with respect to some reference point. Two bits provide four possibilities: 

00, 01, 10, and 11. These four binary numbers are the equivalents of 0, 

1, 2, and 3 in the decimal system. The binary system of numbers based 

on the bit is convenient to mechanize in terms of lights, pulses, and many 

other two-valued electromechanical devices. The whole digital computer 

industry is based upon the binary system. 

Information is much like heat energy in the sense that it cannot be 

transferred from one place to another without being degraded to some 

extent. In fact, the laws of information theory have some of the trap- 

pings of thermodynamics. Information possesses entropy, for example. 

An important equation relates the rate of information transfer, H, meas- 

ured in bits/sec, to the bandwidth of the communication channel, B, 

measured in cycles/sec. Nature introduces noise into all communication 

equipment, making the reception and interpretation of transmitted in- 

formation more difficult. The relationship between H and B, taking noise 

into account is: 

H = Blog: (1 + S/N) (6-1) 
where: 

S/N = the signal-to-noise power ratio. 

The larger the signal-to-noise ratio, the more information one can send 

over a given channel. S/N = 1 for threshold reception, but in practice 

S/N = 10 is needed for fair readability. 
A word of data is made up of several bits. In the Mariner-2 experi- 

ments, the basic data words were seven and eight bits long, depending 

upon whether scientific or engineering instruments were being read. Ex- 

perimental parameters could thus take on 128 and 256 quantized levels. 

This range of possible values was more than adequate for the dynamic 

ranges of most of the Mariner-2 experiments. Data words for scientific 
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measurements were also organized into a format consisting of 168 bits 

made up from 21 eight-bit words. Every other word of data was only 

seven bits long, accounting for the two different word lengths. The eighth 

bit on each second word was a parity bit (Fig. 6-3). The parity bit 

iets] 20: is | momOmOnne Boke a 

| 
SE Gah 

BEGINNING OF END OF END OF Be" 
FIRST WORD FIRST WORD SECOND WORD 

END OF 
PARITY BIT 

Fig. 6-3. Two-word sequence of scientific data from Mariner 2. The eight-bit 
word 11010000 is followed by the seven-bit word 1110100 and the parity bit, 
which must be 1 in this case. The pulses indicated in the diagram actually 
represent changes in phase rather than changes in amplitude. Engineering (space- 

craft-status) data were encoded in seven-bit words on Mariner 2. 

enables those analyzing the data to determine whether a bit was some- 

how lost in the transmission process. The parity bit is a one if an odd 

number of ones precede it; otherwise it is a zero. The value of the parity 

bit can be calculated aboard the spacecraft and then checked during data 

reduction on the ground. Parity bits are commonly used in digital com- 

putations. Of course, if an even number of bits are somehow lost, the 

parity bit will not reveal this fact, but this event is less likely than the 

loss of a single bit. 

In a sense, the addition of the parity bit to a word is a simple form 

of redundancy, since the parity bit would be superfluous if data trans- 

mission were perfect. Redundancy occurs whenever data is repeated or 

its information content is wholly or partially reiterated. Spoken languages 

are always partially redundant, because missing words in a passage can 

frequently be reconstructed from the context. Like a missing word, the 

parity bit indicates that an error has been made in transmission. 

Data points can always be repeated to help insure correct reception. 
This is a more extreme, but still not foolproof, form of redundancy. No 
finite amount of redundancy will ever guarantee perfect transmission of 
information. In practice, fortunately, spacecraft sensor readings are 
radioed back to Earth so frequently that badly distorted words are 
usually easy to spot—a technique equivalent to correcting a message by 
context. 

Because so much data from space experiments represent physical param- 
eters that change little with the passage of time, those who analyze 
data are often faced with miles of magnetic tape and reams of printed 
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data points that vary slowly or not at all. Many have thought to ease the 
burdens on the communication subsystem and the data processors by 
either automatically selecting the data to be sent or compressing it (Table 
6-1). 

In automatic data selection, physical measurements might be sent at 
a rate depending upon how fast they vary. If, for example, magnetic- 
field sensors indicated a sudden change, the spacecraft circuits would 

recognize the altered situation and send data points more frequently. 

Less but more important information is sent with data selection. In the 

case of data compression, the same amount of information is sent but in 

a more compact form; that is, fewer bits. Take a string of fifty constant 

eight-bit data points. The number 50 and the value of the constant data 

point could be sent in just two eight-bit words, leaving 48 words avail- 

able for other uses. Many organizations are working on concepts such as 

these to try to reduce the tremendous masses of data that flow to the 

Harth each day from space experiments without compromising the sci- 

entific content of the data. 

TABLE 6-1. TYPICAL INFORMATION RATES* 

Straight With 
Type of Message Transmission Compression 

Color TV (commercial) 7 X 107 bits/sec 10° bits/sec 
Black and white TV (commercial) 4x 107 10° to 108 

Speech aS Ie 10? 
Facsimile 2A a2 102 
Coded English text (20 words/min) 10 2 

* Adapted from Ref. 6-12. 

Another possibility is the use of a matched receiver, where the trans- 

mission of a single code word signifies a whole message, much like the 

low-cost Happy Birthday telegrams. 

The information received from space probes is restricted by the limited 

power available for communication and the immense transmission dis- 

tances. Such factors tend to lower H, the bit rate. Of course, even one 

bit/sec from the surface of Mars for a few days could completely revolu- 

tionize our concept of the planet. 

6-3. Information Carriers in Outer Space 

There are two ways to transmit information across interplanetary 

space: 

1. Impress signals upon (modulate) action-at-a-distance fields. Ex- 

amples: radio and optical communication. 
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2. Impress information upon physical particles and hurl them across 

space. Examples: recoverable data capsules, communication by 

beams of atomic particles. 

Although radio methods are now used very successfully for inter- 

planetary communication, the search for better techniques continues. 

There are good, practical reasons for keeping an open mind. New tech- 

nological developments might increase our ability to communicate many- 

fold, but perhaps most important is the ever-increasing pressure from 

commerce and government that forces science to higher radio frequencies 

and smaller portions of the usable electromagnetic spectrum. There is 

also an attendant increase in artificial interference in the spectrum. For- 

tunately, methods of generating, transmitting, and detecting extremely 

high frequency electromagnetic waves are developing rapidly. A late and 

startling example of this trend is the laser. 

There is a broad frequency range, 400 to 10,000 Me, in which inter- 

planetary radio communication is fairly easy. The invention of the laser 

has suddenly shifted much advanced development effort by orders of 

magnitude in frequency to the optical region (10** eyeles/sec). The high 

directivity of the laser beam, the coherence of its radiation, and its power 

transmission capabilities make it a possible replacement for conventional 

radio communication in interplanetary exploration (Ref. 6-1). Further- 

more, the high frequency of the laser would easily permit many wide 

bandwidth channels without crowding. At present, short-range laser com- 

munication systems have been demonstrated terrestrially on an experi- 

mental basis, but many advances in modulation, detection, and aiming 

must be made before they can be applied to space-probe communications. 

Atmospheric absorption of laser radiation is also a problem. 

Even higher in the frequency spectrum are X-rays and gamma rays. 

In fact, the elementary atomic particles may also be considered to be 

high-frequency wave packets if the philosophy of waves mechanies is 

applied. For particles, the pertinent relationship is: 

f =cp/h (6-2 

I where: c = the velocity of light (m/sec) 

p = the momentum of the particle (kg-m/sec) 

h = Planck’s constant (6.62 X 10—* joule-sec). 

Most investigators have agreed that these energetic photons and particles, 

though high in information-carrying ability, would be quickly scattered 

by interplanetary matter and magnetic fields. Absorption in the Earth's 

atmosphere would also be prohibitive. 
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6-4. Carrier Modulation 

Once an information carrier has been selected—in all probability a 
high frequency electromagnetic wave—a method for impressing infor- 
mation upon it must be found. Primitive telegraphy had a simple ap- 
proach: turn the carrier on and off. This was a special case of amplitude 
modulation. Obviously, the amplitude of a carrier could be varied in a 
more complex manner, such as is shown in Fig. 6-4. Besides the property 
of amplitude, a sine-wave carrier also has a frequency and a phase, both 
of which can be varied in response to modulating information. 

AMPLITUDE-MODULATED SIGNAL, SINGLE-SIDEBAND 

FREQUENCY-MODULATED SIGNAL 

“oo 
PULSE-AMPLITUDE MODULATION (PAM) 

JIL 
PULSE-WIDTH MODULATION (PWM) 

POSITION REFERENCE 

Loo 
PULSE-POSITION MODULATION (PPM) 

Fig. 6-4. Different kinds of carrier modulation. Each pulse in the last three 
examples consists of a short train of carrier sine waves. See Fig. 6-5 for pulse-code 

modulation (PCM). 
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In searching for better ways to extract information from weak signals 

in the presence of noise, the trend has been toward pulse-type modula- 

tion. Here some property of the carrier is either on or off, in phase or out, 

or some other two-valued characteristic is switched. The reduction in the 

number of levels of modulation to two makes detection simpler and more 

certain. Digital modulation is also amenable to internal verification using 

the parity bit. Finally, it is more easily manipulated by today’s com- 

puting machines. The different kinds of pulse modulation are shown in 

Fig. 6-4. The most important type for space-probe data transmission is 

Pulse Code Modulation (PCM) (Fig. 6-5). 

PAM MODULATION CONTINUOUS MODULATING 
SIGNAL 

S) 

ARBITRARY SCALE 

eres nm 
ow 

FOUR-BIT PCM MODULATION 

Fig. 6-5. Comparison of PAM and PCM modulation. The PCM pulses are based 
on a four-bit word. The decimal equivalent in indicated above the word. The full 

16-level range of the four-bit words is used here. 

With such a variety of modulation techniques, how is a choice finally 

made for space-probe systems? The correctness of the choice is all the 

more important when the economic implications are recognized. Although 

there is always some degree of interchangeability and some technological 

overlap between different modulation schemes, once a choice has been 

made and millions of dollars spent in building up equipment and facili- 

ties, there is little turning back. Many United States space probes use the 

PCM/PSK/PM system of modulation developed at JPL. Inherent in this 

approach is the phase-control feature, an automatic feedback electronic 

technique that locks the receiver onto the incoming signal. Why was the 

phase-lock PCM/PSK/PM system of modulation chosen? 

1. PCM/PSK systems have very low bit error probabilities in the 

presence of noise (Fig. 6-6). 

2. PCM systems are compatible with standard digital data processing 

equipment. 
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10! 

NON-COHERENT FSK 
(RANGER) 

NON-COHERENT 
KEYED AM 

CODED PSK 
(DIGILOCK) 

4 UNCODED PSK 
I (MARINER R) 

THEORETICAL BIT-ERROR PROBABILITY 

10 LOG Ble *H 

Fig. 6-6. Bit-error rates for various types of coding. The superiority of PSK 
is evident. On the abscissa: P,= received power, e? = Gaussian-noise spectral 

density, and H = information rate. 

3. A phase-lock system is desirable for proper tracking of the space- 

craft. Tracking depends upon the precise measurement of the Dop- 

pler frequency changes in the spacecraft signals due to vehicle 

motion and Earth rotation. 

4. The translation into spacecraft equipment is relatively simple. 

The phase-lock feature of the JPL system is achieved by a feedback 

circuit of the type shown schematically in Fig. 6-7. The two voltage in- 

puts to the frequency multiplier are the input signal, e; = (2 A sin 

(wot + 6;) and the initially arbitrary output of the voltage-controlled 

oscillator (VCO), ¢@ = V 2K cos (wot + 62). The output of the multiplier is: 

Ca = CoCi = AK [sin (0; as 62) + sin (Qwot + 0; = 62) | (6-3) 
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6 =V2A sin (wot - 8) LOW-PASS Gea sin (8,-8,) 

FILTER MULTIPLIER 

VOLTAGE - 
CONTROLLED 
OSCILLATOR e, =V2Kk cos (wot + 85) 

Fig. 6-7. Automatic phase-control loop. The voltage-controlled oscillator varies 
its frequency until 6, — 4 = 0. 

where: A, K = amplitudes 

w = 27 times the frequency 

61, 6 = the phases relative to some reference point. 

A low-pass filter following the multiplier discards the high frequency 

component in Eq. (6-3). The frequency of the oscillator is then controlled 

by the phase difference term. The VCO will track the incoming signal and 

vary its own frequency until it has locked on and (6; -- 62) =0 (Ref. 

6-25). 

One other aspect of carrier signal modulation is multiplexing. All 

scientific and engineering instruments cannot be monitored simultaneously 

on today’s complex probes and satellites. The bandwidth and power re- 

quirements would be too high. Instead, each sensor is sampled periodically 

by a commutating or multiplexing device such as that shown in Fig. 6-8. 

SENSOR 
1 

SENSOR 
2 

SENSOR 
3 

SENSOR 
4 

PROGRAMMER 

SENSOR 

: a 
CONTROLLER 

Fig. 6-8. Typical scientific data automation system (Mariner-2 DAS). Engineer- 
ing data could be handled in the same fashion. 
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Since most parameters being measured change very slowly, samples may 
be taken every few seconds or even minutes apart without compromising 
the experiment. The multiplexer may intermix the engineering and sci- 
entific data in various proportions, depending upon what is needed most 
for the success of the mission at any particular time. Each complete revo- 
lution of the commutator or scan of data is called a frame. When the 
frames are received at the Earth, they must be decommutated, in a proc- 
ess which is the reverse of that occurring on the spacecraft. 

In summary, the high frequency radio signals directed toward the earth 
from a JPL space probe are modulated by a train of phase shifted 
signals, each shift or lack of it representing a data bit. The bits are or- 
ganized into words, and the words into frames. Decommutation and de- 
tection take place on Earth to reveal the output of the scientific sensors 
and the engineering status of the spacecraft. 

6-5. Communication System Design 

Many, but not all, parameters affecting the design of a space com- 

munication system are related by a single equation. The reasoning lead- 

ing to this simple equation follows. 

The signal power density available at a distance R from a directional 

spacecraft antenna is: 

S = GP ./4ak? (6-4) 

where: S = power density (watts/m?) 

P, = power radiated by transmitter (watts) 

G,; = transmitter antenna gain, a dimensionless parameter reflect- 

ing the focusing capability of the antenna relative to an 

isotropic antenna 

R = distance or range of transmitter (m). 

The power intercepted by the receiving antenna is: 

r= SA, = G,P,A,/4rkh? (6-5) 

where: A, = the effective area of the receiving antenna (m?). 

A, is related to other antenna parameters by: 

Ap = VG, 4 (6-6) 

where: \ = the wavelength (m) 

G, = the gain of the receiving antenna. 

Substituting Eq. (6-5) into Eq. (6-4): 

P, = GP 2G,/ Galt): (6-7) 

The noise power interfering with the reception of the desired signal is 
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derived from the random thermal energy emitted by all objects within 

the lobes of the receiving antenna and components of the receiver. Noise 

power depends upon the temperature of the radiating body. For the pur- 

poses of this discussion, the noise power from such sources may be 

written as: 

aah 

where: P, = noise power (watts) 

k = the Boltzmann constant (1.38 X 10-8 joules/°K). 

T = the effective noise temperature of the source (°K)* 

More will be said about noise sources later. Meanwhile, if threshold 

reception is defined by P,/P, = 1, a range equation may be derived 

from Eqs. (6-6 and 6-7): 

GG 
ie Pe eucerel| 

(6-8) 

where: 7',;; = the total receiver system noise temperature from all sources. 

In space communication, the practical range is about one third that indi- 

cated in Eq. (6-8). Present state of the art limits R to about 5 x 10° km 

(Ref. 6-17). 
Constraints and Tradeoffs. In attempting to minimize the denominator 

and maximize the numerator in the range equation, the fundamental 

problems in communication-subsystem design stand out vividly. 

Radio noise is perhaps the most ubiquitous, unirradicable source of 

communication-subsystem degradation. Noise is generated by random 

thermal motion within the electronic equipment itself, in the surrounding 

environment by lightning and the warm Earth itself, and in the skies by 

the stars, the Sun, and the planets. The avoidance of external noise and 

and the reduction of internal noise strongly influence over-all subsystem 

design. 

External noise sources begin with the Earth, which radiates noise like 

a black body at between 200 and 300°K. If the lobe of the receiving 

antenna intercepts any part of the Earth, the random noise received will 

overwhelm any signals from the spacecraft. To prevent this occurrence, 

highly directional antennas must be used. The lobes must be pointed 

sharply forward, as they are in parabolic and horn antennas. Such direc- 

tional antennas also have high gains (high G,) and improve the trans- 

mission link in this way. They are, however, bulky and must be pointed 

with high accuracy (Fig. 6-15). 

Man-made terrestrial noises, arising from automobile ignition systems 

and power-transmission lines, force system designers to build their an- 

* In the case of a black body, this is the true surface temperature of the body. 
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tennas in remote localities. The Deep Space Instrumentation Facility 
(DSIF) parabolic dishes (actually paraboloids of revolution) are em- 
placed in remote, radio-quiet spots 

near Goldstone, California; Woo- 

mera, Australia; and Johannesburg, 
South Africa. 

Some astronomical objects gener- 

ate large quantities of radio noise. 

The Sun is a very localized source, 

radiating prodigious amounts of 

random noise (Fig. 6-9). Other 

stars are also strong sources, but 

they are less important because of 

their great distances. As long as 

astronomical sources are localized, 

like the Sun, the antennas and even 

the spacecraft trajectories can be 

80 

40 

DECLINATION (DEG) 

fe} 

-40 

RIGHT ASCENSION (HR) 

Fig. 6-9. Sky-temperature map at 960 
Me taken with a 26-meter antenna. 
Noise sources are concentrated along 

the Milky Way. 

programmed to avoid them. The Milky Way, however, contains most of 

the radio stars in our galaxy and lies in the plane of the ecliptic, just like 

1000 

TEMPERATURE (°K) 

O41 0.4 1.0 4 10 40 

FREQUENCY (KILOMEGACYCLES) 

Fig. 6-10. Temperature due to cosmic 

noise and atmospheric absorption for 
various elevation angles of the antenna. 

the trajectories of most space 

probes. Cosmic noise from these 

stellar sources is unavoidable and 

affects the choice of frequency. 

Figure 6-10 indicates that cosmic 

noise drops off sharply with fre- 

quency, a fact that pushes space 

communication frequencies towards 

1000 Me and above.* 

The effects of atmospheric atten- 

uation can be accounted for in 

terms of effective temperatures, just 

like noise sources. Radio waves 

arriving from outer space are par- 

tially absorbed in the Harth’s at- 

mosphere primarily by water vapor 

and oxygen. The degree of attenua- 

tion is a function of the antenna’s elevation angle—or equivalently the 

amount of atmosphere the signal must penetrate. The attenuation is 

expressed in terms of equivalent temperature in Fig. 6-10. A sharp rise in 

equivalent temperature around 40,000 Mc indicates that the opaque edge 

*The DSIF, which has operated at 890 and 900 Mc has shifted to 2100 and 
2300 Me. 
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of one of the radio windows in the atmosphere is being approached (Fig. 

2-1, page 8). 

Internal receiver noise comes from the random motion of electrons in 

the circuitry. Major advances have been made in the anti-noise program 

by replacing hot, noisy vacuum tubes with parametric amplifiers and 

masers. The maser operating at cryogenic temperatures is generally recog- 

nized to be the best present-day solution of the problem of receiver noise. 

A liquid-helium-cooled maser amplifier—like those used at the focus 

of the DSIF receiver—has a noise temperature of just a few degrees 

above absolute zero. On missions where low noise is not critical, signals 

from the antenna can be fed directly into parametric amplifiers which 

have noise temperatures around 200°K. 

In attaining the large antenna 

10° areas required by Eq. (6-8), ex- 
tremely large, steerable, parabolic 

dishes have been erected around 

the world, mostly for radio astron- 

omy. Antenna construction is ham- 

pered by distortions caused by 

manufacturing inaccuracies, wind 

and gravity deformation, and ther- 

mal effects. The results of these 

ar aie —abs ess distortions are expressed in terms 

FREQUENCY (MC) of gain reduction in Fig. 6-11. The 

Fig. 6-11. Representative effect of an- gains of today’s large antennas 
tenna distortions on performance (d= Peak between 1000 and 10,000 Me, 
antenna diameter,o =deformation). | another force operating on fre- 

quency selection. 

In comparing Figs. 6-10 and 6-11, the broad minimum in external noise 

and the maxima in practical antenna gains coincide fairly well. Inter- 

planetary space communications will, at least until lasers prove them- 

selves, take place through the wide window between 400 and 10,000 Me. 

Several other constraints are placed upon communication-subsystem 

design by the launching vehicles and spacecraft. The maximum physical 

size of the booster shroud will limit rigid spacecraft antenna diameters 

to less than three meters during the next ten years. Deployable space- 

craft antennas will, like their terrestrial counterparts, be restricted by 

manufacturing tolerances. The upper limit for unfurlable space-vehicle 

antennas appears to be about ten meters in diameter. 

Spacecraft interfaces again come into play when the beamwidth of the 

onboard transmitting antenna is being chosen. The sharper the beam, 

the more precise the attitude-control system will have to be to keep the 

ANTENNA POWER GAIN 

3 
(2) = 

g-76mM 
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antenna pointed properly at the Earth. As a general rule, pointing accu- 
racy or attitude stability must be about one tenth the antenna beam- 
width angle, otherwise excessive signal power will be lost. Many satellites 
use omnidirectional (isotropic) antennas. Even Mariner 2 used such an 
antenna while it was close to Earth and while its attitude was being 
established. Later Mariner 2 switched to a high-gain parabolic dish. 
The tradeoff between antenna gain and beamwidth is illustrated in Fig. 
6-12. The high-gain parabolic dishes are extremely sensitive to attitude 

60 

POWER- STABILIZED SPIN-STABILIZED 

50 

es PARABOLIC ANTENNA 

| GO 

z ATTITUDE ERRORS 

S | © 30 —=||-MARINER 
aq 

S RANGER PIONEER 4 
Gi 20 PIONEER 5 
Pay 
qt 

10) 10 20 30 40 50 60 70 80 

ANTENNA BEAMWIDTH (°) 

Fig. 6-12. Spacecraft antenna gain vs. antenna beamwidth, showing the effects 
of attitude errors. (Ref. 6-17) 

perturbations, but the performance improvement obtained by their use 

may be well worth the extra effort in designing a precision attitude-con- 

trol subsystem. 

Electrical power is a scarce commodity on spacecraft, creating a bottle- 

neck that reduces the performance of all vehicle components including 

the communications subsystem. Larger boosters can inject larger pay- 

loads into interplanetary trajectories. In turn, larger power supplies will 

be built for such craft. But weight is only part of the problem. As power 

levels mount above 1000 watts, solar-cell panels become huge and in- 

creasingly unmanageable. Solar-cell performance also varies during a 

mission. Toward Mars, the solar flux drops from 1400 watts/m? at the 

Earth’s orbit according to the inverse square law. In the direction of 

Venus, the flux and performance first increase, but eventually the solar 

cells get so hot that efficiency drops sharply. The advent of compact 

nuclear power supplies will solve some of the problems. Unhappily, re- 

liable, operational reactor space power plants are several years away. 

Furthermore, their fluxes of nuclear particles often interfere with space- 

probe measurements. Space probes are thus power-limited for the next 
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decade. The next major improvements in bit rate and communication 

range will stem from increases in available power. 

The final major constraint is imposed by the long-lifetime require- 

ments of space probes. The key word here is “reliability,” a word often 

used to describe all the ills that can befall space hardware. The lifetime 

requirements for space-probe missions are portrayed in Fig. 6-138. For 

3000 

PLUTO 

1000 SATURN 
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MERCURY 
VENUS 
MARS 

300 

TIME (DAYS) 

{OO} 
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1960 1965 he G@) 

CALENDAR TIME 

Fig. 6-13. Estimated spacecraft lifetime requirements. (JPL graph) 

missions to the nearer planets, lifetimes of six months are adequate; but 

for exploration of the major planets and the edges of the solar system, 

several years of successful operation will be demanded from the com- 

munication subsystem. For instance, lifetime increases of a factor of five 

or more over contemporary equipment will have to be demonstrated be- 

fore Pluto becomes a reasonable target. The rigors of heat sterilization 

of equipment makes the goal all the more difficult to attain (Chap. 10). 

Some important steps forward have been made with the introduction of 

transistors and printed circuits. Further developments in the fields of 

molecular and solid-state electronics may eventually bridge the lifetime 

bottleneck. 
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The Deep Space Instrumentation Facility (DSIF). Data radioed back 
from a distant spacecraft are first picked up by one or more of the para- 
bolic dish antennas in the DSIF network. From these stations in Cali- 
fornia, Australia, and South Africa,* the data are relayed back to the 
Jet Propulsion Laboratory via commercial teletype circuits and a micro- 

wave link between the Goldstone, California, site and JPL. At JPL, the 

data are fed into the Space Flight Operations Facility (SFOF) shown 

schematically in Fig. 6-2, where data processing occurs (Sec. 6-6). 

The most impressive external feature of a DSIF station is, of course, 

the huge dish antenna (Fig. 6-15). Paraboloids were chosen over horn 

PCM (WORD DETECTION) 
a. 25-100 w 
LARGER SPACECRAFT DISHES 
IMPROVEMENT IN SPACECRAFT 
RECEIVER GAIN 

c. 26-76 M 
d@ 52.8-61.0 DB 
6. 50-20°K 

f, 960-2300 MC 
FM/PM-PCM/PM 
a, 3-25 w 6, 70-50°K 
is DOO-TOK IMPROVEMENT IN SPACE- 

d 40.5-45.8 DB CRAFT RECEIVER GAIN 

b. 1430-220°K 
SUBSYSTEM CAPACITY (BITS/SEC) 

SPACECRAFT DIPOLE TO DISH 

60 61 62 63 64 65 66 

CALENDAR TIME 

Fig. 6-14. Origin of improvements in interplanetary telemetry capacity: a. in- 
crease in spacecraft power capabilities; b. reduction in ground antenna tempera- 

ture; c. increase in ground antenna size; d. increase in ground equipment gain; 
e. improvement in coding technique; f. change in frequency. (JPL graph) 

antennas for space-probe applications because of their lower cost. With- 

out the large DSIF antennas, with their associated cryogenic masers 

and parametric amplifiers, the micromicrowatt spacecraft signals would 

be lost amid the noise. The technical proficiency embodied in the DSIF 

stations makes interplanetary communications possible. 

Improving the Communication Subsystem. Except for the reliability 

* Additional DSIF stations will be operational at Canberra and Madrid in 1965. 
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barrier, space probes with modest information rates could range the solar 
system almost at will, so far as the capabilities of the communication 
subsystem are concerned. This position, so enviable from the standpoints 
of those concerned with booster and power supply, was not achieved 
without a number of engineering developments. The most important of 
these accomplishments are recapitulated in Fig. 6-14. The upward steps, 
the improvements in performance, came from five basic sources: 

1. More spacecraft power available 

2. Bigger Earth-based receiving antennas (a 64-meter dish is being 
installed at Goldstone) 

3. Reductions in receiver noise temperatures with the introduction of 

Fig. 6-15. The 26-meter (85-ft) paraboloid antenna at the JPL Goldstone sta- 

tion. (Courtesy of the Jet Propulsion Laboratory) 
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low-noise antenna feeds and eryogenically cooled masers and para- 

metric amplifiers 

4. Use of higher frequencies 

5. Better coding methods available (PCM/PSK/PM) 

Further upward steps in Fig. 6-15 will be accomplished mainly through 

the employment of more powerful transmitters on the space probe. Re- 

liability does not show on Fig. 6-15, but it could easily be added as a 

third axis. Improvements along the reliability axis would be achieved 

mainly by improvements in component design. 

6-6. Data Processing 

An extremely important but often unrecognized link in the communi- 

cation chain stretching from the spacecraft sensor to the human being 

who finally evaluates the data is the final piece in the chain, the data 

processing and display equipment. 

An impressive feature of the data arriving from outer space is its 

quantity. Mariner 2 produced some 90,000,000 bits during its four months 

of operation. And space probes are niggardly with data compared to the 

much closer Earth satellites. Satellites may produce millions of bits per 

day apiece. The longer-lived satellites and probes of the future may 

number twenty or more active vehicles at any one moment. Some sort of 

automatic data processing is obviously necessary if proper use is to be 

made of these new tools of space exploration. 

Data automation is the manipulation and partial reduction of data by 

machinery, notably digital computers. The central idea is to divert the 

torrent of data into computers directly as it arrives from space vehicles, 

thereby eliminating the human from the first part of the chain. The com- 

puters would separate (decommutate) the channels, add time information, 

and calculate and insert spacecraft position and attitude data on the 

record. The machines would finally present tapes, cards, plotted data, or 

other visual displays to the experimenter. 

This machine-made aspect of the final data package worries many 

scientists, particularly those with long laboratory experience, during 

which they personally took and reduced many measurements. It is hard 

enough for the scientist to be separated from his apparatus by millions 

of kilometers, but harder to be kept from the raw data when it does 

arrive. The interposition of computers, especially those which may com- 

press data or exert judgment over it, is contrary to the spirit of conventional 

laboratory research. The fear is, of course, that some unknowing circuit 

will somehow distort the data—perhaps by discarding data points that 

are out of line but really highly significant because they represent un- 
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expected events. This argument goes to the heart of a later subject: 

automata. Just how far can machines be trusted? The only answer in the 

case of data handling is that there is no other choice. Space research is 

out of necessity mechanized, more so than most of Earth-based science. 

The machines must be designed so that they do not indiscriminately dis- 

card valuable data. 
Experimenters using interplanetary space probes are in somewhat more 

relaxed position than those with sensors aboard satellites. There are far 

fewer bits per second, and launchings are infrequent, because the low- 

energy launch windows are spaced by many months. There is some time 

for relatively leisurely data reduction. Furthermore, rarely will there be 

more than a few probes operating in interplanetary space at any one 

time. In fact, the large DSIF antennas can track and receive data from 

only one probe at a time unless the probe employs data storage and 

programmed transmissions, or unless two probes are within the ground 

antenna beam and two separate receiver channels are used. 

The data deluge may be reduced to manageable proportions in the 

Fig. 6-17. Some of the consoles at the Space Flight Operations Facility (SFOF). 
Mission data are displayed for the operators on the screens and boards. (Courtesy 

of the Jet Propulsion Laboratory) 
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case of space probes, but the functions of engineering data analysis and 
spacecraft command become more difficult than they are for satellites. 
Such spacecraft actions as midcourse maneuvering, Earth-lock, Sun-lock, 
and planetary acquisition are all events which must be precisely timed 
and consummated with a high degree of accuracy. The terrestrial segment 
of the communication subsystem must therefore provide timely data on 
the spacecraft status and effective means for directing the mission. The 
handling of scientific data is not subservient to mission control, but there 
is a definite shift in emphasis when satellites are compared to probes. 
SFOF Communications. The JPL Space Flight Operations Facility is 

linked to the DSIF ground stations around the world by commercial tele- 
type circuits and the Goldstone microwave radio link. The SFOF is that 
part of the total probe system that takes the scientific and engineering 
data from the DSIF stations and processes it, records it, and displays 
portions of it for purpose of mission control and scientific evaluation, The 
complexity of the SFOF communications block diagram, Fig. 6-16, plus 
the SFOF consoles and display equipment shown in Fig. 6-17, make it 
evident that more command and control displays are needed for properly 
managing a space-probe mission. 

The SFOF is used here as a prime example of a data processing facil- 

ity. Although the SFOF differs somewhat from another NASA system, 

STARS (Satellite Telemetry Automatic Reduction System, Ref. 6-2), 

the SFOF is more pertinent, because it has been tailored specifically to 
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! J | 
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CONTROL PRINTER 
CONSOLE CARD READER 

INQUIRY 

Fig. 6-18. SFOF computer facility block diagram. (JPL diagram) 
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space-probe systems. Like the DSIF, it is a system-in-being that must 

be factored into the design of all space probes. Compatibility is essential 

since no one would countenance the expensive construction of a second 

set of facilities. 

In Fig. 6-16, the two blocks at lower left are pertinent according to 

their labels, but their functions must be elaborated. The job of the Tele- 

metry Processing System is the conversion of the data received in analog, 

digital, or composite form to a 36-bit format compatible with standard 

IBM processing equipment. Both stored information and data flowing 

into the SFOF in real time can be handled. The Central Computing Com- 

plex, Fig. 6-18, is an impressive array of inter-connected digital equip- 

ment and data storage facilities. Data arriving from the DSIF can be 

stored on the two IBM 1301 Dise Files, which have a total capacity of 

108,000,000 characters. Two IBM 7040 computers, each with 32,000-word 

memories, are employed. One is kept in backup status, should there be a 

failure of the prime computer. An IBM 7094 is the main data processor. 

After the addition of time, spacecraft position, and spacecraft attitude 

to the data, the processed data go to the experimenter for further analysis, 

or it is sent along with engineering data of importance to the several 

display devices shown in Figs. 6-16 and 6-17. The mission director is 

kept continuously informed to the probe status by these displays. Side 

by side with the displays are the command functions permitting rapid 

and effective control of the spacecraft. In many ways, the SFOF is 

similar to a military command post—say a SAGE center—in both pur- 

pose and layout. There is little choice except to automate a spacecraft 

control center in this fashion when data arrive in such torrents from suc- 

cessful space vehicles and when commands must be astutely timed. 



Chapter 7 

NAVIGATION, GUIDANCE, AND CONTROL 
OF INTERPLANETARY SPACECRAFT 

7-1. Prologue 

Every machine requires a control system. It may be only a simple on- 
off switch, it may incorporate a human operator, or there may be complex 
electromechanical controls similar in logical makeup to an animal’s nerv- 
ous system. The first satellites were little more than passive, instrumented 

projectiles. In contrast, the advanced space probes now being studied take 

on many of the properties of self-controlled automata. 

It is a philosophical error, however, to think only in terms of space- 

craft control, for a space probe depends upon extensive ground support 

facilities for accurate launching, guidance to its target, and communica- 

tion of commands. Continuing the biological analogy, the nerve fibers 

(wires) carrying command and control information to and from the vari- 

ous subsystems permeate all space-probe system components, even though 

some of the subsystems may be circling Jupiter while others remain back 

on Earth. A study of the guidance-and-control subsystem on the inter- 

face diagram, Fig. 7-1, shows that almost every subsystem interface is 

penetrated by an information link across which command and control 

words flow. In fact, the guidance-and-control subsystem is so intimately 

embedded in all portions of the space-probe system that it is difficult to 

dissect it for proper inspection. 

The guidance-and-control subsystem is defined by Fig. 7-2. There are 

two separate paths leading into this subsystem. The communication sub- 

system relays spacecraft status information, such as environmental-tem- 

perature data from thermocouples. The guidance-and-control subsystem 

responds by making decisions based on this information and passing the 

internally generated commands on to the proper actuators. Commands 

105 
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from the Earth and the spacecraft programmer are also brought in by 

the communication subsystem. In this case, the guidance-and-control sub- 

system merely interprets and encodes the instructions and then transmits 

them to the actuators. 

In many respects the guidance-and-control subsystem acts like the hu- 

man brain. The human brain is, in fact, a part of the contro] subsystem, 

since it stores commands in the on-board programmer and makes active 

decisions via the communication subsystem. The midcourse maneuver of 

contemporary space probes, for example, is directed from the Earth after 

suitable deliberation. 

One of the most important control functions is the accurate guidance 

of the space probe to its ultimate destination. There is some confusion 

in the literature regarding terminology. Here, the term navigation will 

be applied only to the measurement of the spacecraft position and ve- 

locity relative to the desired trajectory. Navigation includes tracking, 

inertial measurements, and other position-finding operations. Guidance 

will be used to describe that portion of the control function that deals 
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Fig. 7-1. Interface diagram showing the more important relationships between 
the guidance-and-control subsystem and the rest of the subsystems. 
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with modifying the trajectory in response to navigational error informa- 
tion. 

Trajectory control assumes importance in space flight because small 
errors early in the launch and injection operations cause large trajectory 
dispersions in the vicinity of the target. A launch velocity error of just 
30 cm/sec (1 ft/sec) at the Earth would cause a probe to miss Venus by 
16,000 km! The detection and correction of these small errors by mid- 
course- and terminal-guidance operations are essential to successful in- 
terplanetary exploration. Of course, the proper operation of other control 
equipment is just as vital to success. Spacecraft attitude control, tem- 
perature stabilization, and initiation of planetary scanning are also crit- 
ical to the space-probe system. 

Spacecraft control can draw on the wealth of control theory and device 
development accumulated over the past century. Probe eulidance-and- 
control subsystems draw most heavily upon advances that have been 
made in aeronautics and ballistic missile technology. That spacecraft 
control is already highly developed is shown by the precision of the 
Mariner-2 Venus fly-by in 1962, the photographie reconnaissance of the 
other side of the Moon by the Russian probe, Lunik 3, in 1959, and the 
Ranger-6 and Ranger-7 lunar impacts. 

The frontier of control subsystem development now deals mainly with 

cognitive and adaptive devices; that is, controls that can sense events, 

make judgments based on this data and its own stored fund of experi- 
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Fig. 7-2. Flow of guidance-and-control data in a space-probe system, 
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ence, and finally provide the appropriate signals necessary to carry out 

its decisions. In a span of time probably measured in decades, efforts in 

this field will lead to space-probe automata which will minimize and 

perhaps completely eliminate long-distance control of spacecraft from the 

Earth. 

7-2. Directable Functions of a Space-Probe System 

The essence of control is the detection of a performance deviation and 

the subsequent correction of the error. Even simple switch functions, such 

as the turning on of scientific equipment as a fly-by probe approaches 

the target, can be embraced by this generalization. A good control sub- 

system always acts in such a way as to reduce the error between actual 

performance and some established standard. The control subsystem must 

know what perfect performance is beforehand. Such knowledge is either 

built into its memory or communicated to it from the ground. 

Control functions, like switching, highlight the existence of two differ- 

ent kinds of control. Switching is often an open-loop control function; 

that is, after the switch has been thrown there is no feedback of correc- 

tive information to the control subsystem and no further adjustments, 

as in solar-cell deployment. In closed-loop control, feedback of correc- 

tive information is provided and the control subsystem will continue to 

adjust parameters until performance errors have been reduced to within 

specified minimum values. The thermostatic control of the spacecraft 

temperature is typical of closed-loop control. 

Control functions can also be classified as either internal or external 

to the spacecraft. The thermostatically controlled louvers on a spacecraft 

environmental-control system typify internal, closed-loop control. No 

directions from Earth are necessary. Present-day space-probe trajectory 

control, on the other hand, is an external, closed-loop function, because 

many of the decisions are made on the Earth. 

Closed-loop functions incorporating feedback are complicated because 

the output modifies the input. The phase-lock circuit illustrated in Fig. 

6-7 is typical. In this circuit, the amplitude of the output signal was 

proportional to the phase difference between the incoming signal and the 

output of the voltage-controlled oscillator. The output signal, however, 

controlled the frequency of the oscillator, forcing it to lock onto the in- 

coming signal. The mathematical description of circuits with feedback is 

complicated, and the reader is referred to Mishkin and Braun (Ref. 7-17) 

and Truxal (Ref. 7-32). 

It is easy to make an extensive list showing dozens of spacecraft 

functions that must be controlled. A few of the most important are listed 

in Table 7-1. 
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TABLE 7-1. SOME IMPORTANT SPACE-PROBE CONTROL FUNCTIONS 

Function Classification 

Launch initiation Open, external 
Launch trajectory control Closed, internal 
Booster thrust termination Open, internal 
Deployment of solar-cell panels Open, internal 
Midcourse maneuver Closed, external 
Increase fraction of engineering data trans- 

mitted to Earth Open, external 
Acquisition of Sun Closed, internal 
Selection of best data for transmission Closed, internal 
Attitude stabilization Closed, internal 
Spacecraft temperature control Closed, internal 
Acquisition of planet Closed, internal 
Scan of planet Open, internal 
Deployment of instrument capsule Open, external 
Sampling of planetary surface Open, internal* 
Change in search mode on planetary surface 

because of unexpected conditions Closed, internal * 

* Internal with automata, external if directed from the earth. 

The classifications shown in Table 7-1 are not inviolate. As probes 

become better automated, there will be more closed, internal control 

functions. The eventual presence of man on the spacecraft will further 

the shift toward closed, internal control. Although it seems unlikely at 

the moment, there is always the possibility that unmanned probes might 

develop more external controls in defiance of the above prediction. This 

reversal could occur if internal control subsystems prove to be unreliable 

during the long interplanetary flights. In this case, more of the control 

subsystem would be left behind on Earth and the burden on the com- 

munication subsystem would increase correspondingly. The reliability 

hurdle for autonomy is a high one; one which cannot be scaled at present. 

7-3. Space-Probe Guidance 

For most space probes, the most important control function is that 

which insures the interception of a specific target. Before any corrective 

maneuvers are undertaken, some form of instrumentation must indicate 

whether the spacecraft is off course and, if so, by how much. For guidance 

purposes, the trajectory is usually broken up into three distinct parts: 

1. Launch guidance: from booster lift-off until an Earth satellite orbit 

or escape velocity is achieved. 

2. Midcourse guidance: from the launch phase until the target is ap- 

proached. 



110 MISSIONS, SPACECRAFT, AND TECHNIQUES 

3. Terminal guidance: in the vicinity of the target. If the launch tra- 

jectory could be made accurate enough, it would be possible to dis- 

pense with midcourse and terminal guidance, but such accuracy”* 

is far beyond our present and projected capabilities. On planetary- 

fly-by missions, however, midcourse guidance is often precise enough 

so that terminal maneuvers are unnecessary. The cross-sectional 

target is also quite large for some fly-bys; viz., Mariner 2 (Fig. 7-10). 

Even though propulsive correction of the trajectory near the planet 

may not be needed in all three categories, tracking and position 

finding are always required, otherwise the scientific measurements 

would have little meaning. 

Launch Guidance. The launch function is common to all spacecraft. 

Launch guidance has been under intense development ever since Goddard 

stabilized his liquid rockets with gyroscopes in 1935. Deviations from 

the planned launch trajectories can be sensed externally by tracking 

radar (Chap. 8), or internally by inertial guidance instrumentation (Chap. 

10). Both techniques are highly developed and are sometimes used jointly 

in space-vehicle launchings. 

SERVOS AND 
ACTUATORS 

GUIDANCE 
INSTRUMENTS ENGINE 

GIMBALS OR 
GUIDANCE ee 
COMPUTER 

PLANNED 
TRAJECTORY 
PROGRAM THRUST 

SHUTOFF ECA S 

FEEDBACK 

Fig. 7-3. Block diagram of typical rocket ascent guidance-and-control sub- 
system. ; 

The nominal specifications of the ascent trajectory includes position 

and attitude coordinates plus vehicle velocity and the flight-path angle 

(Fig. 7-3). Expressing these coordinates, 2;, in a generalized fashion, 

the actual state of the ascending space vehicle at any time is given by: 

S(tide 4g eee a 

*For a Venus fly-by, the miss distance is about 500 km for every cm/sec velocity 
error at launch, 
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The planned, or nominal, trajectory may be different in one or all of the z;: 

eh Case cee ee aa 

where: «a; = the actual coordinates of the space vehicle 
x*; = the desired coordinates of the space vehicle. 

S and S* are related by the following equation, which ignores second order 
coupling terms. Such linear dependence is, in fact, a very common as- 
sumption in guidance calculations (Ref. 7-31). 

oS* 

Ox: 
S@) = S*@*) — 

a 
AG; (7-1) 

In the booster control circuits, the coordinate errors are sensed by a 
combination of inertial instruments and tracking radars and are fed into 
a guidance computer as shown in Fig. 7-3. The computer signals the 
booster autopilot to make appropriate changes in course, attitude, and 
thrust termination time. After the corrections have been made, new and, 
hopefully, smaller errors are sensed and sent back around the closed loop 
to the computer for further action. Ascent guidance has been refined to 
the point where space-vehicle velocities and headings at thrust termina- 
tion are within a few meters per second and tenths of a degree of the 
planned values (Fig. 7-4). 

FIRST-STAGE FIRING 

PARKING ORBIT 

SECOND-STAGE FIRING 

Fig. 7-4. Typical space-probe launch. 

Midcourse Guidance. As a space probe moves out beyond the Earth’s 

gravitational field, onboard inertial instruments and radar tracking sta- 

tions become less precise. Inertial devices, like gyroscopes, tend to drift 

and lose their accuracies over the long periods of time typical of inter- 

planetary flight. It is also difficult to compensate the gyros for the gravita- 

tional fields of the disappearing Earth, the gravitationally ascendant 
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Sun, and other astronomical bodies. Even though radar can be used to 

measure the distances between the planets, spacecraft are many orders of 

magnitude smaller and cannot be skin tracked at distances of millions 

of kilometers with Earth-based radars of reasonable size. With the failure 

of tracking radars and inertial equipment, spacecraft position finding 

becomes the job of three other techniques of astronautical navigation 

(Fig. 7-5). 

Fig. 7-5. Typical sequence in a space-probe midcourse maneuver (Mariner 2). 

(Courtesy of NASA) 

1. The radio interferometer, in which a radio transponder aboard the 

spacecraft is triggered to transmit an accurately timed and phased signal 

in the direction of the waiting antennas on the Earth. By measuring the 

time required for signal transmission, the signal phases at two stations, 

and the Doppler frequency shift, very accurate measurements of dis- 

tance, angular position, and radial velocity respectively can be obtained. 

2. DSIF tracking, in which two angles and a range rate are derived 

from each DSIF station. Range can also be measured by time-of-trans- 

mission calculations. 

3. Celestial navigation, in which onboard sensors measure the angles 

between three astronomical objects (usually the Sun is one of these) 

and the computer calculates the position from these data. 

Before any of these three position-finding techniques are brought into 

play, the launch-phase tracking radars and onboard gyros have already 
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Fig. 7-6. Factors affecting the timing of the midcourse maneuver for inter- 
planetary spacecraft. The longer the maneuver is delayed, the more difficult it is 

to make. 

made fairly accurate estimates of the burden of residual errors carried 
over from the launch operation. These inherited errors and deep-space 
forces, especially those due to solar pressure and the solar wind, cause 
the trajectory to deviate from the planned one. The error estimates must 
be verified by the navigation techniques listed above before midcourse 
maneuvering can begin. Dispersion is harder to eliminate late in the mis- 
sion because of the greater propellant requirements, yet an early cor- 
rection leaves more time for errors to build up again. In addition, the 
trajectory is not known with as much precision early in the mission. 
There are, in fact, optimum times to apply midcourse corrections (Fig. 
7-6). The best time to initiate midcourse maneuvers for a planetary- 
flyby probe is usually between two and ten days after launch. 

Before calculating the magnitude and direction of the midcourse im- 

RECEIVER 1 
SIGNAL PHASE ¢, 

SPACECRAFT RECEIVER 2 ANSMITTER 
GNAL PHASE ¢, PRA SEM op) 

Fig. 7-7. Interferometer principle as used in measuring angular bearing. 
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pulse, let us examine the different methods of deep-space navigation in 

more detail. 

The interferometer principle is illustrated in Fig. 7-7. Two Earth-based 

antennas are shown receiving the same spacecraft signal but with dif- 

ferent phases. The bearing of the spacecraft is given by: 

9 = Ndi — ¢$2)/20D (7-2) 

where: 6 = the bearing angle 

\ = the wavelength of the electromagnetic signal transmitted by 

the spacecraft transponder (m) 

D = the length of the baseline (m) 

¢: = the phase of the signal at station 1 

¢2 = the phase of the signal at station 2. 

Range data can be derived just by measuring the round trip time of 

radio signals. The radial range rate may be calculated from the Doppler 

effect: 

Vs = Afe/f 
where: V, = radial velocity (range rate) (m/sec) 

Af = the change in transponder signal frequency due to the 

Doppler effect 

= the velocity of light. 

The Minitrack system is based on interferometry and has been very 

successful in tracking Earth satellites. Minitrack is accurate to about 

two minutes of are for satellites. 

The DSIF tracking equipment does not use interferometry to deter- 

mine the probe’s bearing. A: transponder on the spacecraft sends signals 

back to DSIF stations when they are within view. Stations make two 

angular measurements with their highly accurate 26-meter dishes, plus 

one Doppler range-rate measurement. These data are sent back to the 

SFOF by teletype. The SFOF computing facility at JPL continuously 

refines its estimate of the actual probe trajectory from this information. 

With a large number of data points and sufficient smoothing time, ex- 

tremely accurate position estimates can be made; the more data received, 

the more accurate is the estimate of the probe trajectory. The DSIF 

pointing angles for the 26-meter antennas are accurate to about 0.1 

degree for strong signals. Doppler range-rate measurements are good to 

+0.2 m/sec. Using the time-of-transmission approach, the range from 

the Earth’s surface can be measured to +30 meters for a strong signal. 

Range and range-rate accuracies are independent of range. DSIF measure- 

ments, which, except for the transponder, are entirely external to the 

probe, were able to guide Mariner 2 to within 35,000 km of Venus. 
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Celestial navigation has been employed by terrestrial navigators for 
centuries to fix their positions on the surface of the Earth. Carefully 
calculated ephemerides, combined with two or three star observations 
made with a sextant, are generally adequate to fix a ship’s position to 
within a kilometer or so. In outer space, at least three star or planet 
observations are needed, as diagrammed in Fig. 7-8. Wheelon has given 
the following solution to this trigonometric problem (Ref. 7-34): 

Mi ab sin (a — § — B+ 7) (7-3) 
[a? sin? 8 + b? sin? a — 2ab sin a sin B cos (a — — - B+ 7)]!? 

where all parameters are defined in Fig. 7-8. 

STAR 1 

SPACECRAFT 

Fig. 7-8. Geometry for celestial navigation. The angles a and 8 are measured by 
sensors on the spacecraft. The parameters a, b, €, and q are known from 

ephemerides. (Ref. 7-34) 

Celestial navigation is obviously completely internal to the spacecraft. 

A variety of star-, Sun-, and planet-trackers are available for unmanned 

spacecraft, but to date no major space probes have utilized celestial 

navigation.* This is primarily because the DSIF approach is accurate, 

simple, and very reliable. In addition, there are no comprehensive ephem- 

erides for space use, though they could be easily constructed. 

* Mariner 4 tracked the star Canopus for attitude-control purposes. 
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Once the navigational device has accurately measured the deviation 

of the actual trajectory from the desired one, the magnitude and direction 

of the midcourse velocity change must be computed. The same procedure 

was followed with ascent guidance Eq. (7-1). The situation is some- 

what more delicate in outer space, because the spacecraft propulsion 

system must be precisely positioned and the rocket firing carefully timed. 

Although midcourse maneuvers are small in magnitude (ascent cor- 

rections are being corrected), they still have a powerful effect on the 

accuracy of the terminal portions of the trajectory (Fig. 7-9). 
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Fig. 7-9. Geometry of the midcourse correction. 

If the corrective changes in the actual trajectory are labeled dx1, de, 

dx3 at a time te, the components of the required velocity increment are 

given in the equation: 

dx, Vi 

dxz| = —H| V2 (7-4) 

dx3 lo V3 i 

where H is a three-by-three matrix whose elements are determined from 

computations made on the standard trajectory at times ¢; and ty (Ref. 

7-20). Often two midcourse corrections are necessary. 

The physical situation can be easily visualized using an aiming plot 

(Fig. 7-10), which in this case shows the fly-by probe’s geometrical target 
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relative to Venus for the Mariner-2 flight (Ref. 7-1). Mariner 2 was 
initially injected into a trajectory that would have taken it 373,000 km 
in front of Venus. This trajectory was well within the accuracy limits 
of the launch guidance system, but too far from the planet for the scientific 
instruments. Midcourse maneuver commands were transmitted to Mariner 
2 on September 4, 1962, eight days after launch. Two of the commands 
were directed to the attitude-control subsystem: roll —9.33 degrees and 
pitch —139.83 degrees to aim the propulsion unit. The third command 
went to the propulsion unit itself: make a 31.16 m/sec velocity addition 
to the spacecraft. DSIF communications with the probe confirmed the 
attitude maneuvers and the firing on the onboard rocket. Mariner 2 
eventually passed less than 35,000 km in front of Venus, easily within 
the aiming plot shown in Fig. 7-10. 

VENUS CAPTURE 
FINAL AIMING CROSS SECTION 
POINT 

270 90 

FOUR-SIGMA 
DISPERSION 
BERIPSE 

ele 
REGION FOR 
MARINER 2 

180° 

Fig. 7-10. Aiming plot for Mariner-2 shot to Venus in 1962. (Adapted from 
Ref. 7-1) 

In summary, midcourse guidance and maneuvering must remain an 

essential part of space-probe technology as long as ascent errors are 

measured in meters per second. In actuality, it is more economical to 

use simple, vernier midcourse maneuvers than to design superaccurate 

ascent-guidance systems. 

Terminal Guidance. During the long months the spacecraft is in transit 

across interplanetary space, solar radiation pressure and the solar wind 

are the major sources of trajectory dispersion. As the astronautical target 

is approached, additional maneuvers may have to be performed to re- 
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move excessive errors. Maneuvers around the target itself, such as orbital 

injection, require so much precision that guidance from the Karth is 

almost out of the question. The transit time of signals from Harth 

(measured in minutes) rule out external control of probes that may be 

descending on a planetary surface at 10 km/sec. Except for the relatively 

undemanding fly-by missions, midcourse guidance is also too coarse for 

missions involving injection into satellite orbit, hitting a narrow entry 

corridor, or rendezvous with an asteroid or another spacecraft. Terminal 

guidance directed from the spacecraft itself is needed. 

How does the spacecraft know exactly where it is and what it must 

do once it has reached the neighborhood of the target? Sightings on the 

Sun, the Earth, and stars are not precise enough for close-up maneuvers 

during terminal operations. The target itself must be used as a guide. 

Optical and infrared sensors provide bearings on the target. An estimate 

of target range can often be made by measuring the angle subtended by 

the diameter of the target. Since the true diameter is known from Earth- 

based astronomical observations, range can be easily calculated by 

trigonometry. If enough power and weight are available on the space- 

eraft, radar or laser ranging equipment can be brought to bear, yielding 

distance, bearing, and range rate. Certainly radar must be used for 

rendezvous and for delicate landing maneuvers. 

In many respects, maneuvers around the target will correspond closely 

to maneuvers around the Earth. Except for the gas compositions and 

densities, reentry of the Earth’s atmosphere is similar to entry into other 

planetary atmospheres. Powered descent to a planetary surface has some 

of the characteristics of the Earth ascent maneuver. In all cases, devi- 

ations from the standard or nominal trajectory are sensed by optical, 

radar, and inertial equipment. Trajectory and attitude corrections can 

be made by thrust vectoring, and, where an atmosphere is present, by 

aerodynamic surfaces. 

In the case of a precision fly-by, the distance of closest approach has 

been given by Wheelon (Ref. 7-34) as: 

UO pe iene a ae Si 
OE Ese eRe Cee 

where: 7) = the distance of closest approach (Fig. 7-11) (m) 

| = the impact parameter (m) 

\ = 1V?/GM 
V = the spacecraft velocity relative to the planet (m/sec) 

M = the mass of the planet (kg) 

G = the universal gravitational constant. 
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The angular deflection of the spacecraft trajectory after it has passed 
the planet, assuming no atmospheric braking, is: 

Y = 2 cotan™ ()). (7-6) 

The distance of closest approach can be made smaller by reducing the 
relative velocity, V, or making the impact parameter smaller. Both of 
these actions are possible with an onboard propulsion subsystem and an 

attitude-control subsystem. The planetary approach trajectory shown in 
Fig. 7-11 is hyperbolic because the total spacecraft energy in planet- 

SPACECRAFT 

TARGET 
PLANET 

Fig. 7-11. Geometry for determining the distance of closest approach to a 
planet, 7,, and the scattering angle y. (Ref. 7-34) 

ocentric coordinates is always greater than zero unless a capture ma- 

neuver is executed. For planetary capture or satellite orbital injection, V 

must be reduced so that: 

IGM 1/2 

v= [P| 2 

where: 7 = the radius of the satellite orbit (m) 

V. = the spacecraft velocity in a circular orbit (m/sec). 

Equations (7-5 and 7-6) were derived for planetary approaches with- 

out atmospheric drag. When entering an atmosphere at high velocities, 

the spacecraft must hit a very narrow corridor; otherwise the vehicle 

will either overshoot and skip out of the atmosphere or it will under- 

shoot and be subjected to excessive deceleration forces. Chapman has 

derived equations for the width of such corridors (Ref. 7-5). Chapman 

has also plotted guidance accuracy requirements for entry into different 

planetary atmospheres. These curves are reproduced in Fig. 7-12. Except 

for entry into the Jovian atmosphere, the curves show that corridor 

guidance accuracy requirements are less stringent than they are for 

ICBMs on the Earth. 
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Fig. 7-12. Guidance accuracy requirements on flight angle for single-pass, 10-g 
maximum, parabolic entries. Ar, = entry corridor width, L/D = lift-to-drag ratio. 

(Ref. 7-5) 

All atmospheric entry calculations must be based upon assumptions 

regarding air density, composition, and distribution. Even with years of 

telescopic and spectroscopic study of the solar-system planets, the atmos- 

pheric modeis are subject to many uncertainties. Trajectory and guidance 

computations include this ignorance, making calculated corridor widths 

for other planets rather questionable. Flyby missions prior to atmospheric 

entry attempts will undoubtedly sharpen the boundaries of the corridors. 

One experimental approach involves the launching of a series of experi- 

mental entry bodies from a vehicle in a satellite orbit with the purpose of 

measuring atmospheric properties before committing elaborate and ex- 

pensive payloads to entry missions. This approach has been termed 

“precursor guidance.” Such preliminary experimentation could also be ac- 

complished from a manned vehicle. 
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Fig. 7-13. Typical vernier descent trajectory for powered landing on a planet, 
satellite, or large asteroid. (Adapted from Ref. 7-9) 

In the absence of an atmosphere, propulsive braking will be used to 

set instrumented payloads down gently. The amount of propulsive brak- 

ing required depends upon the mass of the target and the approach 

velocity. A general feel for the parameters involved can be acquired 

from Fig. 7-13. On this altitude-velocity plot, the probe should slide 

down the slope of the lefthand curve, which is almost perpendicular to 

the free-fall lines. Ideally, the payload would touch down at zero veloc- 

ity. Guidance during this delicate maneuver would come from one or 

more small radars aboard the probe. Figure 7-14 shows a tripod arrange- 

ment of radars that would yield altitude above the surface, rate of 

descent, and possibly spacecraft attitude. Control of the descending 

PLANET SPACECRAFT 

SURFACE 

RADAR 
BEAMS 

Fig. 7-14. Tripod configuration of radar beams for precision navigation in the 
vicinity of a planetary surface. Altitude, attitude, and rate of descent can be 

measured. 
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vehicle would of necessity reside wholly aboard the spacecraft, not only 

for the sake of simplicity but also because the long communication lines 

to the Earth would mean excessive signal delays. 

7-4. Other Command and Control Functions 

On a spacecraft, just as in a modern home, there are many vital yet 

unobtrusive control devices. The ubiquitous thermostat that controls 

the environmental temperature is perhaps the most obvious. The use of 

spacecraft thermostats to open and close louvers to maintain constant 

temperature has already been mentioned. 

Most of the spacecraft subsystems will incorporate such check-and- 

balance devices. The power supply, for example, will inevitably boast 

a voltage regulator. A star tracker will have photosensitive units that 

will center the tracker on the star of interest. A sophisticated space 

probe might have dozens of such onboard, self-contained control circuits 

functioning almost independently of the major channels of command and 

control. 

Many other spacecraft functions are commanded by an internal clock 

that fixes their sequence and timing. Events like the release of the space- 

craft launching shroud, the deployment of the solar-cell panels and com- 

munication antennas, and the initial locking of the attitude-control sub- 
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Fig. 7-15. Schematic showing flow of commands from SFOF to actuators on the 
spacecraft. 
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system on specific targets are all typical of the commands stored aboard 
the spacecraft prior to launch. Other commands are not preprogrammed 

and come directly from the mission director on the Earth through the 

command communication link. A typical link is shown in Fig. 7-15 and 

is, of course, part of the regular communication subsystem. 

The attitude-control subsystem must properly point the spacecraft 

scientific sensors, the solar cells, and the communication antennas. During 

the midcourse maneuver, it must also precisely aim the onboard-propul- 

sion subsystem. In the case of space probes, the spacecraft is usually 

locked onto specific targets, as mentioned in Sec. 5-6. Since the space- 

eraft’s various degrees of freedom are almost always fixed by reference 

to sources of electromagnetic energy (visible light, infrared, radio waves), 

the construction of a closed-loop, source-tracking sensor is an obvious 

means of guidance. The sensors are linked to gas jets and inertia wheels 

through conventional control circuitry. The attitude control of a space 

probe is easier than the stabilization of most Earth satellites, because 

there is no need for continuous change of attitude as the satellite moves 

around the Earth. 

7-5. Automata 

The capabilities of today’s machines are well known, but there is 

intense controversy concerning their ultimate properties, particularly 

properties related to learning and thinking. Probably the most honest 

assessment of machines is that their full potential is unknown. Prejudg- 

ing the situation with generalizations like ‘‘Machines will never think, 

in any sense of the word” or “Thinking machines will eventually control 

man” is unwise (Refs. 2-24 and 7-24). The facts show that rapid advances 

are being made in computer technology and in the new discipline of 

bionics, which is a fusion of biology and electronics. There do not appear 

to be any provable limitations for machines in the offing. 

Today’s space probes, except for a few purely internal functions, like 

temperature control, are, like those of an automobile, all directly manipu- 

lated by man. Only the distance between man and machine is different. 

Now, consider the future—say, the year 2000 A.D—when technology 

should have advanced as far again as it did between 1900 and 1950. 

Already studies of spacecraft data selectors, adaptive planet crawlers, 

and other partially automated spacecraft are underway. It may even- 

tually be possible to launch probes out beyond Mars with only very 

general instructions embedded in their computers’ memories. Such orders 

might read: 

1. Record all evidences of extraterrestrial life. 
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2. Bring back ten geological samples from the various moons of Jupiter. 

3. Return in five years. 

Such instructions are deceptively simple, but no different in character 

from the “win the game” order given to a chess-playing computer. 

Probes responding to orders like these would require complex control 

circuits. There are, however, no fundamental reasons why automated ex- 

ploring machines cannot be built. In comparison with the “intelligent” 

automata discussed by MacGowan (Ref. 2-24) probes with functions like 

those enumerated above would be primitive indeed. The entire solar 

system can probably be explored with machines not much more ad- 

vanced than those we already use on Earth today. 

In general, the more distant the scientific target, the more adaptive, 

or intelligent, the machine must be to make up for the loss of Earth 

communication and command capabilities. When the reliability hurdle 

has been overcome and spacecraft can operate for several years without 

human maintenance, then it will be time to talk about reaching out 

beyond the solar system. On the long trips between the stars, lasting 

tens of years at least, properties like self-repair and self-maintenance 

would be valuable. When a target star system is finally approached, a 

machine with great powers of adaptability will be needed, because the 

physical conditions at the star, even the number of planets it possesses, 

will be unknown. 

Unless some new method of astronautical transportation is discovered, 

manned space flight to the major planets and the nearer stars will lag 

decades behind the probes. Who would wish to spend a lifetime voyaging 

to a star where only uncertainty waits? Much more likely is the prospect 

that the first stellar explorations will have the nearest thing to man 

aboard, a sophisticated, adaptive machine. 

There are three approaches to automata: 

1. Simple, highly specialized machines with limited memories can be 

trained by trial and error to run through simple mazes; viz., the me- 

chanical rats that have been so well publicized. These machines are too 

specialized for most tasks in outer space. 

2. General-purpose digital computers that can solve more general 

problems by trial and error, learning, in a sense, by remembering the 

correct solutions as they go. Computers can also be given general heuristic 

rules to follow. Taking an example from Overton (Ref. 7-24), a chess- 

playing computer should always move a pawn toward the center of the 

board if it is forking two pieces of equal value. Heuristic rules like this 

would be useful to a roving machine exploring a planetary surface. An 

analogous rule might be: When a grade exceeding 20° is encountered, 
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turn 45° to the right. A machine given enough general rules of this kind 
would appear superficially to be intelligent. Today’s experimental ma- 
chines that play games and translate languages would have been de- 
clared unlikely a few short years ago, and preposterous in 1900. 

3. The most general, most adaptive machines are those modeled on 
the human nervous system. The basic unit, shown in Fig. 7-16, is the 
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Fig. 7-16. A “learning” experiment in which an incorrect response by the asso- 
ciative circuit results in a modification of the input through adjustments of the 

weighting circuits. 

associative unit, which is crudely analogous to the biological neuron in 

the animal nervous system. Both are on-off (two-valued) devices. The 

variation of input signal effectiveness is similar to that of different bio- 

logical synaptic junctions. The other experimental elements in Fig. 7-16, 

the teaching circuit and the comparator, can be combined into a learn- 

ing experiment (Ref. 7-6). Inputs—say from sensors viewing a pattern 

to be identified or problem to be solved—go to both the associative unit 

and the teaching circuit. The outputs of the two are compared. If the 

output of the associative unit is wrong, it is corrected by the teaching 

circuit, which, of course, knows the right answers. The experiment is 

repeated until the feedback signals have taught the associative unit to 

give the right answer. A crude form of learning has transpired. 

All three of the approaches just discussed will eventually be used 

in probe technology. The last is by far the most general, but it is also 

the least developed. Associative units either based on mechanical or bio- 

logical neurons can be massed together and function in parallel, rather 

than in series like the logical elements in a digital computer. In this 
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way, a machine can be constructed that can be taught to recognize 

patterns and even situations, depending upon the kind of sensory equip- 

ment it has. Circuits can also be installed to permit it to make pretaught, 

seemingly intelligent action in response to its interpretations of input 

data. A human observer would undoubtedly be more adaptable, but 

would also have to be highly trained for the unfamiliar problems to be 

encountered in space research. The real value of the human would be in 

handling untaught events. Ultimately, even these situations might be 

handled by machine. The operational space-probe automaton would be 

punished for incorrect responses to new situations, perhaps by damage to 

itself (hopefully self-repairable) or by the loss of data. An astronaut 

would have to learn by the same unhappy procedure. Automata might 

not learn as fast as man, but they should be more persistent and rugged. 

Although the actions of the machines described above have some of 

the trappings of intelligence, there are other features, such as deduction 

and induction, that are difficult to build into machinery. And when can 

the present heavy, bulky bionic circuitry be made compact enough for 

spacecraft use? It will be years, perhaps several decades, before space- 

craft have many adaptive, cognitive features. Such machine properties 

are so vital to the exploration of the far reaches of the solar system 

and, in addition, for penetrating that other hostile frontier, the ocean 

depths, that there is considerable justification for the development of 

automata. Little by little, external spacecraft controls will be converted 

to internal controls, until finally probes can be sent out with only the 

most general instructions about exploring the universe. One by one they 

will return with information and samples, paving the way for eventual 

manned flight beyond Mars and Venus. 



Chapter 8 

EARTH-BASED FACILITIES 

AND OPERATIONS 

8-1. Prologue 

The unmanned interplanetary probes that will be launched during this 

century will have masses measured in hundreds and even thousands of 

kilograms. Their launch vehicles will weigh thousands of tons and rival 

the Washington Monument in height. Even with such gargantuan launch 

vehicles, if we speak in terms of mass, cost, and complexity, the over- 

whelming fraction of the total space-probe system never leaves the sur- 

face of the Earth. The launch ranges, the Deep Space Instrumentation 

Facility (DSIF), and the Space Flight Operations Facility (SFOF) must 

remain behind on Earth to track, communicate with, and process the 

data sent back across interplanetary space. Modern aircraft, with their 

large ground crews and support facilities, make a good analogy, but 

space probes force an even more unequal division of effort. Hundreds of 

men and billions of dollars’ worth of facilities must be assigned to follow 

the flight of each probe and intercept the data it radiates toward the 

Earth. 

Earth-based facilities become involved long before the booster lifts 

the space vehicle off the launch pad. When a new space probe is con- 

ceived, new ground facilities must be planned or old ones adapted right 

along with the spacecraft design. There is also reverse economic pressure 

to use already-developed facilities and launch vehicles that does much 

to shape the spacecraft design itself. Facility and launch-vehicle com- 

patibility tends to dictate design parameters such as bit rate, spacecraft 

mass, and launch azimuth. No design starts out with a clean slate. Space- 

craft must be built on system foundations that are based in part on 

Earth-based facilities. 

127 
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Perhaps it seems a long way from the design of an interplanetary 

magnetometer experiment to the engineering of a spacecraft umbilical 

connection at the launch pad, but complete mission success demands that 

both function properly. Experience has also proven that many seemingly 

minor engineering tasks are more troublesome and critical to the success 

of a mission than many a scientific instrument. It is legend that the failure 

of a ten-cent part can wreck a multimillion-dollar launch vehicle. 

Long before the spacecraft is mated with the launch vehicle at the 

launch site, ground facilities are heavily involved in component testing. 

Every manufacturer of spacecraft instruments and components is ex- 

pected to prove his product under simulated flight conditions before it 

is mounted in the spacecraft. The most thorough component testing, 

however, does not guarantee that the space-probe system will function 

properly. All of the varied mechanical, electrical, and thermal forces that 

will be impressed on the over-all system during the launch and the flight 

through space must be duplicated as closely as possible on the ground. 

From the point of view of the spacecraft designer, the Earth-based 

facilities can be divided into three categories: 

1. Test facilities, where the spacecraft and its components are shaken, 

heated, put in vacuum chambers, radiated, and bombarded with mete- 

oroid-like particles prior to integration with the launch vehicle. 

2. Checkout and launch facilities, where the spacecraft interfaces are 

scrutinized and its instruments calibrated both prior to and after mating 

with the launch vehicle. 

3. Post-launch facilities, where the spacecraft is tracked, commanded, 

and its data received, processed, and presented to human operators and 

experimenters. : 

While on the ground, the spacecraft has mechanical, electrical, and 

many other interfaces with the ground support equipment and the launch 

vehicle. Once in space, all such ties are severed except the electromagnetic- 

information interface. The interface diagram, Fig. 8-1, illustrates these 

spacecraft ties. The most important observation to be drawn from the 

diagram is that a successful space probe is deeply meshed in a system 

whose major components are fixed on the Earth. A new probe can be 

built comparatively easily, but the construction of new launch and track- 

ing facilities is a costly, time-consuming undertaking. 

Ground facilities in the three categories just listed have always con- 

sumed the major portion of the space dollar. Today, the United States 

possesses two major launch ranges, several world-wide tracking networks, 

and dozens of privately and publicly owned test facilities. Most facilities 

are applicable to many space missions. Even the DSIF and SFOF, which 

are primarily intended for probe work, are occasionally diverted to other 
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Fig. 8-1. Interface diagram showing the more important relationships between 
the Earth-based facilities and the rest of the space-probe system. 

space activities. Together the Deep Space Net (the DSN includes the 

DSIF and SFOF) and the Eastern Test Range (ETR) form a billion- 

dollar complex that can launch probes to the edge of the solar system 

and record the data they send back. 

8-2. Spacecraft Testing 

Space payloads have dropped back to Earth in flames or have died 

prematurely once in space because of inadequate testing prior to launch. 

Of course, undetected poor workmanship and lack of cleanliness have 

also caused their share of astronautical disasters, but such defects are 

outside the scope of this chapter. The objective of any preflight test is 

to determine whether the spacecraft and its component parts will sur- 
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vive under the forces imposed during launch and out in space. Preflight 

tests must be distinguished from factory and quality-control checks where 

parts are examined to see if they meet manufacturing specifications. 

The subject of testing is so large that only those aspects pertinent to 

the spacecraft itself will be dealt with here. Obviously, the launch vehicle, 

the DSIF-SFOF equipment, and the whole array of ground support 

equipment must also be tested. Testing should also be separated from 

checkout. Final checkout takes place on the launch pad just before liftoff. 

It assumes that the spacecraft and launch vehicle have already proven 

themselves under simulated mission conditions. The purpose of checkout 

is to make sure that the space vehicle is ready to go. Checkout queries 

are electronic in nature; no simulated forces are applied. 

The many and diverse forces applied to the spacecraft from launch 

pad to mission end define the role of preflight testing better than any 

generalizations about its importance. Such forces arise both within and 

without the spacecraft. Collectively they make up the spacecraft en- 

vironment. Not unexpectedly, the internally generated forces (heat, 

vibration, ete.) can be easily categorized according to the type of inter- 

face they bridge. Vibration forces transmitted across the mechanical 

interface between the launch vehicle and the spacecraft are typical of 

internal forces. Since the system interfaces are helpful in describing 

internal forces, perhaps they would also be useful in sorting out the ex- 

ternal forces engendered by the vacuum, insolation, and particle fluxes 

of outer space. Table 8-1 summarizes the total spacecraft environment 

in terms of interface forces. 

TABLE 8-1. DEFINITION OF THE SPACECRAFT ENVIRONMENT 

Methods 
Type of Force Magnitude Consequences of Simulation 

Thermal forces: 

Aerodynamic Varies widely Protective shroud Wind tunnels, 
heating used at launch, plasma jets 

ablating nose 
cone used dur- 
ing reentry. 

Tnsolation 1400 w/m? at Reduces efficiency Lamps in space 

Earth’s orbit of solar cells, chamber 
heat load on 
spacecraft. 

Planetary ther- Varies (Same) (Same) 
mal radiation 
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Type of Force 

Sterilization by 
heat 

Internal heat 

loads 

Mechanical 

forces: 

Vibration and 

noise 

Shock 

Inertial 

Radiative forces: 

Space radiation 

Nuclear power- 
plant 

Magnetic forces: 

Space fields 

Internal fields 

Other: 

Vacuum 

Meteoroid flux 

Plasma 

Time 

TABLE 8-1. 

Magnitude 

125°C for 24 hrs. 

Vary 

See Table 8-2 
(page 133) 

Up to 1000 g for 
hard landings 

Up to 10¢ 

See Fig. 3-3 (page 
24) 

Varies 

See Fig. 3-1 (page 
21) 

Varies 

Down to 10-8 mm 

Hg 

See Fig. 3-5 (page 
Pa) 

Up to 1000 pro- 
tons/em?-sec- 
steradian 

Years 

Continued 

Consequences 

May reduce relia- 

bility of space- 
craft compo- 
nents. 

(Same) 

May degrade 
spacecraft 
equipment. 

(Same) 

(Same) 

(Same) 

(Same) 

May interfere 
with instrumen- 

tation. 

(Same) 

Sublimation of 

materials 

Physical damage, 
meteoroid 
bumpers some- 
times used 

Degrades surfaces 

Reliability effects 
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Methods 
of Simulation 

Oven 

Mission simu- 

lation on proof- 
test model 

Shake tables 

Drop tests 

Centrifuges 

Research reactors, 
accelerators 

(Same) 

Maenets 

(Same) And on 
proof-test 
model 

Space chamber 

Light gas guns 

Plasma guns 

Life tests 
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The final column in Table 8-1 lists representative ways of simulating 
the different features of the spacecraft environment. The large, evacu- 
ated space chamber, with its liquid-nitrogen-cooled walls and artificial sun, 
is the typical test tool of the space age. Dozens of such space chambers 
have been built, and more are in the construction stage. The construction 
histories and vacuum capabilities of these space chambers are sum- 

marized in Fig. 8-2 (Ref. 8-11). 

Space chambers can simulate the vacuum of space and the Sun’s rays, 

but the magnetic fields, meteoroid fluxes, and nuclear radiations are 

usually duplicated in separate, specialized facilities. No single facility 

exists which can simulate all components of the environment. Even when 

all environmental test facilities are taken collectively, serious gaps in 

the coverage emerge. The high-velocity end of the meteoroid spectrum 

cannot yet be duplicated here on Earth. Even the Sun’s rays are difficult 

to duplicate; the rays must be intense (1400 w/m? at the Earth’s orbit) 

and almost perfectly collimated if heat-transfer experiments are to be 

accurate. The need for accurate solar simulation was brought out during 

the Mariner-2 mission to Venus, when the spacecraft experienced much 

higher temperatures than were expected on the basis of tests using re- 

sistance heaters attached to the spacecraft, rather than a radiant heat 

TABLE 8-2. TYPICAL SPACECRAFT VIBRATION AND NOISE TESTS* 

Axial vibration complex wave test: 

Time (sec) Type of Signal RMS G Level 

0-15 Noise** 1.0 
15-30 None 

30-36 Noise** By) 
36-216 Sinusoid + 1.0 

216-516 Noise** plus sinusoid 122 
Noise alone 1.0 
Sinusoid alone 0.707 

Pitch and yaw complex vibration test: 

Time (sec) Type of Signal RMS G Level 

0.15 Noise** 1.0 

15-30 None 

30-36 Noise** 4.5 
36-186 Sinusoid + 0.5 

186-486 Noise** plus sinusoid 1.4 
Noise alone 1.0 
Sinusoid alone 1.0 

* Table adapted from Ref. 8-18. 
** White Gaussian noise, band-limited between 15 and 1500 eps. 
+ Sinusoid-swept from 6 to 40 cps at a rate increasing directly with frequency. 
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source. Later space-chamber tests with a spare Mariner, using lamps to 

represent the Sun, confirmed the high temperatures radioed back from 

the vicinity of Venus (Fig. 8-3). The only true tests come in space itself. 

AIR FILTER 

i a SOLAR DOME 
EXTERNAL OPTICS ENCLOSURE 

COOLING " — > ‘ 

BLOWER it =A P= L fei P s Beh Oy LAMES 

HEAT 7.6M 
ea] 

EXCHANGER \eea/ / PSEUDOHYPERBOLIC MIRROR 

PSEUDOPARABOLIC MIRROR 

TRANSFER LENS 

MULTIFACETED 
REFLECTOR, VIRTUAL 
SOURCE SEGMENTED PARABOLIC MIRROR; 

GN COOLED 

LIGHT BEAM 
LN5 WALLS ian 

ecommeenaammriaie syste CHAMBER (ACCESS THROUGH 

DOOR 4.6M WIDE X 7.6M 4IGH) 

DIFFUSION PUMPS 

METERS VIBRATION SYSTEM (REMOVABLE) 

TEST VOLUME 

76M DIAMETER 
7.6 M HIGH 

Fig. 8-3. Cross section of the JPL space-probe environmental test chamber. The 
critical insolation tests are carried out with the lamp-mirror system. (JPL drawing) 

In some cases, prototype spacecraft are actually sent into space before 

launching operational models. 

Environmental tests are rigorous and sometimes reveal serious flaws 

in spacecraft design, but more difficult trials are yet to come. Suppose 

that a spacecraft has been assembled from components that have sur- 

vived critical quality-control tests as well as all pertinent environmental 

tests (Table 8-1). The spacecraft is still a long way from the launch pad. 

The electrical, mechanical, and thermal bonds that bridge its many 

interfaces can be completely tested only under dynamic conditions, where 

the whole system operates as it would in space. A series of tests must 
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be designed to see whether an assemblage of perfect parts can function 
together to make a perfect system. 

Often a separate proof-test model of the spacecraft is built solely for 
making system integration tests. At other times, the system integration 
tests are performed on the actual vehicle to be launched. In many re- 

spects, the system integration tests are akin to the system checkout 

carried out on the launch pad. McGee (Ref. 8-18) has listed the follow- 

ing objectives for a proof-test model: 

1. To verify the spacecraft design. 

. To demonstrate compatibility with the launch vehicle. 

. To demonstrate compatibility with the ground-support equipment. 

. To investigate the effects of proposed engineering changes. 

. To carry out special tests such as magnetic interference studies and 

midcourse engine firings. 

6. To finalize test plans and procedures for the flight model. 

7. To train personnel. 

oR WwW bd 

In addition to the proof-test model, a major space-probe program may 

require a thermal-control model, a mechanical-test model, a design- 

evaluation model, and finally a life-test model. (See Fig. 8-4.) 

Following McGee’s approach, a series of typical spacecraft system tests 

is described below. 

1. Subsystem tests. Each subsystem is tested with its associated ground- 

support equipment to prove that it operates satisfactorily relative to the 

rest of the space-probe system. Subsystem power levels, cable connec- 

tions, remote transducers, internal and external RF interference, informa- 

tion interfaces, and other factors are all checked. 

2. Over-all spacecraft test. This test should verify that the spacecraft 

will function satisfactorily during flight. All subsystems are carefully 

monitored to detect any undesirable interactions; viz., RF noise. Usually 

a number of system tests are needed before all interface problems are 

identified and corrected. 

3. Weight, moment-of-inertia, and center-of-gravity tests. Accurate 

measurements of the static and dynamic properties of the spacecraft are 

important for attitude-control and guidance-and-control subsystem eval- 

uations. 

4. Radio-frequency-interference test. Subsystems aboard the spacecraft 

are operated to determine whether radio interference exists. RF signals 

from ground-support equipment and the DSIF are also simulated. 

5. Pyrotechnic shock tests. All pyrotechnics on the spacecraft are fired 

in proper sequence to determine their shock effects on the operation of 

the subsystem. 
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Fig. 8-4. A Mariner-type spacecraft being tested in the JPL space chamber. The 
temperatures actually observed on the Mariner-2 Venus flight were duplicated 

later in this chamber. (Courtesy of the Jet Propulsion Laboratory) 

6. Match-mate tests. Mechanical mating, electrical connections, shroud 

mounting, and tolerances between the spacecraft and the launch vehicle 

are checked. The umbilical connections with the ground-support equip- 

ment are also tested. 

7. Dummy-run test. Real-time operations during the preflight count- 
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down are simulated to establish the dynamic compatibility of the space- 
craft and ground-support equipment at the launch pad. 

8. Closed-loop operations test. These tests check the compatibility of 
the spacecraft and SFOF. The spacecraft is operated in real time. Tele- 
metered data are radioed directly to the SFOF for a check of data 
handling, data reduction, information display and analysis. 

Most of the tests listed above are performed at the site of spacecraft 

manufacture. After the arrival of the spacecraft at the launch facility, 

many of the tests are repeated before the spacecraft is mated to the 

launch vehicle. Once on the pad, final checkout occurs. 

8-3. Launch Operations 

The spacecraft received at the launch facility has been thoroughly 

tested under conditions as nearly like those that will be encountered on 

the mission as possible with terrestrial equipment. The spacecraft, how- 

ever, is not yet ready for flight. First, it will be taken to a test building 

well away from any launch pad. There, some of the tests outlined in the 

preceding section will be repeated to insure that no damage has occurred 

during transit. The spacecraft then goes to the launch pad for mating 

with the launch vehicle and final checkout. Assuming a satisfactory 

checkout and countdown, good weather, and the readiness of downrange 

equipment and the DSIF-SFOF facilities, launch will take place. 

Checkout and Countdown. When the spacecraft is finally hoisted and 

maneuvered into position atop the launch vehicle’s uppermost stage, it 

becomes another component in a complex, far-flung system of ground- 

support equipment, tracking and communication stations. On the launch 

pad, the main link between the spacecraft and the rest of the space-probe 

system is through umbilical connections that consist of connections for 

electrical power, inert gas, hydraulic pressure, and electrical signals 

(Fig. 8-5). This link will be severed at launch, leaving the spacecraft to 

function on its own resources and to communicate through the more 

tenuous radio link. Before the umbilical is finally broken at liftoff, it 

carries the long series of electrical checkout interrogations into the space- 

craft and returns the responses to the checkout equipment on the launch 

pad. 

Launch-pad checkout and preflight testing are close relatives. The 

objectives of the final launch-pad checkout are: 

1. Final calibration of the onboard instrumentation. 

2. The detection and identification of faults that may have occurred 

since the preflight tests or which may have gone undetected until actual 

mating with the launch vehicle on the pad. 
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ARN EXTENSION 

RETRACT ARM 
ASSEMBLY 

HYDRAULIC 
LANYARD RELEASE 

il ae a 
UMBILICAL PLATE 
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ASE 
SSILE MOTION) 
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Fig. 8-5. Some of the umbilical connections for the Saturn S-IV stage shown 

attached to a vehicle simulator. (NASA photograph) 

3. Final verification and double-checking of system operational readi- 

ness. 
Launch-pad checkout has the aspects of a question-and-answer game 

between the checkout equipment and the spacecraft. A stimulus (ques- 

tion) is sent to the spacecraft through the umbilical connection. A re- 

sponse is received and compared with the correct answer. A wrong answer 

from the spacecraft will delay launch until the trouble can be spotted and 

fixed. 

Some typical checkout tasks are: 

1. Calibration of onboard instrumentation, both scientific and engi- 

neering (status-indicating). , 

2. Electrical continuity tests to pinpoint any damage during final 

assembly. 

3. Spacecraft subsystem interrogation to ascertain flight readiness; viz., 

measurement of power-supply voltages. 

4. Calibration of the communication equipment. 

5. Simulated flight test, during which the whole countdown procedure 

is simulated through launch, ascent, and final spacecraft separation. 

Responses to simulated commands are also checked. 
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While the spacecraft is undergoing such questioning, the launch vehicle 

and all Earth-based facilities receive the same treatment. During the 

actual countdown, there will be further checkout queries, but then the 

major operations concern topping the propellant tanks, pressurizing gas 

bottles, checking for leaks, and starting launch-vehicle rotating equip- 

ment. Figure 8-6 summarizes the events that transpire during a typical 

space vehicle launching. 

The subject of Automatic Checkout Equipment (ACE) is controversial. 

There are conflicting opinions concerning how much automation there 

should be in the face of several distinct advantages and some serious 

drawbacks. A discussion of Automatic Checkout Equipment also reveals 

many of the problems incurred during a vehicle launching. First, some 

of the advantages: 

1. Automatic checkout is faster. (See Table 8-3.) 

2. Automatic checkout is more accurate and uniform. 

3. Automatic data analysis eliminates the human factor. (This can also 

be a disadvantage when it comes to spotting malfunctions.) 

4. Semi-skilled personnel can sometimes be used. 

TABLE 8-3. MAN AND MACHINE CAPABILITIES AND LIMITATIONS* 

Function Man Machine 

Reaction time 0.15 to 0.45 sec 10 psec 
Judgment time 0.5 to 1.5 sec 25 psec 
Timing accuracy 0.5 sec 0.01 psec 
Reliability in prepro- 2 to 9% error 10—2 to 10—*% error 

grammed events 
Reliability in unpro- Depends on training, no No capability 
grammed events better than above figure 

* Adapted from Ref. 8-17. 

The major consequence of these facts is that space-vehicle time on the 

launch pad is shortened considerably with ACE, leading to higher launch 

rates and a better probability of hitting narrow launch windows. Coupled 

to these favorable points are the manifestly higher costs of automated 

equipment and its complexity. Some engineers say, half-jokingly, that 

checking out Automatic Checkout Equipment is more difficult than check- 

ing out the space vehicle. ACE complexity could in fact lower over-all 

system performance, since total cost and reliability are major space- 

probe system figures of merit. Cost-effectiveness studies must be carried 

out for each launch complex to determine the most desirable degree of 

automation. The final amount of automation used will depend upon the 
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number of vehicles to be launched, their similarities, and their com- 
plexities. 

The functional requirements for Automatic Checkout Equipment are 
much the same as they are for manual checkout. The following list of 
requirements is taken from Gollomp (Ref. 8-10): 

1. It must accept suitable instructions in appropriate form and dis- 
tribute them in accordance with test system requirements. 

2. It must select appropriate stimuli for each test and direct them to 
proper system excitation terminals. 

3. It must select the test points for measuring specific variables and 
complete the test connections. 

4. It must be able to measure many variables of analog and digital 
character. 

5. It must compare the measured parameters against accepted stand- 
ards. 

6. It must communicate the test status and results in graphic, image, 
or printed form. 

7. It must provide controls for the manual override of programmed in- 
structions and for the modification of the test program. 

8. It must provide facilities for self-test and monitoring. 

Other Range Support Equipment. Spacecraft are always small in weight 

and volume when compared to the launch vehicle. The major activities 

around the launch site consequently seem to focus on the massive launch 

vehicle filled with hazardous propellants. Spacecraft assume more im- 

portance during checkout and countdown, but for the moment consider 

how the launch vehicles are handled. 

Small stages can be shipped to the launch site aboard large air trans- 

ports and by road, but the biggest launch vehicles, such as some in the 

Saturn class, must be barged in from the manufacturing plant in Missis- 

sippi. When the stages have been inspected and tested, they are assembled 

either directly on the launch pad or in a Vertical Assembly Building 

(VAB). A VAB permits off-pad assembly and checkout of the vehicle, 

freeing the pad itself for other operations. When the space vehicle is 

finally ready for the pad, it can be moved intact from the VAB to the 

launch pad on a massive crawler. The Saturn and Titan-3 launch facilities 

both employ the Vertical Assembly Building principle. In the case of 

the Saturns, the booster is attached to the Launcher Umbilical Tower 

(LUT) while it is being checked out in the VAB. They are moved to the 

pad with the booster without breaking any of the umbilical connections.* 

Such off-pad assembly and checkout allows many more launches from 

*Severing umbilical connections can change instrument calibrations and slow 
down the launch process. 
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AMADAw Om4—-2Aes 

Fig. 8-7. Drawing of the Saturn 5 on its launch pad. The launcher umbilical 
tower (LUT) is on the left, the service tower on the right. Just before launch, 

the service tower is moved away from the pad. (NASA drawing) 
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the same pad. The concept is termed the Mobile System, as opposed to 
the more common technique, involving assembly, checkout, and launch 
from a single launch-pad position. 

Three major structures make up the launch-pad complex: the launch 
pad with its pedestal, the launch umbilical tower (LUT), and the service 
tower (Fig. 8-7). 

For the large launch vehicles used in space-probe launchings, the 
launch-pad structures have no missile guidance function as they do with 

many small rocket weapons and sounding rockets. The space vehicle 

sits on an adjustable steel pedestal, beneath which there is a flame 

deflector, which diverts the hot engine gases away from the launch pad. 

The vehicle pedestal is supported by a reinforced concrete slab, which 

also carries the loads of the umbilical and service towers. Drains and 

holding ponds must be incorporated to handle emergency releases of fuel 

and oxidizer. A protected pad control room is usually located under the 

pad to serve as a focal point for checkout and launch preparation. It is 

of course abandoned for the safer blockhouse during launch. The launch 

pad shown in Fig. 8-7 was designed for launching the mammoth Saturn 

5, a large U.S. launch vehicle under development. The pad hardware, 

the LUT, and the service tower are analogous to equipment used with 

smaller boosters. Holddown mechanisms, shown in the illustration, per- 

mit the Saturn to build its thrust up to design levels before release. In 

the case of multiple-engine first stages, the holddown device enables the 

launch crew to save the vehicle if one or more engines fail to fire. 

The LUT, or umbilical tower, has evolved from a simple mast with 

taped-on cables to the complex structure shown in Fig. 8-7. With Saturn- 

class vehicles, hundreds of electrical, hydraulic, and gas-supply connec- 

tions have to be made to the space vehicle through the umbilicals. The 

design of reliable umbilicals with the complexity shown in Fig. 8-5, 

page 138, has always been a major task of ground-support equipment 

engineers. In stark contrast, the umbilicals for military launch vehicles 

are considerably simpler, sometimes just a single cable, because the pay- 

loads are simpler and the vehicles themselves smaller than the Saturns 

by factors of five to twenty-five. Early space probes have used and will 

continue to use ICBM boosters and their associated ground-support 

equipment, but ICBMs are getting smaller (viz., Minuteman) and space 

probes larger. By 1970, most space probes will use NASA-developed 

vehicles like the Saturns. 

Associated with the umbilical tower is the service structure (Fig. 8-6, 

page 139). The various platforms permit the launch crew to gain access 

to the spacecraft and various launch vehicle stages for purposes of check- 

out and repair. The service structure is mobile, being mounted on a 
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crawler, and is pulled out of the way before launch. Like the umbilical 

tower, it is a major design task in itself, one that must be begun years 

ahead of the first launch. 
During an actual space-vehicle launching, all activity is controlled 

from the blockhouse, or launch control center. The dome-shaped block- 

houses (Figs. 8-8 and 8-9) have several floors of electronic gear con- 

Fig. 8-8. View of a large blockhouse at Cape Kennedy. (NASA photograph) 

nected to the launch pad and vehicle by cable-filled tunnels. Communi- 

cations are maintained with the downrange stations by microwave links 

or undersea cables. The vehicle flight can be followed from the block- 

house through the inputs from tracking radars along the length of the 

range. The possibility of launch-pad explosions and fires requires block- 

houses to be heavy structures of reinforced concrete. Blockhouses near 

the bigger vehicles must be able to withstand overpressures of 100 

atmospheres and more. 

The dangers during a launch are not confined to fire and explosion. 

Even the sound pattern during the firing of a large vehiclé makes several 

square miles uninhabitable. With the above dangers in mind, all launches 

are carefully monitored by a range safety officer, who has the power to 

destroy the launch vehicle whenever its performance deviates from the 

design values by more than a specified value. 

After a rocket has left the launch pad, and interest has shifted to the 

tracking stations, the way must be prepared for another space vehicle. 

Rehabilitating and cleaning the pad may take a month or more for a 

large vehicle. There may be damage to the service outlets and even the 
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pad itself. The Mobile System approach is again useful here since one 
LUT may be moved and rehabilitated away from the pad while another 
is moved into position. 

Fig. 8-9. Interior view of Blockhouse 37 at Cape Kennedy, showing some of the 
consoles and electronic equipment. (NASA photograph) 

When timing is critical and a narrow launch window must be hit, the 

launch vehicle is always backed up by a second vehicle. If the flight is 

scrubbed on the pad, the first vehicle can be quickly replaced with a 

new vehicle. If launch-pad damage is severe, another pad would have 

to be used. Using probability theory and equipment reliability data, it 

is possible to make an estimate of the chances of hitting a launch window. 

The probability of a successful launch within the specific window is 

usually low enough to make it worth-while to prepare a backup vehicle 

and put it into flight readiness. Of course, hitting launch windows is much 

more important for manned flights involving orbital rendezvous. If orbital 

assembly is essential to a space-probe mission, as it might be with ex- 

tremely large spacecraft, the satellite-rendezvous windows would become 

important for probes too. 

Launch Ranges. Soon after liftoff, the space vehicle executes a pitch- 

over maneuver and heads out over the desolate areas occupied by the 

downrange tracking stations. Collectively, the downrange stations and 
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the launch site constitute a tracking range. As their old names imply, the 

two biggest ranges, the Eastern and Western Test Ranges (formerly the 

Atlantic Missile Range and the Pacific Missile Range), were built 

primarily for weapons system testing. They are not tailored specially 

for space probes in terms of range length, azimuth, or support equipment. 

However, when the two ranges are supplemented by round-the-world 

tracking stations, like those in the DSIF (Sec. 8-4), there are essentially 

no geographical blank spots in tracking and communicating with an 

ascending space probe. The ETR-DSIF combination has so far proven 

completely adequate for handling space probes. 

Most test ranges are short (hundreds of km) and specialized in terms 

of certain classes of weapons; viz., the White Sands Missile Range, used 

for tactical weapons. The two big U.S. ranges, the ETR and WTR, are 

sufficiently generalized with respect to equipment and have the necessary 

size to support a large variety of non-military space shots. The WTR, 

at Pt. Arguello, Calif., is the longer of the two, about 15,000 km, but 

does not have the instrument coverage of the ETR. The ETR, 8000-km 

long, is used for most peaceful space activity, including space probes and 

satellites, manned and unmanned. Most of the ICBM tests have also 

RCCL BART 50 

Co 
a CAPE KENNEDY G 

SAN SALVADOR ~ 7 
AGENA FIRST ~\e we 

30 BURNOUT p> 
MIN, 11SEC 

oO ANTIGUA | 
> JOHANNESBURG LOSS 

10 14HR,11MIN, 214 GOLDSTONE es 7 

ACQUISITION 
; 13HR,{QMIN, 1SEC | 

= tWOOMERA LOSS 
6HR, 15MIN, 43SEC 

10|/FERNANDO DE NORONHA 
ASCENSION 

20 4 

AGENA 
30 - SECOND 

IGNITION 
24MIN, 30SEC : 

40 Z _ WOOMERA __| woomera—¥_| 
woe / ACQUISITION 

49M 
: 26MIN, 5SEC JOHANNESBURG SN SEES 

= ACCME —— JOHANNESBURG = ies 
30MIN, 46SEC 5 nea a EC a = 

280 300 320 340 0 20 40 60 80 100 120 140 
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EARTH-BASED FACILITIES AND OPERATIONS 147 

occurred at the ETR. The WTR is the only site in the continental United 
States where spacecraft ascending to polar orbits do not pass over popu- 
lous land areas; consequently many military and scientific satellites 
requiring polar orbits are launched here. 
Downrange from the launch pads, island sites and tracking ships 

analyze vehicle flight, the reentry characteristics, and pinpoint its im- 
pact. The same tracking and communication equipment can give valuable 
information about space-probe trajectories and can monitor spacecraft 
instruments during the ascent phase. As the spacecraft is passed from 

one radar to another along the ETR, it eventually reaches the end of 

the range and must be transferred to the DSIF net. Although the space- 

craft is still close to the Earth when it passes over Ascension Island, 

the last land site in the ETR, it is already in line-of-sight radio contact 

with the first DSIF site, in South Africa. Expectation would be that 

the spacecraft would pass over South Africa and soon be acquired by the 

next DSIF station, at Woomera, Australia, and so on around the Earth. 

But the rotation of the Earth under the ascending spacecraft can give 

it an apparent retrograde motion, as shown in Fig. 8-10 for Mariner 2. 

Eventually the probe is so high above the Earth that it is in line-of-sight 

contact with almost an entire hemisphere and at least one DSIF station. 

The geographical extent of the ETR is also sketched out in Fig. 8-10. 

The chain of islands and ships stretches from Florida southeast to 

Ascension Island, in the South Atlantic. The many island sites are sup- 

plemented by tracking ships, called ARIS ships (for Advanced Range 

Instrumentation Ship, Fig. 8-11). The range and accuracy of the radars 

installed along the ETR are given in Table 8-4. 

Considering the billion-dollar-plus investment in the ETR, it is, for 

all practical purposes, the only U:S. site that will be used for launching 
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Fig. 8-11. Drawing of a typical range instrumentation ship. 
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space probes for decades to come. This fact is emphasized by the develop- 

ment of the large and costly Saturn booster pads at the ETR. The 

Saturns will be the only rockets big enough to launch the large space 

probes of the future destined for the more distant planets in the solar 

system. It is very unlikely that this facility investment will be duplicated 

at the WTR or elsewhere. 

The real import of these rather terse descriptions of launch facilities 

and ranges is not in the statistics of cost and size but rather in the 

realization of the real magnitude of the total space-probe system and all 

of the subsystems it encompasses on Earth and in space. The umbilical 

connections and the radars on an ARIS ship are not irrelevant; they 

affect spacecraft design as surely as its power supply. The loss of track- 

ing coverage can be as serious as the loss of an onboard scientific experi- 

ment through poor design. 

TABLE 8-4. TRACKING RADAR CHARACTERISTICS* 

Original Modified 
Parameter AN/FPS-16 AN/FPS-16 AN/FPQ-6 TRADEX 

Radar band C C C UHF+t 
Frequency (Mc) 5600 5600 5600 425 
Peak power (Mw) 1.0 3.0 3.0 40 
Pulse width (sec) 1.0 Wd 2.4 50 
Repetition rate (pps) 1000 855 640 1500 
Average power (kw) 1.0 4.5 4.5 300 
Antenna size (m) 4 5 9 25 
Beamwidth (mils) 20 14 8 35 

Range precision (m) 185 2.4 4.6 46 

Angular precision 
(miis) 0.2 0.15 0.1 0.3 

Doppler precision 

(m/sec) 0.1 

* Adapted from Ref. 8-2. 

8-4. Tracking and Data Acquisition Operations 

A newly-launched space probe should be acquired by a DSIF-type 

tracking and communication station before it is out of range of the well- 

instrumented launch range. The map in Fig. 8-10 makes it obvious that 

the first DSIF station needs to be somewhere in South Africa in order to 

pick up the spacecraft as it gains altitude over Ascension Island. Line-of- 

sight considerations dictate that there be at least three such tracking 

stations, located about 120° apart in longtitude. The present Deep Space 

Instrumentation Facility has been built with this geometry. The mone- 

tary investment in the DSIF is measured in only a fraction of one per 
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cent of the ETR investment, yet tens of millions of dollars are involved. 

Just as it would not be practical to build another ETR for probe launch- 

ings, financial considerations make the DSIF a permanent fixture in 

unmanned exploration of the solar system. 

The DSIF consists of three major installations, in California, South 

Africa, and Australia (Fig. 8-12). It is supplemented by a launch station 
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LAND MASK AND PHYSICAL LIMIT 
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° 
GREENLAN 

eu 
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EUROPE 

A 
60° 

0° 

Fig. 8-12. DSIF coverage of ascending spacecraft. Multiply statute miles by 
1.61 to obtain kilometers. (NASA drawing) 

at Cape Kennedy and a mobile station in South Africa. New stations are 

being added in Spain and Australia in 1965. The mobile station provides 

early acquisition of the spacecraft. It has a 3-meter parabolic dish 

antenna that can command the spacecraft and receive telemetry from 

injection through to 16,000-km altitude. Eventually it may be possible to 

eliminate the mobile station. All told, there are six tracking and data 

receiving antennas in the DSIF complex. These are listed in Tables 8-5 

and 8-6. 
The DSIF net is connected to the Space Flight Operations Facility 

(SFOF), in Pasadena, by commercial teletype circuits with a limit of six 

characters per second. During the flight of a major space probe, the 

tracking data flowing over these circuits consists mainly of digitally 

encoded Doppler measurements: two pointing angles, time, and the 
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TABLE 8-5. LOCATIONS OF THE DSIF STATIONS* 

DSIF Astronomic  <Astronomic Altitude 

Location Number latitude longitude (m) 

Cape Kennedy 0 28.48713N 279 .42315E 2.57 

Mobile (South Africa) 1 varies varies varies 

Goldstone Pioneer (Calif.) Dy 35.38950N 243.15175E 1037.54 

Goldstone Echo (Calif.) 3 35.29985N 243 .19539E 989.49 

Woomera, Australia 4 31.382878 136.88502E 150.79 

Johannesburg, S. Africa 5 25.887358 27.68478E 1381.92 

* JPL data. 

TABLE 8-6. CHARACTERISTICS OF THE DSIF ANTENNAS 

DSIF station number 

Characteristic 0 1 YS Betis 

Mounting Az-El Az-El HA-Dec 
Diameter (m) 1.8 3.0 26 
Tracking rate, max. 20 0.7 

(deg/sec) 
Pointing error, max. = 05 et (ull 

(deg) 
Range error (m) +30 

Doppler error (m/sec) =E().2 
Angle data Digitally Digitally 

encoded encoded 
Drive system Manual Electric Hydraulic 

station identification. The sequence is repeated every ten seconds. Range 

data from time-of-transmission measurements will eventually be added 

to this format. 

The most impressive feature of any DSIF site is the large parabolic 

antenna (Fig. 6-15, page 99). All except the launch and mobile DSIF 

sites have the big 26-meter dishes. Located far from concentrations of 

man-made noise, these large paraboloids can track and receive data 

from active probes as far out as the edge of the solar system. Formerly, 

DSIF frequencies were 890.046 + 2 Mc for transmission to the spacecraft 

and 960.05 + 2 Me for signals from the spacecraft to the Earth. A shift 

to the following frequencies was made: for transmission from Earth, 

2290-2300 Me; for receiving, 2110-2120 Mc. The large antennas have 

been designed to operate effectively at these new frequency allocations. 

The polar-mounted antennas are hydraulically driven and can track 

rapidly moving spacecraft with high accuracy (Table 8-6). The high 

tracking precision of the DSIF comes from the careful analysis of the 

Doppler and pointing-angle data arriving at the SFOF from the three 
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stations 11 km apart. (JPL drawing) 



2 MISSIONS, SPACECRAFT, AND TECHNIQUES 

major stations. When the data is analyzed statistically and the most 

probable trajectory calculated from it, the spacecraft’s position in space 

is pinpointed to within a few kilometers. 

DSIF antennas are rugged enough to operate in 30 m/sec winds (hur- 

ricanes) and can be stowed to withstand twice this velocity. 

The Goldstone site, with its Echo and Pioneer stations (11 km apart) 

is also instrumented for advanced communications research. The site is 

located within a natural bowl surrounded by noise-blocking mountains, 

about 160 km northeast of Los Angeles. The Goldstone site is mapped 

in Fig. 8-13, showing the over-all size, the positions of the antennas, 

collimation towers, ranges and other research facilities. All DSIF sites 

are located in such remote areas and are self-sufficient in terms of power, 

water, and other services. 

The DSIF first proved its value during the Pioneer flights, in 1958 

through 1960, although it was still being developed. The facility has also 

successfully handled the Ranger and Mariner probes. Larger antennas 

will eventually be added to extend the DSIF range and improve ac- 

curacy. Certainly new communications techniques can be expected. The 

sites and major equipments, however, are expected to retain their present 

configuration for many years. 

Man figures in all Earth-based equipment as radar operator, repair- 

man, data interpreter, and so on, but at many points during every mis- 

sion his most important faculty, judgment, is called upon to make 

decisions and issue commands. The Space Flight Operations Facility 

(SFOF) is at the managerial end of the chain that stretches back from 

the spacecraft sensors to man himself. The vital teletype and RF com- 

munication features of the SFOF have already been covered in Sec. 

6-6. Here, some of the physical characteristics of this control center 

will be briefly described. 

The SFOF is located in a three-story building containing about 6000 m? 

of floor space. The building itself is on the Jet Propulsion Laboratory 

grounds in Pasadena. It became an integral part of NASA space-probe 

systems on April 1, 1964. The SFOF is especially designed to support 

the Ranger, Surveyor, Mariner, and Voyager space-probe programs but 

will also be called upon to take part in other space programs, such as 

Apollo. The DSIF-SFOF combination has the growth potential to handle 

several lunar and interplanetary probes at one time. The DSIF antennas 

would have to be shared between missions, but the SFOF can display 

mission status and handle technical data for several missions simultane- 

ously. Likewise, decisions and commands can be generated in parallel, 

though they may have to be transmitted in series by the antenna-limited 

DSIF. During the 1965-70 time period, there may be as many as six 
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active lunar probes and perhaps two interplanetary probes operating 

at a single moment. The possibility of eight far-flung probes, each trans- 

mitting diverse data at rates between 10 bits/sec for the distant space- 

craft and video for the lunar exploratory vehicles, makes the automatic 

command and data display features of the SFOF mandatory. 

The SFOF is divided into five primary, mission-independent functions: 

. Data processing; addition of time-formating, etc. (Sec. 6-4). 

Communications (Sec. 6-6). 

. Display; control boards, status displays, ete. 

. Spacecraft video processing. 

. Support; computers, power, standards, ete. 

In addition, the SFOF includes the DSIF Control Room and facilities for 

monitoring the data and tracking information flowing in from the DSIF. 

The West Coast switching terminal for the NASA communications system 

is also housed in the SFOF. 

In Chap. 6, the SFOF was likened to a military command center, 

especially like those of the Air Force concerned with tracking aircraft 

and missiles. This analogy becomes more apt when the full extent of 

the space-probe program is considered. The several project managers 

must have up-to-date status data on their craft and on the Earth-based 

portion of the system as well. An incorrect decision, perhaps stemming 

from delayed or poorly formated status data, could mean the loss of 

valuable scientific information or even the loss of the probe itself, if it 

is performing a delicate landing maneuver on a distant planet. The sheer 

number of probes planned for the future and the avalanches of data 

they will transmit make automation essential in the DSIF-SFOF portion 

of the space-probe system. 

oP WN He 



Chapter 9 

LAUNGEHEV EEMIGIES 

9-1. Prologue 

A space-probe launching, like the suspenseful countdown and fiery 

liftoff of any space booster, is a most impressive event. The probe’s 

Harth-based facilities work away silently without fanfare and the space 

probe itself is soon out in space beyond the sight of man, but the liftoff 
of a large rocket is a great technological spectacle. Many tons of energy- 
rich chemicals must be burnt within a few minutes to hurl a probe into 
space and toward the planets. Behind the head-shattering roar and all 
the pyrotechnics lie years of painstaking design and development. The 
cornerstone of any space-probe mission will always be the booster, the 
prime mover that adds enough potential and kinetic energy to the payload 
to enable it to escape from the Earth’s gravitational field. 

The prime-mover role of the launch vehicle in interplanetary ex- 
ploration is self-evident. The physiognomy of the booster is just as 
clear-cut. There are: 

1. The engine, burning a fuel and an oxidizer to generate hot gases 
that produce a thrust when expanded through a nozzle. 

2. Fuel and oxidizer reservoirs, either tanks connected to the engine 
by pumps, in the case of liquid rockets, or integral solid propellant grains, 
in the solid rockets. 

3. A structure that supports the engine and reservoirs on the pad 
and during flight. 

4. A guidance-and-control system that stabilizes the launch vehicle 
and keeps it on the calculated trajectory. 
A rocket for spacecraft attitude control may be small enough to fit 

in one’s hand. Or a rocket may be more than 100-meters high, such as 
the Saturn 5, intended for boosting manned lunar vehicles and advanced 

154 
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probes. This chapter deals with rockets capable of launching space probes 

to the planets, a distinction that confines the discussion to boosters 

with thrusts greater than 50,000 kg (110,000 lbs). There is no upper 

thrust limit in sight. 

Just as the United States possesses dovetailing launch ranges and 

tracking networks, it also boasts a carefully selected “stable” of launch 

vehicles (Table 9-3). The relatively fixed sizes and shapes of the extant 

and planned rocket boosters mold the weights and configurations of all 

space probes, even though the spacecraft itself seems quite negligible, 

sitting on top of a launch vehicle many stories high. 

Other constraints exist, too. A rigorous launch environment is created 

by a large booster. Shock, vibration, and thermal forces are imposed 
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on the spacecraft across the many interfaces that the launch vehicle 

shares with the spacecraft. The interface diagram (Fig. 9-1) tabulates 

the launch vehicle’s interfaces with the rest of the space-probe system 

as they are seen by the system integrator. The mechanical interfaces 

between the booster and the spacecraft are the most sensitive; rugged- 

ness in spacecraft design is a great virtue. (Fig. 9-2) 

Rocket development has historically swung between the solid and 

liquid types of chemical engines. Congreve’s solid war rockets were 

ascendant during the Eighteenth and Nineteenth centuries, only to be 

replaced by the V-2 in the 1940’s, and finally the liquid ICBM rockets 

in the 1950’s. Now, solid ICBM’s (Polaris, Minuteman) are replacing 

the liquid Thor, Atlas, and Titan missiles. The first large space rockets 

used liquid engines, but there is a resurgence of solid types, exemplified 

by the Scout, Titan 3, and some of the post-Saturn-launch-vehicle pro- 

posals. At the moment, liquid rockets are the best developed for space- 

probe work, though design studies show that they will be more compli- 

cated and possibly more costly than solid types when the latter are de- 

veloped. Liquid fuels, on the other hand, are more energetic than solid fuel, 

yielding more payload for a given gross weight on the launch pad, and 

also offer the possibility of recovery and reuse. In Sec. 9-3, the trend 

toward even more powerful liquid fuels, like the hydrogen-fluorine com- 

bination, will be discussed. Solids are also being improved; e.g., through 

the use of metal additives. Beyond the development of better chemicals 

lies the nuclear heat-transfer rocket. The evolution of launch vehicles 

is apparently far from finished, either in energy source or in thrust 

level (Table 9-3). A realistic assessment, however, suggests that liquid 

chemical rockets are destined to play the major role in space-probe 

launchings at least until 1975, possibly longer. 

9-2. Launch-Vehicle Performance 

The rocket’s role as a prime mover does not exempt it from the dictates 

of the over-all system figures of merit. The booster must not unduly 

compromise the system reliability or cost. Fortunately, cost and relia- 

bility are easy to relate to launch vehicle performance. A third factor, 

spacecraft weight, is more elusive. 

Booster reliability is simply the ratio of successful launches to the 

total number of attempts. This factor, plotted in Fig. 9-8, is a good 

general indicator of booster state of the art. Specifie launch vehicles 

cannot be conveniently plotted on the figure. It suffices to say that any 

notoriously unreliable booster is soon improved or culled from the stable. 

ICBM rockets, which were the foundation of the early U.S. space program, 

are included in Fig. 9-3 only when used for space-vehicle launchings. 
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The number of ballistic-weapon tests, naturally, is much larger than the 
number of space shots. Military and peaceful rocketry are mutually 
beneficial in proving out common techniques and in establishing equip- 
ment reliabilities. The reliability improvement shown since 1957 should 
continue, but at a smaller rate of increase. Launch vehicles do not 
necessarily get less reliable as size increases. In fact, the Saturn-class 
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boosters use multiple engines in their first stages, permitting total or 

partial success to be achieved even with the failure of one engine.* 

Booster costs can be projected from assumptions about material, fabri- 

cation method and quantity, and development costs (Ref. 9-13). While 

not directly applicable to interplanetary payloads, the estimated cost 

per kilogram in a 500-km orbit (Fig. 9-4) is a useful measure of cost. 

Space-probe costs per unit mass vary considerably, depending upon the 

mission. The curves in Fig. 9-4 can be scaled roughly for missions beyond 

orbit by using a simplified form of Eq. (5-1): 

AV = gol sp In mo/my 

where: AV = additional velocity (m/sec) 

go = acceleration due to gravity (9.8 m/sec?) 

I,» = engine specific impulse (sec) 

= initial mass (kg) 

my = final mass (kg). 

In this case, AV is the velocity needed beyond a 500-km orbit (Fig. 9-5). 

Payload specific cost and its relationship to launch-vehicle cost high- 

light an often proposed strategem for reducing mission cost—booster 

recovery and re-use. In such an operation, the expensive first stage of 

the booster is recovered—say, through the use of parachutes, fixed wings, 

or paragliders—then refurbished, refueled, and used again. The costs of 

recovery and refurbishing are usually considerably less than the first 

cost of the recovered stage, leading to the probable savings shown in 

Fig. 9-6. Technical papers, however, do not always presage hardware 

actualities. The cost advantages of recoverable boosters have been recog- 

nized for many years, yet no energetic development program exists. The 

operational use of recoverable boosters is at least as far away as 1970. 

Since the beginning of rocketry, there has been extreme pressure 

exerted on the spacecraft designer to shave the last ounce off his com- 

ponent weight list. At first, the pressure existed because the early launch 

vehicles could barely struggle into space with a few pounds of payload. 

During 1959, when converted ICBM boosters were finally able to place 

hundreds of pounds into low Earth orbits and payload utility became 

more important than political “firsts,” weight had to be saved to make 

room for more scientific experiments and better spacecraft instrumenta- 

tion. There has never been much weight freedom in the closely related 

field of aircraft design, and the situation will always be worse for space- 

eraft. Not only does each payload pound sent to the planets cost many 

thousands of dollars, but each additional payload pound increases the 

s | 

* This capability was demonstrated by the successful launch of Saturn SA6 on 

May 28, 1964. 
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booster weight by hundreds, perhaps thousands, of pounds. The latter 

observation, however, is a view from the wrong end of the telescope. 

When an interplanetary mission is being planned, the fixed mission energy 

requirements and the capabilities of available boosters fix the spacecraft 

weight within fairly narrow limits. With this perspective, every pound 

of launch-vehicle weight saved will be reflected in enhanced payload 
weight. 

Two facets of the booster problem are of interest here. First, if the 

booster engine specific impulse is fixed by the choice of chemicals, how 
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Fig. 9-6. The effect of booster recovery on total project costs. (Ref. 9-12) 

can the payload-to-gross-weight ratio be improved beyond the unusable, 

low, single-stage limits? Second, how can spacecraft weighing many tons 

be propelled toward the planets without building boosters many times 

larger than even the immense Saturn 5 and post-Saturn (Nova) rockets? 

The answers have been well known for many years: Use staging in the 

first instance and orbital assembly in the second. 

All modern space rockets are staged. The payloads of staged vehicles 

can be calculated by the repeated application of Eq. (5-1). In effect, 

staging uses lower stages as launching platforms for upper stages. 

Acquired velocities are just added: 

mMi0 M20 - ste LE ts Be gy ee AV = AV, + AV2 4+ «++ AVa = Gol sp [in Ae + In Fe + In eal 

I where: mo = the initial mass of stage 1 and its payload 

mi = the burnout mass of stage 1 and its payload 

and the specific impulses of all stages are equal and constant. 

Combining the logarithms: 

Myi0M20 + °° Mno 
AW = flog 00 

Jo P MifMog Dt Mae 

This shows no advantage to staging unless mi, > m2 and so on. This 

state of affairs is easily achieved by discarding the tankage and the no 

longer pertinent structure of the spent lower stages. This elementary 

fact about staging is always worth repeating. 

To calculate the benefits of staging, a new factor must be introduced 
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involving the dry weight of the booster stage. A common parameter, but 

not the only one used in such performance calculations, is the stage 

structure factor defined by: 

weight of tankage, structure, and propulsion system 

~ weight of tankage, structure, propulsion system, and propellant 

_ dry weight. 

~ wet weight 

The V-2 had a 8= 0.25, some modern designs approach § = 0.10, but 

6 = 0.20 is a practical value for large boosters. The 8’s vary with the 

type of fuel used. They are higher with liquid hydrogen, which requires 

thermally insulated tanks, than they are with RP-1 (kerosene), and 

higher with nuclear engines, because of radiation-shielding requirements. 

Orbital assembly represents a special kind of staging, since fuel and 

oxidizer may be transferred from disposable tanker vehicles to the 

interplanetary spacecraft. The real import of orbital assembly, however, 

is in the assembly of small payloads into large vehicles—spacecraft 

much larger than could be launched from the Earth’s surface with avail- 

able boosters. Orbital assembly is often associated with the manned space 

missions, because of the large space vehicles needed in this program, but 

unmanned space probes will eventually tax the capabilities of existing 

boosters and will have to draw upon orbital assembly, too. Meanwhile, 

the Saturn-class boosters and post-Saturn (Nova) concepts (Table 9-3, 

page 172) are large enough to place thousands of kilograms in the 

neighborhoods of Mars and Venus. 

9-3. Types of Launch-Vehicle Propulsion Systems 

The bulk of a booster’s volume is occupied by large fuel and oxidizer 
tanks. Turbine-driven pumps force the tanks’ contents into a compara- 
tively small appendage at the bottom of the booster, called the rocket 
engine. All rocket engines of the foreseeable future are heat engines; 
that is, they heat a gas with chemical or nuclear energy and expand it 
through a nozzle to obtain thrust. The actual mechanical work is ac- 
complished when the expanding gases push on the flared sides of the 
nozzle, 

A rocket engine has another mission besides producing thrust: it must 
generate a high thrust for each kilogram of fuel-plus-oxidizer consumed 
each second. The performance parameter describing this property is the 
specific impulse, defined by: 

Isp = F/gom (9-1) 
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where: F = thrust (newtons) 

I,» = specific impulse (sec) 

go = acceleration due to gravity (9.8 m/sec?) 

m = fuel and oxidizer mass flow rate (kg/sec). 

Since the thrust of a rocket engine in empty space is simply F = mv, 

where v = the exhaust velocity (m/sec), specific impulse turns out to be 

directly proportional to the exhaust velocity: 

EZ 9) Go: 

Of course, the value of a high specific impulse is seen when the booster 

tanks are not drained as rapidly at a given thrust level as they would 

be at low specific impulses. For a high thrust level at a fixed specific 

impulse, high mass flow rates are necessary; while a high specific impulse 

depends upon a high exhaust velocity, regardless of the mass-flow rate. 

Specific impulse is proportional to V7/M. In chemical rockets, both 

T and M are fixed by the fuel-oxidizer combination. Table 9-1 shows 

the trend from RP-1 and LOX (liquid oxygen) to LH (liquid hydrogen) 

and LOX. Eventually fluorine may replace oxygen as the oxidizer in 

chemical engines, but a great deal of development work is required be- 

fore it is ready for operational use. Usually at least five years are needed 

between the start of a new engine development and the completion of 

flight tests. In the case of LH-LOX engines, the problems of storing and 

handling liquid hydrogen in large quantities had to be solved first. The 

same will be true for fluorine, which is a relatively difficult element to 

handle. 

The nuclear rocket engines that may be operational in the 1970's offer 

specific impulses roughly double those of chemical fuels. Interestingly 

enough, the higher specific impulse comes not from higher temperatures 

or from the greater energy density of nuclear fuel, but rather from the 

freedom to use a low-molecular-weight propellant, like hydrogen. Since 

chemical combustion is unnecessary, propellants can be selected on the 

basis of molecular weight, cost, and chemical inertness. Only the use of 

hydrogen and the very high specific impulse it offers make the nuclear 

rocket worth developing. 

To the three basic types of rocket engines listed in Table 9-1—liquid 

chemical, solid chemical, nuclear—must be added a fourth, the air-breath- 

ing engine (Ref. 9-10). The central idea behind using an air-breathing 

engine on a booster is the reduction of the oxidizer tank size, achieved 

by extracting the oxidizer directly from the environment. The benefits of 

scooping up air are reflected in much higher specific impulses, because 

the m parameter in Eq. (9-1) refers only to the mass flow from the stored 
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TABLE 9-1. MAJOR ROCKET ENGINES* 

Launch vehicle/ 
Thrust Sea-level Launch vehicle 

Designation kg (lbs) Fuel Oxidizer Isp (sec)t staget 

V-2 engine 25,000 Aleohol LOX 279 V-2 
(56,000) 

MA-3 82,000 RP-1 LOX 300 Atlas 
(180,000) 

lela 85,000 RP-1 LOX 300 Saturn 1 
(188,000) (1st stage) 

F-1 680,000 RP-1 LOX 300 Saturn 1C 
(1,500,000) 

RETO 6,800 LH LOX 391 Saturn 4, 5 
(15,000) Centaur 

Je 91,000 LH LOX 391 Saturn 2, 4B 
(200,000) Post Saturn 

NI-1 545,000 LH LOX 391 Post Saturn 
(1,200,000) 

Titan-3 454,000 Synthetic Ammonium Titan 3 
solid (1,000,000) rubber perchlorate (1st stage) 

polymer 
HF engine LH LF 410 

Nerva 23,000  U-235 LH propellant 800 
(50,000) (no oxidization) 

* The numbers in this table may change during the development period and with 
engine model number. 

7 Specific impulses taken from Table 20.3, Handbook of Astronautical Engineering. 
Actual specific impulses vary with altitude and engine type. 

t See Table 9-3. 

fuel and oxidizer. Turbojet engines, for example, are air-breathers with 
specific impulses of over 1500 sec, compared with the 300 sec of the 
RP-1-LOX rocket engine. Of course, air-breathing engines cannot operate 
outside the atmosphere, but they can materially aid the launch process 
during the early stages. High-performance jet aircraft have often been 
proposed (but seldom used) as launch pads for space rockets and ballistic 
missiles. Like many other apparently attractive booster concepts, air- 
breathing launch vehicles seem destined to be overwhelmed by the mo- 
mentum of the established, heavily funded chemical rocket programs. 
No one can now prove that this concentration of effort is wrong. 
Inqud Chemical Engines. Liquid chemical fuels supply much higher 

specific impulses than the lower-energy-density solid fuels, but at a price 
that includes greater complexity, higher costs, and ground handling prob- 
lems. The higher specific impulses have been well worth the price ex- 
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acted until recently, when the sheer size of the space boosters and better 

solids have forced a reexamination of the tradeoffs. 

The liquid engine proper includes a convergent-divergent nozzle, a 

combustion chamber, fuel and oxidizer pumps, and a forest of associ- 

ated pipes and valves. A typical liquid chemical engine is shown in 

Fig. 9-7. In the engine, small portions of fuel and oxidizer are bled off 

Fig. 9-7. The J-2 liquid chemical rocket engine. Note the size and complicated 

plumbing. (NASA photo) 

from the main streams to power a small gas turbine that drives the 

pumps. In essence, there are two combustion chambers, the smaller one 

powering the pumps for the bigger one./ After passing through their 

respective pumps, the main fuel and oxidizer streams are directed through 

cooling passages lining the engine nozzle. They then enter the combustion 

chamber through injectors which spray the streams in a pattern that aids 

burning. The combustion products move through the hot convergent por- 

tion of the nozzle, become supersonic in the throat area, and expand 

isentropically and accelerate in the divergent section of the nozzle. The 
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reaction force against the nozzle from the gases leaving the engine pro- 

duces the thrust. 
Some aspects of engine design are really more of an art than a science. 

A new engine must undergo hundreds, and even thousands, of static fir- 

ing tests before it is committed to a launch vehicle. Combustion insta- 

bility has been the major affliction of large liquid engines. The F-1 

engine, for example, was plagued during development by combustion 

instabilities that would render the engine useless in actual flight. The in- 

stabilities were eliminated largely through experiment and test, rather 

than through a basic understanding of the engine’s combustion processes. 

Solid Chemical Engines. The venerable history of solid rockets began 

with toy rockets, centuries ago, in the Orient. The powder-filled tubes 

used by the Chinese are separated by a huge technological gap from the 

many-ton grains, 3 meters in diameter, that are strapped on the Titan-3 

booster. 
A solid chemical rocket has the convergent-divergent nozzle common 

to most thermal rockets. The hot gases, however, are now generated at 

the burning wall of a huge solid propellant grain (Fig. 9-8). No pumps 
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Fig. 9-8. Drawing of a large solid chemical rocket motor. The thrust of such a 
motor would be approximately 500,000 kg. Dimensions are in meters. 

are needed, obviously, but the high pressures generated throughout the 
large volume of the combustion chamber, which now encloses the whole 
fuel-oxidizer supply, require that a heavy casing replace the relatively 
flimsy propellant tanks of the liquid rockets. One of the major accom- 



LAUNCH VEHICLES 167 

plishments of solid rocket technology has been the development and man- 
ufacture of large but lightweight pressure shells. Filament-wound casings, 
Fig. 9-9, have proven stronger per unit weight than massive metal shells. 

ba 

Fig. 9-9. A small solid chemical rocket case being wound with fiberglass on a 
filament-winding machine. (Courtesy of Thiokol Chemical Corp.) 

The erosion of the uncooled nozzle throats of the solid rockets by the 

hot, reactive, particle-laden combusion products was a serious drawback 

until ablative materials (viz., graphite), like those used on missile nose 

cones, were inserted in the most exposed areas. 

Originally, solid rockets burned essentially axially inward from the 

exposed end. Modern solid rockets use propellant grains with a central 

hole made in the shape of a star, or some reentrant pattern. By shrewd 

design of the grain’s transverse cross section, thrust programs can be 

created that are constant in time, or time-increasing, or varied in almost 

any desired way. 

Solid rockets took a big step forward when they were adopted for use 

on the Titan-3 booster. The huge segments, three meters in diameter, 

are poured and cured away from the launch site, but they are easily 

transported and assembled on the launch pad or in a Vertical Assembly 

Building./The convenient building-block approach and the successful fir- 

ings of large solid-rocket segments with thrusts over a million pounds are 

partly responsible for the strong resurgence of solid rockets. Solid rockets 
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are also easily stored and handled. These facts, coupled with their dem- 

onstrated high reliability and low cost, place them in strong competition 

for the first stage of the next generation of booster rockets, the post- 

Saturn (Nova) series. 

Nuclear Rocket Engines. The only type of nuclear rocket that might 

be developed and used operationally before 1975 is the so-called heat- 

transfer nuclear rocket. The adjectives are derived from the fact that 

heat from the fissioning uranium in the fuel elements is transferred to 

the working fluid (hydrogen propellant) by conventional modes of heat 

transfer (conduction, convection, and radiation) in contrast to kinetic- 

energy exchange processes used in more advanced nuclear concepts, e.g., 

the plasma-core approach (Ref. 9-10). 
In a nuclear rocket engine, a nuclear reactor replaces the combustion 

chamber of the liquid chemical rocket (Fig. 9-10). The nuclear reactor 
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Fig. 9-10. Schematic drawing of a heat-transfer nuclear rocket engine. Hydrogen 
flow from pump enters nozzle, flows left through the neutron reflector, and then 

through the nuclear reactor core and out the nozzle. (NASA drawing) 

core consists of a geometric lattice of uranium-containing graphite fuel 

elements. A liquid hydrogen pump impels the propellant through the noz- 

zle cooling channels and then axially along the nuclear fuel elements. The 

core heats the hydrogen to temperatures in the neighborhood of 2300°K. 
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On expanding through the nozzle, the low-molecular-weight hydrogen pro- 

duces thrust at a specific impulse around 800 sec. 

The nuclear rocket’s specific impulse of 800 sec is about twice that 

available from chemical rockets and therefore a worthy goal. The high 

specific impulse is countered, however, by the nuclear rocket’s higher 

structural weights (due to nuclear radiation shielding), high core weight, 

and the burden of nuclear controls and safeguard devices. When these 

factors are included in booster performance calculations, the margin of 

nuclear superiority diminishes considerably. 

The United States effort in the nuclear rocket field is concentrated in 

the Nerva engine (Table 9-1), which is intended to be ready for flight 

testing about 1970. The major problems encountered with Nerva have 

been: 

1. Core damage, under the influence of high temperatures and the large 

dynamic loads generated during engine operation. 

2. Protection of the public against nuclear hazards arising from a nu- 

clear engine operating in the vicinity of the Earth. 

3. Cladding the fuel elements to prevent the diffusion and spread of 

dangerous fission fragments during normal operations. 

AN | 
ae 

i 

if 

Fig. 9-11. The Saturn-1 stage during construction. Note the intricate structure. 
(NASA photograph) 
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AIR AND JET GAS 

leony SHOCK WAVES 

= 

JET GAS 

———— = 
EXTERNAL a JET BOUNDARIES 

STREAM BOUNDARIES 

Fig. 9-12. Hot gas streams near the end of a large chemical rocket, showing how 
they are reflected and circulated. These gases can impose severe thermal loads on 

the rocket base. 

The high costs of nuclear engine development will always make the 

nuclear rocket fair game during budget-cutting exercises. The additional 

fact that there are chemical rockets now under development that can do 

any job the nuclear engine can do, though perhaps not as well, relegates 

the nuclear-engine program to a lower priority. 

9-4. Launch-Vehicle Design Problems 

Underneath the sleek, cylindrical skin of the booster as it is usually 

seen on the launch pad, there are cavernous fuel and oxidizer tanks, 

PAYLOAD. 

CREW atin ua | aol ~~ /ONDIZER. TANK 

FUEL TANK. fe | 
= vi\ | 

260 tt 

. VERTICAL | AERODYNAMIC, », STABILIZERS 
CONTROL, | LOX/LH2 € | 

f PROPULSION SYSTEM ea: 
‘ i 

{ a las 
“VECTOR CONTROL ENGINES 

ke 423 ft 

Fig. 9-13. A vertical-takeoff Astroplane concept. This launch vehicle can reenter 
and land on airfield runways. After refurbishing, it can be reused. (Courtesy of 

Aerojet-General Corp.) 



Basic Effect 

Base heating 

Aerodynamic 
heating 

Ground wind 

loads 

Buffeting 

Longitudinal 
bending 
moments 

Shock and 

vibration 

Propellant 
sloshing 

LAUNCH VEHICLES 

TABLE 9-2, 

Description 

Hot air reflected from trailing 
engine shock waves heat booster 
base. (See Fig. 9-12.) 

Aerodynamic heating reaches its 
maximum around 10-km alti- 
tude. Maximum temperature 
lags slightly. 

Steady winds cause oscillations 
of vertical cylinder. 

Caused by shock boundary layer 
interactions, blunt-body separa- 
tion, and wake buffeting. 

High altitude winds cause vehi- 
cle to fly at an angle of attack 
near point of maximum dy- 
namic pressure (10-km_alti- 
tude). Pressure on rocket nose 

produces a vehicle torque. Ma- 
neuvers also generate bending 
moments. 

Ground transportation can 
cause shocks up to several g. 
(50 g for railroad humping.) 
Rocket engine generates vibra- 
tion. (See Table 8-2, page 133.) 
Shocks produced by stage-sepa- 
ration pyrotechnics may be 50 
to 200 ¢ for 10 msec. 

Lateral oscillations may cause 
resonant oscillations in partially 
filled tanks. 

Lal 

LAUNCH-VEHICLE DESIGN PROBLEMS 

Implications 

Thermal insulation and booster 

skirts needed. 

Internal stresses from differen- 
tial thermal expansion. Material 
strengths are reduced. 

Guidance alignment affected. 
Structures must be stiffened. 

Structural damage; viz., first 
Mercury-Atlas shot. Requires 
structural stiffening. 

Autopilot must compensate for 
pitch forces increasing bending 
moment. Structure must be 
stiffened. 

Air transport preferred. Sus- 
tained vibration causes struc- 
tural fatigue. Absorbers and 

damping devices needed. 

Structural damage may occur. 
Guidance system may be af- 
fected if its resonant frequency 
is near that of sloshing fre- 
quency. Tank baffles needed. 

miles of pipes and wiring, a multitude of valves and transducers, and, at 

the bottom of each stage, an engine and its bell-shaped nozzle (Fig. 

9-11). Supporting the heavy loads of propellant and the payload are the 

tanks themselves and the intertank/interstage structures. Since every 

pound of structure detracts from launch-vehicle performance, structures 

are pared to minimum weight and fabricated from high strength-to- 

weight-ratio materials. 
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The first decisions that must be made when a new launch vehicle is 
being designed concern such gross problems as: 

1. The number of stages to be used. 

2. The fuel-oxidizer combination. 

3. Over-all vehicle configuration and dimensions. 

4. The structural materials to be used. 

When such questions have been answered, attention can be turned to the 

structural problems involving wind loads, aerodynamic heating, noise and 

vibration, and propellant sloshing. These subjects are so fundamental to 

booster design that they deserve a few words at this point, even though 

they are somewhat divorced from the spacecraft proper. For the sake of 

brevity, these impressed forces and their design consequences are sum- 

marized in Table 9-2. 

9-5. Characteristics of Major Launch Vehicles 

The United States stable of launch vehicles has grown from a few 

modified military rockets to the impressive list given in Table 9-3. The 

most important observation to be drawn from a study of the list is that 

the U.S. has the capacity to explore the farthest reaches of the solar 

system with unmanned payloads launched by chemical rockets. Using 

boosters like post-Saturn (Nova) and orbital assembly, even manned re- 

connaissance of Mars may be within chemical rocket technology. 



Chapter 10 

SPACECRAFT DESIGN 

10-1. Prologue 

Interplanetary spacecraft tend to be lightweight, butterfly-like struc- 

tures. Their fragile appearance is deceptive, for these craft are built to 

withstand the traumas of the launch process and the attrition of years in 

the interplanetary environment. In addition to mere survival, the probe 

also is expected to return large quantities of significant scientific data in 

order to repay its investment. Such qualities do not come easily. A suc- 

cessful space probe is an engineering work of the highest order. 

This chapter concentrates on the general engineering of space probes. 

The discussion will be organized on a subsystem basis. In the chapter 

following, the details of specific probes that have been built or proposed, 

viz., Pioneer 5, will be described. 

In marveling at the watchlike intricacies of space probes, sight should 

not be lost of the fact that a probe, even though millions of kilometers 

away on a ballistic trajectory, is still part of a total system with sub- 

stantial, active equipment back on Earth. For emphasis, the spacecraft 

portion of the interface diagram is reproduced in Fig. 10-1, showing the 

spacecraft broken down into its ten subsystems. Once in space, the vital 

ties with Earth are kept intact only through electromagnetic informa- 

tion transfer, but among themselves the spacecraft subsystems still man- 

ifest a full spectrum of interfaces. 

What makes a “good” space probe? The three important figures of 

merit, as stated earlier, are low weight, low cost, and high reliability— 

all measured at a constant level of scientific data return, which is hope- 

fully high and significant. Reliability quickly emerges as the dominant 

factor in spacecraft design, because lacking it the distant parts of the 

solar system cannot be explored regardless of spacecraft weight and cost. 

176 



SPACECRAFT DESIGN UP AvE 

COMMUN- 
ICATION 

SUBSYSTEM 

JEM, 4 
SCIENTIFIC POWER 
INSTRUMENT EB, EM. SUPPLY 
SUBSYSTEM SUBSYSTEM 

ON-BOARD 
PROPULSION 
SUBSYSTEM 

ENGINEERING 
INSTRUMENT 5 

SUBSYSTEM * 

ATTITUDE 

CONTROL 
SUBSYSTEM 

STRUCTURAL 
SUBSYSTEM 

COMPUTER 
SUBSYSTEM 

GUIDANCE 
AND 

CONTROL 
SUBSYSTEM 

Fig. 10-1. Spacecraft interface diagram. Only the major interfaces are shown. 
T = thermal, Me = mechanical, S = spatial, E = electrical, R = radiative, Ma = 

magnetic, I = information, B = biological, EM = electromagnetic. 

The magnitude of the reliability problem is highlighted by technical 

conflicts that have arisen among astronautical engineers. One school be- 

lieves that more, but simpler, probes should be launched in place of 

fewer, more complex craft, each carrying dozens of experiments. This 

simplicity school argues that reliability is on the side of simpler, more 

frequent probes. Still another group maintains that man should accom- 

pany the instruments as far as possible into space; say, on manned flybys 

where freshly calibrated and activated unmanned capsules could be 

ejected by astronauts as their craft swings around the target planet. In 

this philosophy, man is introduced as a maintenance man and repairman, 

essential to the over-all reliability of the mission. The adverse effect of 
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heat sterilization on spacecraft reliability forms still another battle- 

ground. Finally, there is the conflict between the proponents of electrical 

propulsion, who claim large payload improvements, and the chemical 

rocket adherents, who protest that large electrical power plants with the 

requisite reliabilities are not even on the horizon. The answers to these 

questions will come only with time. Right now, design decisions must rest 

on human judgment alone. Present emphasis is on conservatism and sim- 

plicity. 

The first deep-space probes, the Pioneers, were understandably all 

aimed in the direction of the Moon, except for Pioneer 5, a true inter- 

planetary probe now in orbit around the Sun. The urgency of the Apollo 

project has preempted most space-probe activity during the 1960’s, in an 

effort to explore the lunar surface as thoroughly as possible with un- 

manned devices before committing manned vehicles. The Ranger and 

Surveyor lunar probes that support Apollo are outside the scope of this 

book, though there are many areas of overlapping technology, particularly 

in spacecraft design and scientific instrumentation. In fact, the Ranger 

spacecraft was generalized to the point where it formed the basic core 

of the Mariner-2 spacecraft design. The more complex and ambitious 

post-Mariner probes, in turn, will inherit technology from the simpler 

Mariners that provide the 1964 state-of-the-art benchmark. Of course, all 

probes must also pay a debt to the many Earth satellites, which have 

helped perfect components and improve subsystem reliabilities. 

10-2. Spacecraft Subsystem Integration 

Ten major subsystems make up the spacecraft system defined by the 

interface matrix (Fig. 10-1). Forty-five subsystem interfaces exist just 

on the spacecraft alone. Furthermore each interface may be bridged by 

all nine of the possible interface bonds. These statistics emphasize the 
complexity of a space probe, but how, amid this superabundance of inter- 
connections, is the spacecraft integrated? 

Integration in this instance is the welding together, interface by inter- 
face, of the ten diverse spacecraft subsystems into a unit capable of meet- 
ing stipulated performance requirements. Performance is measured in 
terms of weight, cost, and reliability, the three secondary figures of merit 
introduced in Chap. 4, in lieu of the elusive, single, primary measure of 
excellence. Tertiary figures of merit, like data bit total and political 
timing, may also be common currency during the design phase. The 
really important thing is the designation of a small number of figures of 
merit that everyone agrees to use in measuring the worth of the system. 
Only with this decision can system integration proceed. 

To be completely objective about system design, the fragmentation 
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of the spacecraft into ten subsystems is merely a crutch to help the de- 

signers better visualize interactions and design tradeoffs. No matter how 

carefully the spacecraft is dissected, the resulting model of interlocking 

subsystems is inferior to a firm grasp of the system-as-a-whole. Accept- 

ing the human inability to deal with an unfragmented model, the space- 

craft integrator is faced with ten roughly hewn subsystems glued together 

by a multitude of bonds crossing the forty-five potential interfaces. 

Against this backdrop of definitions, and with a list of scientific ob- 

jectives, the system integrator establishes cost, weight, and reliability 

budgets for each subsystems. At first, these budgets are assigned on the 

basis of Judgment and experience alone. As the spacecraft takes shape, 

the initial inequities will be corrected. For example, experience might 

suggest that a reliability budget of 0.9800 for the communication sub- 

system is both technically reasonable and acceptable to system goals. 

The unexpectedly greater complexity of an advanced spacecraft may 

later force a redistribution of this reliability budget to compensate for 

the untried features of the new system. 

The allocation of the cost, weight, and reliability budgets must be 

accomplished and monitored in a systematic fashion. The management 

tools used to control the budgets include Interface Specifications, Ap- 

proved Parts Lists, and frequent system integration conferences among 

the subsystem engineers. The interface specifications detail the accepta- 

ble ranges of weight and reliability as well as quantitative descriptions 

of the interface bonds (thermal, electrical, etc.) joining all the subsystems. 

Sometimes such management tools seem to verge on excessive red tape, 

but they are essential to a common understanding of the system and 

provide a bargaining basis for design tradeoffs. 

Each experimenter who hopes to place an instrument aboard a space- 

craft must adhere to similar weight, reliability, and cost budgets, although 

they may not be enforced in such a formal fashion. Failures of scientific 
instruments rarely abort the mission, but they do diminish the final pay- 
off. There can be no compromises in any subsystem without affecting the 
system as a whole. 

The cost and weight parameters are additive and easy to comprehend. 
So many dollars and kilograms are allotted to each subsystem designer 

to manipulate in making his subsystem work. Reliability is a more diffi- 
cult matter. Reliabilities do not add simply and have been the subject 
of much technical and popular misinterpretation. On top of this, reliabil- 

ity is by far the most critical performance factor in the design of long- 
lived sterilized probes. In fact, some engineers say that major break- 
throughs in component reliability are needed before we can hope to ex- 
plore beyond Mars and Venus. Further discussion of this all-important 
parameter is in order. 
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Reliability Theory. Reliability is defined as the probability that a 

system will perform satisfactorily for a specified period of time under 

a given set of operating conditions. An interplanetary spacecraft, for ex- 

ample, might have a probability of 0.60 of radioing 10 bits/sec of mean- 

ingful scientific data back to Earth from the surface of Mars for 100 

hours. The probability and time ingredients of reliability are well un- 

derstood. More difficult are the specification of the operating conditions 

and the elucidation of the word “satisfactorily.” In the above example, 

someone must define “meaningful scientific data” before reliability be- 

comes a usable concept. Reliability is a frequently abused parameter. 

It cannot be employed blindly, because some failures are not due to 

chance and cannot be properly described by the probabilistic formulas 

that follow. 
The simplest and most easily described kind of reliability occurs when 

system failures are purely random. In this case: 

R(t) = exp (~ pt) (10-1) 

where: R = the system reliability 

p = the chance failure rate (1/hr) 

t= time (hr). 

I 

This simple equation is applicable only to systems which have been 

adequately debugged (no manufacturing defects), burned in (incipient 

failures eliminated), and which have not yet reached that point in time 

where parts begin to wear out. This region of application is illustrated 

INITIAL ; RANDOM FAILURES pie WEAROUT 
FAILURES (CONSTANT FAILURE RATE) FAILURES 

FAILURE RATE 

OPERATING TIME 

Fig. 10-2. Typical component mortality curve. “Burned-in” spacecraft com- 

ponents operate in the central region. Chapter equations are applicable only in 

the central region. 

in Fig. 10-2, where the mortality curve has flattened out in the middle, 

yielding a constant failure rate. 

The reciprocal of p is the mean time between failures (MTBF), an- 
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other often-used reliability term. If a system must have a reliability of 

0.999999 for one hour, the mean time between failures has to be 1,000,000 

hours (over 100 years), according the Eq. (10-1). Such a reliability 

would be hard to demonstrate experimentally but gives a feeling for the 

magnitudes involved. 

If the system is made up of four devices arranged in series, so that the 

failure of any one device will fail the whole system, the system reliability, 

R(t), is given by the product rule: 

R(t) = RyRok3Rs. (10-2) 

Referring to Fig. 10-3, the system reliability would be just (0.99) (0.99) 

(0.95) (0.99) = 0.922. A considerable improvement in system reliability 

Fig. 10-3. Reliability models of series- and parallel-connected components. Par- 
alleling component #3 significantly improves the over-all reliability. Example 

from Ref. 10-36. 

may be achieved by the paralleling of weak components. The equation 

for parallel or redundant components is: 

eal al alias (10-3) 

where: R, = the combined reliability of the redurdant components 
Rs; = the reliability of the individual paralleled components 

nm = the number of redundant components. I 

Using Fig. 10-3 again, the weak third component can be put in parallel 

with a duplicate of itself so that a failure of one will not fail the whole 

system. Now the system reliability is: 

R(t) = (0.99) (0.99) [1 — (0.05)?] (0.99) = 0.9968, 

a great improvement (Ref. 10-36). 
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Reliability figures are frequently quoted with confidence levels at- 

tached, because it is not a play on words to say that reliability levels 

themselves are not 100% reliable. To take an example, if a reliability 

calculation says that a spacecraft has reliability of 0.90 for specified con- 

ditions over a given period of time, actual measurements on a series of 

spacecraft will show a spread of values between 0.00 and 1.00. If the 

original reliability calculation was based on good component data, most 

of the experimental reliability points would be clustered in a normal 

distribution around 0.90. Suppose that half the observed points fall be- 

tween plus and minus one standard deviation around 0.90, then there is 

an experimentally observed confidence level of 0.50. Good component 

reliability data will also give confidence levels. Mathematical techniques 

are available to handle reliability calculations with attached confidence 

levels. For the rest of this discussion, only the point values, the peaks of 

the normal distributions, will be used. 

It is worth reemphasizing that the preceding theory assumes a constant 

failure rate in time (Fig. 10-2). Furthermore, since reliability is a statis- 

tical concept, it is necessarily based upon many observations, or, as the 
phrase goes, “statistically significant data.” The point is this: most mis- 
siles and spacecraft are classified as one-shot systems, which means that 
there is no recovery, no reuse, and no opportunity for maintenance (Ref. 
10-33). The burden on the reliability engineer is magnified by the scarcity 
of system- and subsystem-reliability data and the extreme scientific, 
financial, and political pressure for a long active life for the spacecraft. 
An additional problem is this: planetary landers aimed at Mars, for ex- 
ample, must also be sterilized by heat treatment at 135°C for at least 24 
hours, a procedure that demands exceedingly careful selection of com- 
ponents. 

The space-probe-reliability quandary is best described by presenting 
another example. Morrison has published the results of a reliability study 
completed for one of the Surveyor models (Ref. 10-33). Although Sur- 
veyor is a lunar lander, the subsystems are very similar to those that 
would be used on planetary landers. Tables 10-2, 10-3, and 10-4 present 

TABLE 10-3. EXAMPLES OF SURVEYOR STUDY MODEL PART FAILURE RATES* 

Resistors, carbon composition 15 X 10—-9/hour 
Resistors, wirewound 150 2 
Capacitors, paper 10 a 
Transistors, silicon 180 a 
Diodes, silicon 40 a 
Coils 100 - 
Transformers, low voltage 200 nf 

* Ref. 10-33. 



185 SPACECRAFT DESIGN 

6S2'0 FIS60 9886'0 

Sh160 Z08'0 

86860 1P86'0 POS6 0 

C1460 

0986'0 

0260 6F86'0 

ISh6'0 

(shop 

0g 

pup 

7y6yq) 
Uorss_ 

fy 

1090.1 

“(€E-0L 
J
O
U
)
 
ATTeyueysqns 

Jeyip 
Avul 

suUsISop 
J
O
A
V
A
I
N
G
 
19}vT 

6
6
 
0 

F
9
6
0
 

1
8
6
0
 

[e707 
quoumtiedxe 

pue 
yyes1d00"dg 

0
6
6
0
 

8
8
6
6
0
 

s
j
u
o
u
t
t
e
d
x
e
 

Joyj}0 
Jo suoTyE[Ndtuvyjy 

8686 
0 

8866 
0 

sioyendruvur 
efdures 

puv 
[
I
q
 

62660 
8866 

0 
UOISTAVTO, [, 

S896 
0 

6hL6 
0 

G066 
0 

cL8'0 
qyeroo0eds 

[
1
0
 J, 

0466 
0 

4666 
0 

6
6
6
6
0
 

8
8
6
6
0
 

sjoued 
rv[os 

puv 
[o1jUo9 

ainjyesiodwa J, 

17860 
SIOSUdS 

BDUBPING 
[BUTULIO, 

9926 
0 

09860 
8
9
6
6
0
 

E
6
6
 
0 

AIjowWe]a} 
puB 

SUOT}BOTUNUTUIOD, 

G1260 
Joyndwi09 

pur 
raduenbag 

09860 
Jo1}U09 

opnytyyV 

v686 
0 

LE66'0 
[8660 

¥66 
0 

Ajddns 
Jamog 

S660 
S660 

$660 
86860 

ain yontyg 

T8760 
uors[ndoig 

(shop 
7
)
 

(shop 
6) 

(sunoy 
0g) 

(burpunT 
wmayshsqny 

uornpndiwun 
worpindiun Jy 

S3lNQIId 
Ad, 

puD 
“ZisuD.s J, 

q
u
a
w
m
w
a
d
r
y
 

ajdwny 
pup 
Ja9 
aug 
‘9800@) 

49470 
G
u
r
e
d
 

buruin7qO 
U
L
E
 

ajajdwmoy 
yfosdaa0dy 

fo figyrqnqorg 
‘buipuvT 

407fy 

xSLNAWIYAdXY AWOS AO 

SSHOONS 

AO 

SAILITIAVAONd 

AAILOAMSOUd 

DNIGAIONI 

“IACOW 

AGALS 

YOATANNS 

AHL 

YOOX 

SUALVWILSH 

ALITIGVITAN 

‘“P-O[T 

ATAVL 



MISSIONS, SPACECRAFT, AND TECHNIQUES 186 

“(
EE

-O
1 

J
O
U
)
 

aq
ea
ts
op
 

yy
et

oo
oe

ds
 

dn
-y
ow
q 

sa
yv

ul
 

ye
y}
 

yo
vy
 

B
—
Y
S
I
Y
 

AI
OA

 
Yo

U 
SI
 

ss
ad

on
s 

Jo
 

A
y
y
I
q
e
q
o
i
d
 

[]
{V
-1
aA
O 

ay
y,

 
‘s

ou
ry

o 
-e

ul
 

xo
pd

ui
o0

o 
ar
e 

se
qo

id
 

ao
ed

s-
da

ap
 

ye
y}

 
st
 

yu
lo
d 

ay
y,

 
‘s
oa
oi
du
nt
 

AZ
of
ou
yo
e,
 

se
 

os
ue
yo
 

07
 

yo
ol

qn
s 

ai
e 

ai
ay
 

po
yu
as
oi
d 

so
in
3y
 

a
y
y
,
 

»
 

0
 

¢0
 

v0
 

90
 

G0
 

LO
 

Sq
ua
wM
iL
ad
x 

iy
 

SU
OL
ID
IU
NW
UW
O,
) 

qs
op
y 

bu
ip
nj
zo
uy
 

fi
yu
g 

fo
 

A
y
y
q
n
y
a
y
 

Aq
eq
gn
ya
y 

UO
Is
st
y 

*(
sy
ue
ut
se
dx
a 

pu
no
is
 

su
rp

ny
po

xe
) 

SA
Bp
 

OG
 

Iv
ad
k 

| 

sA
ev
p 

Qc
 

Iv
ah
 

| 

SA
BP
 

OO
T 

SY
y}
Uo
UL
 

g 

su
or

n.
ad

(¢
 

pa
si

nb
ay

 
sn

on
ur

qu
og

 
au
Ul
iy
af
v]
 

4o
f 

J
a
L
N
 

x
y
S
N
O
L
L
O
I
G
H
Y
d
 

A
L
I
T
I
A
V
I
T
A
Y
 

A
W
O
S
 

S
C
 

G90 

GL
'0
 Ag

nq
ny
ae
y 

79
90
4 ‘C
-Q

[ 
AT
aV
L 

“S
1)
BM
 

OS
T 

3B
 

UO
Is

st
us

UB
Iy

 
JU
sd
IE
d 

7 
JU

8}
4T

UI
 

-I
aJ
UL
 

ao
UB
pI
NS
 

[R
UT

UL
IO

Y 
Y
P
M
 

Jo
xo

o1
 

-O
1j
el
 

pu
e 

UW
IN
nj
eg
 

Su
UI

pN
po

Ut
 

yo
Ho

or
 

29
04
8-
9A
Y 

SQ
] 

OO
O'
T 

Su
ty

sI
om

 
sy
ie
d 

QO
Q 

“Q
O 

Jo
 

ap
ot
yo
a 

Su
lp

uv
y 

Ar
vj
ou
vs
di
oj
uy
 

RSPUMEPNN 

OST 

18 

UOrsstuUIsUBIy 

YUOdIEd 

Z 
JU8qqTUT 

-I9JUL 

S9DUBPINS 

[VUTULIA] 

YIM 

JoYIOI 

-O1}Jol 

pue 

JGO] 

surpnypour 

yoyoor 

95¥B4S-INOJ 

'q] 

OOG 

sulystam 

sqied 

YOO 

“Og 

Jo 

apryaa 

suytqio 

Arvjouvsdi9}Uy 

‘S
}V
VM
 

OC
T 

YB
 

UO
IS
ss
tu
sU
BI
y 

JU
dD
IE
d 

Z 
qu
ey
yt
ut
ey
ul
 

S
W
E
Y
]
 

Ss
ut
pn
yp
ou
t 

yo
xo

o.
r 

a5
vy
S-
s0
1}
 

<Q
] 

OO
T 

su
ry
st
am
 

s
y
e
d
 

00
0°
St
 

Jo
 

eq
oi

d 
so
vd
s 

Ar
vy

jo
uv

sd
i9

qu
y 

qf
os
aa
on
dy
 

fo
 

ad
fi
y,
 



SPACECRAFT DESIGN 187 

these data, beginning with a parts list that is impressive for its totals. 

Part failure rates and system reliability estimates follow. The sub- 

system categories used by Morrison do not exactly fit those in the inter- 

face matrix—ground-support equipment is omitted—but there is a close 

parallel. The lesson to be drawn from these tables is that space probes 

are complex, and, even using the best components obtainable, the system 

reliability is rather low for a 30-day useful life after landing on the 

Moon. 

The reliability problem of interplanetary spacecraft is brought into 

focus with Table 10-5, which shows system reliabilities as low as 0.3 for 

planetary landers. Two solutions to this apparent reliability impasse 

have been offered: 

1. A crash program to improve component reliabilities, 

2. The firing of probes in parallel (salvo firing). 

The first suggestion aims at the basic problem, but the second can bring 

acceptable mission reliabilities with today’s equipment. Backup space- 

craft and salvo firings are admittedly crutches. Ultimately the long-term 

cost of duplicate firings will have to be compared with that of an all-out 

component reliability program. 

10-3. The Communication Subsystem 

Three functions may be performed by the spacecraft communications 

subsystem: 

1. Data transmission to the Earth, including both telemetry and video. 

2. Command receipt from Earth. 

3. Transmission of transponder signals that enable the probe to be 

tracked from the Earth. 

The word “may” is used in the first sentence because the second and 

third functions can be eliminated in principle by autonomous controls 

and navigation equipment on the spacecraft. The first major space probes 

(Mariners and Voyagers) will be dependent on Earth, making all three 

functions essential. The early spacecraft communication subsystems thus 

consist of a data encoder/transmitter, a command receiver, and a trans- 

ponder. Ancillary equipment includes antennas and the cabling to other 

subsystems for purposes of power, environmental control, and checkout 

(Fig. 10-4). 
The designer of the spacecraft communication equipment cannot have 

a completely free hand. His apparatus is only part of the much larger 

communication subsystem stretching from the probe, through the DSIF 

and SFOF, to man. What is more, all of the internal and external inter- 
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Fig. 10-4. Portion of the spacecraft interface diagram showing the relationships 
of the communication subsystem to the rest of the subsystems. 

faces shown in Fig. 10-4 must be matched, providing still more con- 
straints. On top of this, Nature dictates that a certain range of frequencies 
be used for interplanetary transmissions. And information theory recom- 
mends certain kinds of modulation for space-probe work (see Chap. 6). 
Such constraints are confirmed on Earth by frequency allocations and 
large facilities investments that also help to mold the spacecraft para- 
meters. 

To narrow the engineering limitations still further, the cost, weight, and 
reliability budgets enter the picture. Of these three, reliability is the most 
severe taskmaster, because the electronic parts make up a large fraction of 
the total number of fallible parts aboard the spacecraft (Table 10-2). 
Coupled with this fact is the widespread suspicion that electronie com- 
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ponents are weak links in the spacecraft reliability chain. Boxed in by a 

multitude of interfaces and overriding figures of merit, space-probe com- 

munication subsystems have proven to be surprisingly effective and reli- 

able in practice. 

Matching Communication Subsystem Interfaces. The communication 

interface problem is best expressed by Fig. 10-4. Some amplification is 

warranted, because the communication subsystem interfaces are very 

similar to those of the other subsystems, discussed later in the chapter. 

The following paragraphs conform to the kinds of interfaces shown in 

Fig. 10-1. 

In the typical space probe, the communication subsystem will con- 

sume a large fraction of the total power generated. Almost all of this 

energy ultimately appears as heat, which somehow has to be dumped into 

the space environment or equipment temperatures will rise to excessive 

values. Conduction and radiation are the simplest and most relable modes 

of heat transfer; they are area-limited, however, and may be ineffective in 

cooling the deep interiors of electronic packages. Convective-cooling loops 

are useful but should be avoided, because of weight and lack of relia- 

bility. Thermoelectric cooling is another technique for removing heat 

from today’s high-part-density electronic equipment. The interface with 

the environmental control subsystem then is primarily thermal. 

A critical mechanical interface connects the booster with the com- 

munication subsystem. Across it flow the potentially damaging shocks 

and vibration spectra of the launch vehicle. The obvious design solution 

uses insulation and shock mounting. In addition to careful subsystem 

isolation, each resistor and capacitor should be tied down rather than 

supported by their leads. Polyurethane foam has been used to ruggedize 

the electronic packages in spacecraft like Transit. 

With small scientific spacecraft, there is always intense competition 

for every steradian of solid angle. The solar-cell arrays, communication 

antennas, the environmental control radiators, and the scientific instru- 

mentation all need area access to space to perform their functions prop- 

erly. The tradeoffs between the competing subsystems involve the spatial 

interface. Only detailed studies can resolve the arguments in most cases. 

A spatial interface also links the spacecraft communication and attitude- 

control subsystems because directional antennas must be pointed ac- 

curately to bridge interplanetary distances. 

The electrical interface with the power supply involves more than 

power alone. The power must be of the right sort; i.e., of the proper 

voltage, frequency, and degree of regulation. Power supply transients 

could easily insert errors into PCM transmissions. 

Nuclear radiation interfaces could be created by radioisotopic and 
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nuclear-reactor power supplies—say in conjunction with electrical pro- 

pulsion—or radiation damage could stem from the use of a nuclear rocket 

during the boost phase. These problems will remain academic until nuclear 

reactor hardware is developed and tested.* In any case, radiation shield- 

ing, with its weight penalties, could be placed between the radiation 

source and sensitive components. Since interplanetary spacecraft pass 

through the Van Allen belts quickly and the radiation levels in deep 

space are quite low (Fig. 3-3, page 24), environmental shielding is un- 

necessary. 

Magnetic interference with spacecraft scientific instrumentation can 

be avoided by the use of non-magnetic materials, instrument isolation, 

and shielding of the offending components. It is difficult to predict mag- 

netic interactions, and most compensation stratagems must wait until 

systems tests are made during the latter stages of spacecraft development. 

Compensating circuits are sometimes needed to reduce coupling effects 

(Sec. 10-7). 

Electronic circuits frequently set up interfering electromagnetic fields 

that disturb not only other portions of the communications subsystem but 

also nearby equipment, such as the guidance-and-control and scientific- 

instrument subsystems. This cross talk and noise can be prevented to 

some extent by good design practice and electromagnetic shielding. Tests 

with the actual spacecraft, however, usually reveal unpredicted inter- 

actions that must be eliminated prior to launch. 

The biological interface ties the communication subsystem to the 

scientific instruments. Residual microorganisms on and within electronics 

parts, left living despite sterilization on the Earth, may somehow migrate 

into life-detection experiments and upset the results. Of course, con- 

tamination of the target planet might occur too. Mechanical barriers, 

such as diaphragms, may be interposed to prevent such migration within 

a spacecraft, but the primary line of defense lies in sterilization by heat 
(135°C for 24 hrs or more) or nuclear radiation. Both of these accepted 
treatments may degrade electronic components and reduce reliability. 

Good design practice obviously decrees the use of heat-tolerant parts and, 
where possible, components that are more nearly sterile when they come 
from the factory. 

The final interfaces are those where the format and rate of data flow 
must be matched. Data words flowing between the communication sub- 
system, the DSIF back on Earth, and the computer subsystem must be 
of the same length, well synchronized, employ the same conventions, and 
be transmitted at compatible rates. 

* Only so far as the communication subsystem is concerned. Today’s radioisotopic 
power supplies can seriously interfere with scientific instruments. 
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Designing the Communication Subsystem. With all of the preceding 

admonitions in mind, electronic circuitry must be fashioned into ampli- 

fiers, receivers, counters, and the like. The reader’s familiarity with basic 

electronics is assumed here. 

Since space probes are all tailored for different particular jobs, gen- 

eralizations do not. come easily. The electronic packages may end up 

almost anywhere within the confines of the spacecraft. Their positions 

may even be changed at the last moment, owing to electromagnetic and 

magnetic interference. It is almost trite to say that the communication 

equipment has to be rugged, compact, reliable, and consume a minimum 

of power. Such qualities result mainly from good design practice, ex- 

haustive testing, and careful inspection. 

Some specific points can be offered. Equipment should be modular 

wherever possible so that quick replacement is possible during launch 

pad checkout. Pursuing the checkout theme, a great deal of thought 

should be given early in the design to checkout and diagnostic instru- 

mentation and procedures. Finally, reliability can be promoted by using 

meticulously selected parts in derated situations. Redundancy should be 

used with discretion. The communication links with the Earth are often 

duplicated, or alternate links, perhaps using different frequencies and 

antennas, are provided to back up the primary channels. 

Spacecraft communication equipment may be designed in almost in- 

finite variety and yet do its task well. To provide a reference frame, the 

remainder of this section will use the Mariner-2 communication subsys- 

tem as an example (Refs. 6-9 and 10-8). The functional block diagram 

for the complete subsystem is shown in Fig. 10-5. 

In the case of Mariner 2, data had to be transmitted and commands 

received early in flight, before the midcourse maneuver, regardless of the 

spacecraft attitude with respect to the Earth. For this reason, a discone 

omniantenna was mounted on top of the craft. Reception of commands 

in any attitude was insured by a turnstile antenna on the back side of 

one solar panel and a dipole antenna on the forward side. Soon after the 

midcourse maneuver, the spacecraft receded beyond the effective range 

of the omniantenna. Most communications were then channeled through a 

large, high-gain, directional antenna. The Mariner-2 high-gain antenna 

was a 1.22-meter paraboloid with a 16° full-cone-angle beamwidth. Circu- 

lar polarization was employed. Other antenna combinations would have 

worked before the midcourse maneuver, but directional antennas are 

dictated afterward by both distance and the limited power available on 
the spacecraft. 

The transponder used for tracking Mariner 2 received signals from 

Earth on 890 Me and responded through a 7-mw transmitter at 960 Me. 
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The equipment consisted of an extremely narrow-band, double-super- 

heterodyne, automatic-phase-tracking receiver. Like the bulk of the 

spacecraft electronic gear, the transponder was entirely transistorized. 

Mariner 2’s flight command assembly was divided into three functional 

units (Fig. 10-5), which demodulated the command signals and extracted 

timing pulses. They were: 

1. The command detector. 

2. The command decoder, which decoded the commands and timing 

pulses for other parts of the spacecraft. 

3. The transformer-rectifier. 

The Mariner-2 data encoder multiplexed engineering and scientific 

data. It was capable of operating in three modes at two different data 

rates. To show its intimate connection with the scientific instrumenta- 

tion, its functional block diagram is presented in Fig. 10-6. During Mode 

1, only engineering data were sampled. Engineering and scientific data 

were time-shared in Mode 2, while only scientific data were transmitted 

in Mode 3. A bit rate of 107 bits/sec was used near the Earth, but this 

was reduced to 8.33 bits/sec near Venus, as the distance and limited 

transmitter power (3 watts) forced the changeover to the lower rate. 

The entire Mariner-2 communication subsystem weighed only 12 kg, 
excluding mounting hardware. Power input was 50 v rms, 2400 eps, square 
waves at 30 va. Everything was transistorized except for the cavity ampli- 
fiers. The most characteristic features were the phase-lock, PCM /PSK 
modulation concept and the use of a transponder for tracking, both keyed 
to the DSIF ground equipment. Without question, other design ap- 
proaches could have worked, but the Mariner-2 communication approach 
has been validated by its success at Venus. Future probes not only must 
be matched with the extant DSIF but give good reason for changing from 
a proven communications approach. 

In time, technology undoubtedly will bring surprises that will lead to 
major performance improvements. Molecular electronics holds out a 
promise of lower weights, smaller volumes, and reduced power require- 
ments while still performing all the functions of today’s electronic equip- 
ment. 

10-4. The Power Supply Subsystem 

The task of the power supply seems so simple—to provide well-regu- 
lated electrical power to the spacecraft during all modes of operation— 
that it is difficult to see why it presents a major problem in spacecraft 
design. One reason for difficulty is implicit in the load profile for a typical 
interplanetary exploratory vehicle (Fig. 10-7). Not only do total power 
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Fig. 10-7. Load profile for Mariner 2. The irregular power demand necessitated 

an energy accumulator—the battery. (Ref. 10-13) 

levels shift radically with time, but the voltages and regulation needed 

vary, too. The spacecraft power supply is also subject to damage from 

the environment, particularly from radiation hitting the solar cells. And 

its complexity (thousands of solar cells) brings about a reliability situa- 

tion similar to that seen in the communication subsystem. 

Perhaps most of the debate in power generation circles today stems 

from the great variety of competing power sources and power conversion 

schemes that are being offered for space use. Every purveyor’s product, 

whether it be a fuel cell, nuclear reactor, or thin-film solar cell, is held 

up as the solution to space power’s problems. The best answer to all the 

contradictory proposals is in the careful study of the mission and a dis- 

passionate selection. The unique characteristics of the interplanetary mis- 

sion often make the choice easier. Mission durations are months and 

years, effectively ruling out power supplies based on chemical energy, 

like batteries, fuel cells, and open-cycle turbomachinery. The inter- 

planetary spacecraft is almost always in full sunlight, a fact which 

eliminates the Earth-satellite problem of providing power during the 

shadow periods. On the other hand, the use of solar power is made more 

difficult by the large changes in the solar constant as the probe moves 

N20 DAYS 



196 MISSIONS, SPACECRAFT, AND TECHNIQUES 

1000 

= 
=< = 100 
pe 
= 
WwW 

5 B 
a ls 
WwW 
a 

(we 
WW 

z VOYAGER CLASS > [e) 

Sapll S46 
<6 

Oo 
a 

& MARINER CLASS> 
sy 
Oi 
WwW 

oO 

4 NEW PIONEERS > 
$ 
a OLD PIONEERS 

0.01 

0.001 Sa 
1960 1962 1964 1966 1968 1870 1972 1974 

CALENDAR TIME 

Fig. 10-8. Estimated electrical power requirements for space probes. 

toward or away from the Sun. More serious are the opaque and possibly 
corrosive atmospheres surrounding some of the planets in the solar sys- 
tem. Power requirements, too, are highly variable, starting with tens of 
watts for simple probes and ending with hundreds of kilowatts for 
electrically propelled spacecraft (Fig. 10-8). 

No single type of electrical power source can meet all load and en- 
vironmental demands. Only two long-duration power supplies are now 
operational: solar cells and radioisotopic power generators. Research and 
development are being carried out on solar-thermionic, solar-thermo- 
electric, solar-dynamic, and many kinds of nuclear power plants. Just 
which of these will actually be aboard the space probes of the future can- 
not be divined at present. Some predictions are shown in Fig. 16-9. 

To prepare for interface analysis, examine the block diagram for 
Mariner 2 (Fig. 10-10). It is far from a simple black box with two 
terminals. Added to the 2400-cps bus carrying power to the major sub- 
systems are 400-cps lines and a number of connections for ground-sup- 
port equipment and telemetry monitoring of voltages and currents. These 
wires constitute the major electrical interfaces. 
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Fig. 10-9. Estimated availability of flight-ready power supplies. 

Every power supply has four parts: 

1. An energy source. 

_ An energy conversion mechanism. 

. A waste heat rejector. 

. A power-conditioning section that regulates and doles out the power 

according to each subsystem’s needs. 
Bm CO bd 

Most power research and development concentrates on power sources 

and energy conversion, although the Mariner-2 block diagram makes it 

clear that much of.the actual hardware is devoted to power conditioning 

and distribution (Figs. 10-10 and 10-11). 

The solar-cell power supply (see Fig. 10-12) is constructed from 

components rather similar to those in the communication subsystem. Most 

of the interfaces—mechanical, magnetic, radiative, and spatial—are also 

similar. Only the thermal interface with the environmental control sub- 

system differs significantly. Regardless of the type of power supply 

selected, about 90% of the energy collected or generated turns up as waste 
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Fig. 10-11. Portion of the spacecraft interface diagram showing the relationship 

of the power-supply subsystem to the rest of the subsystems. 

heat to be disposed of by the power supply. The remaining 10% ulti- 

mately appears in the form of heat loads in the other subsystems. 

Fortunately, solar cells immediately reradiate the heat they absorb from 

the Sun. The thermal interface becomes a real problem only when there 

is an onboard source of energy such as a nuclear reactor or isotope. The 

heavy load of waste heat emanating from these devices must be carefully 

directed out of the spacecraft and away from heat-sensitive equipment. 

Since heat rejection must be by thermal radiation, the nuclear power 

supply is often finned (Fig. 10-13) or uses convection loops and external 

radiators. Of course, any spacecraft component that optically sees the 

radiator fins will absorb thermal radiation. Sometimes this heating can 

be an advantage, as in a planet’s shadow or during a lunar night, but 

usually it is undesirable. 

What have been the operational problems encountered with power sup- 

plies? Over 90% of the long-lived space vehicles launched so far have 
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Fig. 10-12. Front and back views of one of the Mariner 2 solar panels. (Courtesy 
of the Jet Propulsion Laboratory) 

employed solar cells. The most publicized problem has been that of radia- 
tion damage to the solar cells. Happily, space probes will avoid this since 
they will not operate within the Earth’s Van Allen belts and, hopefully, 
will avoid those of other planets, if they exist. After the radiation damage 
problem comes subsystem breakdown due to component failures. Mariner 
2, for example, had a short in its solar panels that reduced the amount 
of power available. Like several other mystifying electronic failures in 
spacecraft, it first repaired itself and then reappeared. The switching and 
regulator circuits in the relatively complex power-conditioning equipment, 
have been troublesome for spacecraft with solar cells and also for the 
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Fig. 10-13. The Snap-9A radioisotopic power generator being assembled. Ther- 
moelectric modules fit in the holes around the central fuel capsule. Note the large 
radiator fins needed to reject the 500 watts of waste heat. (Courtesy of Martin- 

Marietta Corp.) 

radioisotope-powered Transit satellite. A final operational problem that 

afflicts solar cells comes from the solar heating of the solar panels: the 

higher the temperature of the solar cell, the lower its efficiency. Even the 

higher solar flux on trips toward the Sun does not compensate for this 

deterioration. Solar probes and missions to Mercury will have their solar- 

cell power supplies overdesigned compared to what would be needed close 

to the Earth to compensate for later degradation. 

Solar cells are amply described in the literature (Ref. 10-47). The 

electromagnetic energy of solar photons is converted into the potential 

energy of electron-hole pairs in the vicinity of a p-n junction. These cur- 

rent carriers move across the junction under the influence of the junction’s 

electric field, creating a current flow. Physically, solar cells are thin, 

semiconductor sheets—usually made from silicon—with several square 

centimeters of active area. Early cells used a thin layer of p-silicon 

diffused on a thick layer of n-silicon. New radiation-resistant cells re- 

verse the materials. 

There are several techniques for assembling the tiny solar cells into 

the large panels so characteristic of modern spacecraft. In all approaches, 
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the cells are anchored to a substrate to form modules. Cells are elec- 

trically interconnected either by series shingling or by wire connections. 

Modules are then connected in the series-parallel array that best satisfies 

the voltage requirements, while still providing part-power protection in 

the event of circuit failures in some of the strings. Rectifiers must be 

inserted to prevent current flow between unbalanced series strings and 

from storage batteries into the cells themselves. 

The external surfaces of many satellites are plastered with solar cells. 

The larger satellites, however, must go to solar paddles to find sufficient 

area to power their instruments. Deep-space probes also need more power 

than surface-mounted cells can generate. The familiar wing-like solar-cell 

panels adorn most space probes. And here is a source of potential failure. 

Solar panels are stowed inside the booster shroud during the ascent 

through the atmosphere. After the shroud is blown off, electrical or pres- 

sure-powered actuators deploy the solar panels. The electromechanical 

deployment mechanisms sometimes do not work. 

A battery is usually needed in all space power supplies to provide power 

during peak loads. Solar power plants need the battery for power before 

solar acquisition and during the midcourse maneuver. If the Sun is ac- 

cidentally lost, battery power is needed for reacquisition. 

The radioisotopic power generator, the only other source of long- 

duration power sufficiently developed to consider here, receives its 
thermal energy from decaying radioisotopes, such as Pu-238, Cm-244, 
and Sr-90. Thermoelectric and thermionic converters change 5-10% 
of this heat into electricity. The remainder of the heat is radiated +o 
space from the generator surface. Usually a cylindrical geometry like 
that shown in Fig. 10-13 is used. 

One of the major concerns in using nuclear energy is the radiation 
emanating from the fuel capsule. So long as alpha emitters like Pu-238 
and Cm-244 are used and power levels are kept below the kilowatt range, 
the radiation will be of minor concern to unmanned spacecraft. The 
intense gamma and bremsstrahlung radiations from the beta-emitting 
fuels are more serious and necessitate generator shielding (Ref. 10-11). 

Another power supply of potential interest. focuses sunlight on the 
cathodes of thermionic converters to generate electricity (Ref. 10-47). 
Eventually these supplies might produce more power per unit weight than 
either solar cells or radiosotopie power generators. Fine attitude control 
(to about one minute) would be needed. 

A summary of probable space power supply capabilities is presented 
in Fig. 10-14, using the conventional parameter of specific mass. Of 
course, all power-conditioning and mounting equipment. is charged to 
the power supply. Figure 10-9, page 197, shows a well-defined time and 
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Fig. 10-14. Estimated specific masses of long-duration power supplies available 
for flight between 1960 and 1975. 

technological barrier in space power. This barrier exists because the 

proven solar cells and radioisotopic units are limited to only a few kilo- 

watts of power for reasons of weight, panel area, and fuel availability. 

Apparently only nuclear reactor power supplies can overcome this power- 

level obstruction, but it is unlikely that flight-operationai reactor power 

supplies in the 10-100-kw range will be ready before 1972. This power 

constraint will undoubtedly hold back both manned and unmanned space 

exploration. 

10-5. The Propulsion Subsystem 

After the spacecraft has been injected into its trajectory and the last 

launch-vehicle stage has been discarded, there would seem little left for 

onboard rocket engines to do. This section owes its existence not to the 

magnitude of the velocity changes needed but rather to the variety and 

precision of the propulsion functions that must be performed. Table 10-6 

sums the requirements simply. In addition to attitude control, which is 

discussed in the next section, propulsion is first needed for the small 

nudges of the correctional maneuvers. Relatively large velocity incre- 

ments are called for during powered descent to planetary surfaces and 

the return to Earth of samples from deep space. 

The varied propulsive functions and the difficulty of selecting the best 

propulsion system(s) pose a problem similar to that of choosing the best 

power supply. As before, the choice of a dependable, operational pro- 
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TABLE 10-6. ONBOARD PROPULSIVE FUNCTIONS* 

Approximate Possible 
Velocity Incre- Propulsion 

Function ment (m/sec) System 

Midcourse maneuvers 10-500 Solids, liquids, 
electric 

Terminal maneuvers 1-100 Solids, liquids 

Orbital injection 10-10000 Solids, liquids 
Atmospheric entry 10-10000 Solids, liquids 
Powered descent 1000-100,000 Solids, liquids 
Rendezvous 1-100 Liquids 
Orbital transfer 5000-50,C00 Solids, liquids, 

electric 

*See Table 5-2, page 46, for other propulsive functions and mission types. 

pulsion system is limited in terms of possible candidates. The tried and 

usually true solid- and liquid-chemical rockets are as predominant in 

onboard propulsion as solar cells are in the power supply. Small, re- 

startable nuclear heat transfer rockets have been studied (Ref. 9-10), but 

they appear likely to be delayed in development until at least 1980. As 

with the large nuclear rockets mentioned in Chap. 9, development is slow, 

and it is hard to see the details beyond the promises of high specific 

impulse and phenomenal energy density. 

Onboard propulsion units will obviously be much smaller than the 

boosters that started them on their way. More than this, the onboard 
rocket must survive the long flights through space without fuel deteriora- 
tion or excessive propellant boiloff. Because they will be used for deli- 
cate maneuvers, the onboard rockets have to be precisely controlled not 
only in thrust level but also in thrust duration and direction. Restart- 
ability in space is an additional asset. In fact, the property of restart- 
ability tends to separate solid- and liquid-chemical engines, with the 

TABLE 10-7. STORABLE FUEL-OXIDIZER COMBINATIONS* 

Vacuum Specific 
Fuel Oxidizer Impulse (sec) 

RP-1 IRFNA 314 
NoO, 323 

UDMH IRFNA 3828 
No.0, 333 

NoH, IRFNA 328 
NoO,4 339 

*From Tables 206 and 20.7, Handbook of Astronautical Engineering, H. H. Koelle, 
ed., McGraw-Hill Book Co., New York, 1961. 
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solids usually being relegated to one-shot applications, even though much 

progress has been made in developing restartable solid motors. 

Rocket principles and engine configurations are the same for small 

rockets as they are for large. The discussions of Chap. 9 may thus be 

applied at this point. 

When talking about onboard chemical engines, the list of high-energy 

fuels (Table 9-1, page 164), must be supplemented with the “storable” 

fuel-oxidizer combinations, with their markedly lower specific impulses 

(Table 10-7). 

The propulsion subsystem’s most sensitive interfaces occur with the 

Fig. 10-15. Midcourse propulsion subsystem used on Mariner 2. Bladder is filled 

with hydrazine under pressure. Rocket nozzles are shown below. (Courtesy of the 

Jet Propulsion Laboratory) 
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CRS: 

Fig. 10-16. Demonstration model of a walking machine designed for use on 
planetary and lunar surfaces. (Courtesy of Space General Corp.) 

guidance-and-control and attitude-control subsystems. The pertinent func- 

tion of the guidance-and-control subsystem is to determine the timing, 

direction, and magnitude of maneuver velocity increments. The attitude- 

control subsystem should position the spacecraft precisely for the ma- 

neuver, or the rocket’s action may be worse than useless. 

Another interface worth mentioning exists when the engine is fired. In 

the vacuum of outer space, the exhaust jet will be overexpanded (too 

fan-like) unless impractically long nozzles are used. The poorly col- 

limated gases may envelope some of the spacecraft surfaces. Back- 

scattered molecules may even impinge on the solar cells. During powered 

descent, the hot exhaust gases can interfere with radar altimeters. For 

these reasons, the engine must be mounted so that its nozzle has a wide 

field of view. To preclude spinning the spacecraft, the thrust axis should 
go through the center of mass. The Mariner-2 midcourse propulsion sub- 
system, shown in Fig. 10-15, illustrates how the problems were met for 

a flyby probe. A rather unexpected interface occurs between the onboard 

propulsion subsystem and life-detection instruments. Some rocket pro- 

pellants are not sterile and, even after combustion, may contaminate 

instruments with microorganisms in their smoke. 

Surface Propulsion. When a space probe lands on an unexplored planet, 

its usefulness will be greatly increased if it is even slightly mobile. But 
where will the power come from, and what kind of locomotion should be 
used for unpredictable terrains? 

The onboard power-supply subsystem is the manifest source of pro- 
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d 

Fig. 10-17. Flexibly connected, doughnut-wheeled vehicle for locomotion on 
planetary and lunar surfaces. (Courtesy of General Motors Corp.) 

pulsive energy. If the planet has an atmosphere, it may be opaque to 

solar rays, chemically active, or a carrier of dust and debris. In view of 

the environmental hazards, the power supply for early planetary landers 

seems destined to be fueled with radioisotopes, at least until reactor power 

plants are available. Whatever energy source is selected, the vehicle 

motor will probably have only a few hundred watts of electricity to 

propel the spacecraft. 

Potential planetary terrains are so diverse that a great many different 

kinds of locomotion. might be effective (Table 10-8 and Refs. 10-5 and 

10-9). Concepts vary from screw-like machines that crawl through dust 

and sand to insect-like walking machines (see Fig. 10-16). Models of 

the better concepts have been built and tested in simulated terrains (Fig. 

10-17). The only generalization that can be made concerning planetary 

locomotion is that adaptations of Earth forms of locomotion (wheels and 

tracks) will probably suffice for most missions and take the least ex- 

penditure of research and development. 
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TABLE 10-8. 

Means of 

Locomotion Advantages 

Walkers Possibility of greatly re- 

Hoppers 

Wheels 

duced power require- 
ments compared to a 
wheel, particularly when 
operating in soft, 
loosely packed ground, 
providing that internal 
friction of the mechan- 
ism can be kept small. 

Good foldability. 

Possibility of eliminat- 
ing exposed rotating 
joints by using flexible 
leaf spring joints. 

Disadvantages 

Mechanical com- 
plexity. 

Increased internal 

friction. 

Road velocities 
limited by inertial 
stresses in leg 
members, which 
will be roughly 
proportional to 
the square of the 
speed. 

Carefully con- 
sidered design re- 
quired for feet, 
which must nego- 
tiate and provide 
useful traction 

over a variety of 
random _ terrains 

and surfaces. 

May be subject to 
excessive _-vibra- 
tion. 

Generally the same advantages and disad- 
vantages summarized above for walking ma- 
chine with the additional major disadvantage 
of requiring systems to stabilize the ma- 
chine’s attitude during the ballistic flight 
phase of the hopping maneuver. Possibility 
of greatly reduced friction with well designed 
means of elastic energy absorption upon land- 
ing. 

Mechanical simplicity. 

If wheels have large di- 
ameters and broad rims, 
then reasonable coeffi- 
cients of friction are to 
be expected. 

Capable of high speed 
when negotiating smooth 
terrain. 

Rotating joints re- 

quire good seals. 

Large diameters 
and broad rims 
suggest —_ possible 
heavy rim weights. 

POSSIBLE TECHNIQUES FOR PLANETARY LOCOMOTION* 

Conclusions 

A practical walk- 
ing machine for 
operations 1s pos- 
sible providing 
over-all vehicle 
size and weight 

are kept small. 

Does not seem 
practical or neces- 
sary at this time. 

A planetary vehi- 
cle having proper- 
ly designed wheels, 

individually pow- 
ered, can generate 
sufficient traction 
for practically any 
mission except 
heavy bulldozing. 
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TABLE 10-8. Continued 
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Means of 
Locomotion Advantages Disadvantages Conclusions 

Tracks Good flotation in soft Mechanically May be the only 
soils. complex. conventional solu- 

Ability to bridge ecre- Typicaltrack con- 1207 if high trac- 
vasses and trenches. figurations have "onlsa roa i 

d m quirement. 
Capable of the greatest ™&nY exposed 
tractive effort of any  J0Mts. 
usual means of locomo- May require fre- 
tion. quent mainte- 

Capable of negotiating joao 
rough terrain. Have considerable 

operating friction. 

Rocket Can overfly rough re- Requires means to Not practical from 
Sustension gions of terrain. stabilize vehicle fuel consumption 

Carmen Ov ea shortedis: during flight, standpoint as a 
ances nt hich welocitics which implies a prime means of 

i complicated com- locomotion during 

puter. extended —cross- 
Crests arediceds aC OUntty missions. 

range for a given 
quantity of pro- 
pellant in com- 
parison with a 
wheeled vehicle. 

Rocket- Generally the same advantages and disad- Not satisfactory 

Ballistic vantages as enumerated for rocket sustension, for deliberate de- 

Trajectory but with about three times the range for a tailed exploration 
of planetary sur- 
faces. 

given quantity of propellant. 

* Adapted from Ref. 10-19. 

If a planet has an atmosphere, man will inevitably wish to fly probes 

through it. Therefore, aircraft in alien atmospheres must be considered. 

Since most planetary atmospheres are nonoxidizing, the conventional jet 

engine is useless. Rocket planes and helicopters are possible prime movers 

for unmanned landers, but surface locomotion is much more likely. 

Electrical Propulsion. The final topic of this section concerns the use 

of electrical propulsion to increase the spacecraft velocity increment 

(Ref. 10-43). The considerable research work done in this field indicates 

that these low-thrust, high-specific-impulse propulsion systems will be 

most useful during the long flights to the more distant planets. On these 
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missions their much higher specitic impulses (around 10,000 sec) will per- 

mit much greater payloads than chemical rockets can promise. There are, 

however, some disadvantages connected with electrical propulsion. First, 

the thrust-to-weight ratios are 10—* or less, meaning that travel times 

between planetary orbits tend to be very long.* Second, the reliability 

of the associated large nuclear power plant is therefore an unresolved 

question. Third, the large nuclear power supplies that can produce 

hundreds of kilowatts are decades away. Unhappily for the nuclear- 

electric propulsion systems, the low-specific-impulse chemical rockets 

have so improved and gained such momentum that it will be difficult to 

displace them from their dominant role in spacecraft propulsion. Both 

nuclear rockets and electrical propulsion seem destined to be dominated 

by chemical rockets during the early exploration of the solar system. 

10-6. The Attitude-Control Subsystem 

The typical space probe is far from isotropic. The communication sub- 

system, the scientific sensors, and solar power supplies are all direction- 

sensitive. The spacecraft attitude with respect to the Earth, Sun, and 

scientific target must be sensed and converted into torques that will align 

the spacecraft for the business at hand. The physics of attitude control 

has been covered in Sec. 5-6. The attitude-detecting sensors will be de- 

scribed in See. 10-8. 

Some of the specific jobs that fall to the attitude-control subsystem 

at various times after the launch shroud is blown off are: 

1. Acquire the Sun for the solar panels in order to relieve spacecraft 
batteries. 

2. Align the spacecraft rocket engine for midcourse and terminal ma- 

neuvers and for satellite orbit injection. 

3. Acquire the Earth for the high-gain, narrow-beam antennas. 

4. Acquire astronautical targets for scientific sensors. 
5. During atmospheric entry, present the proper spacecraft angle of 

attack. 

6. During powered descent, assure spacecraft stability and rocket- 

engine alignment. 

7. Compensate for angular disturbances due to unbalanced solar pres- 

sure and meteoroid collisions. 

With an unjointed spacecraft, some of the above functions are simul- 
taneously incompatible. To illustrate, the Sun may have to be lost during 
the midcourse maneuver, when the gas jets change the spacecraft attitude, 

*Some low-energy ballistic interplanetary trips may be longer than those of ion 
rockets, but, in principle, high-thrust, ballistic orbit transfers can always be found 
that will be faster. 
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and later be reacquired. Interim power would have to be supplied by 

batteries during such an occurrence. 

The total amount of angular impulse needed during the flight of a space 

probe varies greatly with vehicle and mission. Simple interplanetary 

monitoring craft with isotropic sensors, uniformly mounted solar cells, 

and omniantennas might not require any attitude control at all. Con- 

trast this to a typical, small planetary lander needing 107 newton-sec 

(2.25 x 10° lb-sec) of impulse to orient it correctly during all ma- 

neuvers. Intermediate missions, like simple planetary flybys, require 

something like 5000-10,000 newton-sec. Momentum requirements cannot 

be specified more narrowly than this without going into actual vehicle 

and mission design. 

COMMUN- 
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SUBSYSTEM 

SCIENTIFIC 
INSTRUMENTS 
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SPATIAL SPATIAL 
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SUBSYSTEM 

ENGINEERING BIOLOGICAL 
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SUBSYSTEM 
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CONTROL 

SUBSYSTEM 
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SUBSYSTEM 

ENVIRON— 
MENTAL 
CONTROL 

SUBSYSTEM 

COMPUTER 
SUBSYSTEM 

GUIDANCE 
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CONTROL 
SUBSYSTEM 

Fig. 10-18. Portion of the spacecraft interface diagram showing the relationship 
of the attitude-control subsystem to the rest of the subsystems. 
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The interfaces that the attitude-control subsystem shares with the rest 

of the spacecraft are summarized in Fig. 10-18. The import of the me- 

chanical interfaces with the communication, propulsion, and power sub- 

systems have already been described. The information interfaces with 

the guidance-and-control subsystem and the onboard computer may in- 

volve attitude instabilities and attitude-control computations that strain 

the capability of the computer. Luckily, these problems are easier to solve 

for space probes than they are for Earth satellites, where gravity, drag, 

TABLE. 

Technique 

Cold gas jets 

Liquid rockets 

Solid rockets 

Vapor pressure 

Inertia wheel 

Liquid inertial 
device 

Inertia sphere 

Electrical 

propulsion 

Solar pressure 

10-9. COMPARISON OF ATTITUDE-CONTROL TECHNIQUES 

Specific 
Impulse (sec) 

80 

150-250 

80 

103-105 

Torque Range 
(newton-m or lb-ft) 

0.001 to 25 

0.01 to 80 

0.01 to 80 

0.001-0.1 

0 to 1 

ORvon ! 

0 to 0.08 

10m CFto Os 

10-5 newton/m?2 

Remarks 

Accurate. High pres- 
sure No or Ar stored 
in vehicle tanks. Good 
for probes (Fig. 10- 
20). 

Can be throttled or 
used intermittently. 
Used for resetting sat- 
urated inertial devices. 

Best for short burning 
times. Small gun types 
(“cap pistols’) exist. 

Vapor evolved from 
solid or liquid is ex- 
pelled through a noz- 
ale. 

For precision control. 
Can saturate. 

Liquid metal loop 
driven by electromag- 
netic pump. Consumes 
considerable power. 

No cross-coupling, as 
with wheels. Difficult 
to build and develop. 

Low mass consump- 
tion, but power sup- 
ples not developed. 

Can be used for stabi- 
lization, Also a major 
cause of trajectory dis- 
persion. 
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and other forces complicate the picture. Experience with the orbiting 

observatories (OSO and OGO) has been helpful here. Finally, gas jets and 

rocket exhaust may damage the surfaces of solar cells and scientific 

sensors if nozzles are not carefully placed. Again the competition for 

solid angle is manifest. 

Approximately 90% of the spacecraft launched to date, including 

Pioneer 5, have been spin-stabilized because the technique is simple and 

effective in many applications. Spin stabilization, since it keeps the 

spacecraft pointed in a fixed direction in inertial space, is unsuited to the 

highly directional properties desired of advanced space probes. Therefore, 

some method is needed for parceling out the variously sized bits of 

angular momentum to accomplish the seven functions just listed. 

Two fundamental possibilities exist: 

1. Mass expulsion by gas jets, rockets, projectiles, and pyrotechnics. 

2. Mass-conservative devices, like gyroscopes and inertia spheres. 

The status of these and some other concepts important to the attitude 

control of interplanetary spacecraft are summarized in Table 10-9. Earth 

satellites, especially those with sensors continuously pointed at the Earth, 

have pioneered the use of magnetic bars, gravitational-gradient stabiliza- 

tion, and aerodynamic control. The fields and forces upon which these 

special attitude-control devices are based are absent or ineffective in 
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Fig. 10-19. Ratio of specific momenta for cold-gas jets and inertia spheres. 

(Specific momentum is measured in terms of the momentum per unit mass of the 
attitude-control subsystem.) (Ref. 7-9) 
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deep space. As a compensating blessing, they are also too weak to cause 

significant attitude perturbations. 

Space probes have seen the transition from the spin-stabilized Pioneer 

5 to the cold-gas-jet-controlled Mariners and Rangers. Gates, Scull, and 

Watkins have shown that for the Mariner-type flyby missions, cold- 

gas jets offer more than a ten-to-one margin of superiority over reaction 

spheres (Fig. 10-19 and Ref. 7-9). A more general comparison of the 

different mass expulsion possibilities has been published by Romaine 

(Fig. 10-20 and Ref. 10-38). This comparison is based on total weight, 

BIPROPELLANTS @ 1000 
Zz 

2 
= 100 
WwW 

cS 
10 MONOPROPELLANTS Ait 

= 

a 1 ARCJETS = 
COLD-GAS ION-PROPULSION 

10 10° 107 10° 10° 10% 
TOTAL IMPULSE (NEWTON-SEC) 

Fig. 10-20. Comparison of attitude-control-system capabilities on a total weight 

basis showing areas of superiority. Graph assumes that electrical propulsion 
systems are operational. (Ref. 10-38) 

including the thrustor and its propellant supply. Unfortunately, the 

electrical-propulsion attitude-control concepts noted in the figure cannot 

be used until large, reliable, long-lived power supplies become available. 

With inertia devices shown to be too heavy in comparison with gas-jets 

and rocket-engine attitude-control subsystems, the latter two schemes 

will apparently dominate the scene in deep space for many years to 

come. Spin stabilization, however, will continue to be useful for probes 

like Pioneer 6 that require only stabilization in inertial space. 

The liquid and solid rockets used in attitude-control subsystems are 

basically the same as the much larger booster rockets described in Chap. 

9. As Table 10-9 indicates, however, the specific impulses of attitude-con- 

trol rockets suffer considerably in the miniaturization process. 

Continuing to use Mariner 2 as a reference space probe, Fig. 10-21 

illustrates some of the components of the ten cold-nitrogen gas jets used 

during the 1962 flight to Venus. The placement of the gas jets about the 

axes to be controlled during the flight can be seen in the Mariner draw- 
ing, Fig. 11-8. Controlling the ten paired gas jets were six solar-aspect 
sensors, one horizon scanner, and three rate-integrating gyros, all to be 
discussed in Sec. 10-8. 
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10-7. The Environmentai-Control Subsystem 

Sophisticated spacecraft use both active and passive means for con- 

trolling their environment. Passive devices are preferred, because of 

their better reliabilities, but some environmental forees—especially ther- 

mal foreces—that are impressed on the spacecraft are so intense and 

variable that only active controls yield acceptable solutions. 

In this section, three aspects of environmental control will be covered: 

1. The maintenance of the spacecraft temperatures within a range 

where all equipment can operate satisfactorily. 

2. The reduction of the nuclear radiation environment to acceptable 

levels. 

3. The reduction of spacecraft-induced magnetic fields to acceptable 

levels. 

These three forces—thermal, radiative, magnetic—may originate on 

the spacecraft itself or arise in the space environment (Fig. 10-22). Not 

unexpectedly, the three forces are identical to three of the nine inter- 

face forces used in the interface diagrams. A fourth force, mechanical in 

nature, due to shock and vibration, penetrates the booster interface. It is 

described in Sec. 10-10. By their very nature, all four forces pervade 

the entire spacecraft. The environmental-control equipment is therefore 

intimately intermeshed with all spacecraft subsystems, as illustrated by 

the ubiquitous thermal-control machinery. 

Thermal Control. A probe in outer space continually intercepts solar 

energy, some is reflected, some is converted into heat. A spacecraft also 

evolves heat internally, because of onboard energy sources and component 

energy dissipation. For thermal equilibrium, every joule added to the 

spacecraft must be balanced by a joule radiated from it to empty space. 

In the absence of equilibrium, spacecraft equipment will eventually 

become either too hot or too cold for proper operation. 

The operating temperature range of most spacecraft equipment is ap- 

proximately 0-60°C, a little more for some components. Superficially, 

these broad limits would seem easy to meet with good thermal design. 
Several factors make the task more challenging. Though the interplanetary 

spacecraft does not encounter the periodic solar eclipses of the Earth 

satellites, the Solar Constant does vary considerably from one planetary 

orbit to another. In the neighborhood of Venus, the solar flux is about 

twice that near Earth; near Mars, it is only 3/7 that of Earth; at Pluto, 

only 1/1600 that of Earth. A Mercury-bound spacecraft must be prepared 
to cool its electronic equipment, while one bound for the outer planets 
may have to heat it. Furthermore, the heating and cooling actions must 
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Fig. 10-22. Portion of the spacecraft interface diagram showing the relationship 
of the environmental-control subsystem to the rest of the subsystems. 

vary smoothly with the Solar Constant. The Solar Constant is predictable, 

but the effects of solar radiation on the properties of spacecraft surfaces 

is not well known. Ultraviolet radiation and the impact of the inter- 

planetary plasma may degrade or even upgrade surface emissivities and 

absorptivities. The radiation properties of surfaces are not well known 

as functions of temperature, although this situation is improving rapidly 

(Fig. 10-23). A final source of possible errors of calculation is the large 

increase in thermal resistance across mechanical joints (i.e., riveted 

pieces) owing to the “cleaning effects” of the space vacuum. Because of 

these complications, a thermal model of the spacecraft turns out to be 

an essential part of every probe program. Only in this way can the 

thermal environment be predicted with confidence. 
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EMISSIVITY 

100 200 400 1000 2000 4000 

TEMPERATURE (°K) 

Fig. 10-23. Emissivity vs. temperature for various radiator coatings. (Ref. 10-42) 

The importance of 2 thermal model of the spacecraft is underscored 

by the spacecraft structure itself, which consists of many shells, wires, 

struts, and fasteners of different sizes, shapes, and materials. Accurate 

simulation is needed to support analysis. 

Thermal] analysis begins with the simple law of heat conduction: 

Q = kA (Ti = T2) 

Q = the heat flow (watts) 

A = area (m?) 

1 — T, = the temperature difference (°K) 

= thermal conductivity (watts/m?-°K) 

where: 

D 

> 

A simple law, but imagine applying it to a complex structure like Mari- 
ner 1 (Fig. 11-8). 

The law of radiation heat transfer is scarcely more complicated: 

Q = cAeF 5 (Te = T2') 

where: e = the surface emissivity 
o = the Stefan-Boltzmann constant (5.67 X 10-* watt/m2-°K?) 

Fy2 =a view factor defined as that fraction of the total energy 
originating at A; which is intercepted by Ao. 

The mathematical difficulty here is that although the laws of heat transfer 
are quite simple, the actual geometries are extremely involved. 

With this handicap in mind, the spacecraft designer can: 

1. Construct a simplified analytical model and obtain approximate 
results under idealistic conditions. 
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2. Attack the problem on a digital computer, using a more accurate 
model, in which each differential area and angle is integrated piece 
by piece on the computer. Almost any spacecraft can be mocked 
up in this way. 

3. Back up all computations with a thermal model. 

It is only wise to assume that any analytical attack will be approxi- 

mate to some degree, say + 10°C, for the most sensitive component. To 

this uncertainty must be added a safety factor and the dynamic range 

anticipated during the mission (Ref. 10-31). 

Spacecraft thermal calculations deal with only a few kilowatts, but 

spacecraft have small heat capacities, leading to quick trouble even with 

small heat unbalances. With such small quantities of energy, heat conduc- 

tion along wires and struts of small cross section is surprisingly effective 

in transferring heat. Temperatures are so low that radiative heat transfer 

between spacecraft components is small but not always negligible. 

Passive thermal control uses special surfaces and coatings, applied 

in patterns calculated to radiate excess heat away and/or absorb solar 

energy to keep instrument packages warm. Passive surface control usually 

provides equilibrium solutions only for a fixed environment. As the solar 

flux waxes or wanes or as subsystem heat loads vary, there must be cor- 

responding changes to preserve the over-all heat balance. In concept, such 

changes might be carried out passively by surface coatings or thermally 

conducting members which change with time; say, through sublimation 

in a vacuum. Use might also be made of the effects of sunlight on the 

emissivity of a surface. At present, no passive scheme seems to have the 

dynamic range needed for the thermal control of all space probes. 

Active control of the spacecraft thermal environment is more effective. 

Some possibilities are: 

1. Movable surfaces to control radiative heat transfer. 

2. Convection heating and cooling. 

3. Electrical heating and cooling. 

Most spacecraft and many satellites mount thermostatically controlled 

louvers, slotted disks, and other movable surfaces in strategic positions 

(see Fig. 10-24). As the controlled component gets hotter, a temperature- 

sensitive control element, like a bimetallic element or liquid-filler actu- 

ator, opens louvers to permit more heat to escape by radiation (Fig. 10- 

25). If component heating is desired on a trip away from the Sun, the 

same principle can admit more sunlight or even expose the component 

to the radiating fins of a radioisotopic power generator. 

Convection heating and cooling are not presently used on space probes. 



220 MISSIONS, SPACECRAFT, AND TECHNIQUES 
= = == 

| _-LOUVER POSITION ie A 
7 CONNECTOR i a ae = Ho 

i 
i. 

ir 

U 

Sy: 

om 

| 
H 
{| 

| 
i} 
! 

POSITION ch 
Ne | 

1 ADJUSTMENT 
Wess 

a 

1 i] I 
1 4 

y | /- BIMETAL ACTUATOR | 

THRUST LOUVER SHOWN IN FULLY Ai i MYLAR INSULATION aH 

SECTION A-A 

Ch 
sia “ 

Oo 

Hous ey 
1 P A yy 

c = -+H4- Vie = 

| LOUVER SHOWN IN FULLY / 
\cetosep POSITION y 

oS 
-LOUVERS SHOWN gq = = -_— x ete a =~ a. 

AT 45-deg OPEN Sy , 
POSITION \ ps 

LOUVER ¢ 

_a. 
in 

=H 
= | 

Iga ffl 
Sa ELECTRONIC CHASSIS 

aren OUTLINE 

Fig. 10-24. Louver mechanism on Mariner 2 used to control the spacecraft 
temperature. (JPL drawing) 

The larger probes of the future, with deeply buried components, may 
depend upon streams of liquid metal or organic coolants to carry heat 
to and from heat-sensitive regions.* Separate, finned space radiators and 
an onboard source of electrical energy and heat—perhaps a radioisotopic 
generator again—are essential features of such schemes. Convection im- 
plies moving parts, like pumps and valves. Reliability therefore must 
sit in judgment when the environmental-control subsystem is considered. 

Electricity can be used like convective fluids and beams of radiant 
energy. Spacecraft often employ small heaters and thermoelectric coolers 
in special parts of their electronic equipment. Electrical heating and 

* Convective cooling is usually lighter than conduction cooling when space-probe 
weight exceeds 250 kg. 
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Fig. 10-25. Temperature-controlled louvers on Mariner 2. (Courtesy of the Jet 
Propulsion Laboratory ) 

cooling consumes valuable power, but it is also the most flexible means 

for selectively controlling temperatures throughout the spacecraft. 

Most space probes will use some combination of passive and active 

control. 

Radiation Control. Damage to spacecraft equipment from space radia- 

tion is unimportant for most missions outside the Earth’s radiation belts. 

The fluxes of cosmic and solar flare radiation are not high enough to 

damage electronic components (Fig. 3-3, page 24). Conceivably some 

of the other planets, especially Jupiter, might have radiation belts strong 

enough to cause harm, calling for special shielding. In general, though, 

the damage threshold is orders of magnitude above expected space-probe 

exposures. 

Nuclear radiation can also interfere with scientific experiments. Neu- 

trons and gamma rays from radioisotopic power sources as well as en- 

vironmental radiation may interfere with instruments measuring certain 

restricted portions of the spectrum of particulate radiation. An onboard 
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nuclear power source creates the most serious radiation problems for space 

probes. Even radioisotopic power generators with alpha-emitting fuels 

will produce enough neutrons and gamma rays to make generator shield- 

ing mandatory on probes measuring environmental radiation (Ref. 10- 

11). Beta-emitting fuels, while not now contemplated for probes, produce 

so many gammas that instrument shielding is difficult and radiation 

damage to semiconductor components a real possibility. Nuclear reactor 

power supplies, like Snap-8, produce even more copious radiation. 

The sensitivities of spacecraft instruments and components to nuclear 

radiation vary considerably. A gamma-ray spectrometer may be com- 

promised if bombarded with a few gammas per second. Most transistors 

can tolerate 10™ nvt.* The radiation levels around nuclear power sources 

depend upon distance, power level, and the reflection of radiation from 

surrounding components. Further generalization is difficult. 

Components and instruments can be protected from nuclear power 

supplies by: 

1. Distance; viz., mounting either the power supply or the instrument 

on a long boom. 

2. Power-supply shielding (the unit shield concept). 

3. Component shielding (patch shielding). 

4. A combination of 2 and 3 (split shielding). 

In general, dense materials such as lead and tungsten are used to shield 

against gamma rays; light, hydrogenous substances, like paraffin, make 

good neutron shields. Radiation levels drop exponentially with the shield 

thickness. The reader is referred to Blizard for detailed design procedures 

(Ref. 10-7). Whatever shield weight is finally calculated, it must be 

charged against the nuclear power plant. 

Magnetic-Field Control. The final component of the spacecraft environ- 
ment that has to be handled on a probe-wide basis originates within the 
probe itself. Every current flow produces a magnetic field that may dis- 
turb magnetometers measuring the weak external fields that amount to 
only a few gammas. Every piece of magnetic material used potentially 
distorts the field being measured. Of course, magnetic control is pertinent 
only where the external field is being monitored, but the magnetic map- 
ping of the solar system holds such great scientific interest that it is hard 
to imagine a probe without a magnetometer aboard. 
Many magnetie-field problems are not recognized until the spacecraft 

is completely assembled and tested. It would be ridiculous to try to 
calculate the effect of every current-carrying wire. Instead, design pro- 

*nvt = neutron flux multiplied by time (neutrons/em’). 
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ceeds on a few basic rules that minimize the resultant spacecraft field: 

1. Use nonmagnetic materials where possible. 

2. Position major current carriers so that their fields subtract rather 

than add. 

3. Use one of the spacecraft models to detect and eliminate any residual 

fields. 

Remedies at the spacecraft-model stage consist of circuit rearrangement, 

the use of compensating coils, and the physical isolation of the magneto- 

meter from offending circuits. 

10-8. The Guidance-and-Control Subsystem 

The task of the guidance-and-control subsystem is to detect deviations 

from proper performance, determine remedial action, and dispatch cor- 

rective signals to the actuators. A man in control of an automobile does 

much the same thing, but steering a spacecraft across millions of kilo- 

meters is more difficult by orders of magnitude. In the case of the space- 

craft, the major functions to be controlled are: 

1. Position and trajectory control in inertial space and on the surfaces 

of planets. 

2. Attitude control. 

3. Environmental control. 

There are, of course, other controlled quantities, e.g., the power-supply 

voltages, but, like the spacecraft environment, they are usually controlled 

by local feedback loops (thermostats) and will not be discussed here. 

Only the control of position and attitude requires elaborate sensors, 

computers, and actuators. 

The separate mention of computers emphasizes the philosophical isola- 

tion of the computer from the guidance-and-control subsystem and the 

rest of the probe. In many early spacecraft, computers were highly spe- 

cialized and physically integral with the subsystems they served. Com- 

puting, however, is a general type of activity that can easily be central- 

ized on large probes. With this in mind, the computer is treated as a 

separate subsystem in this book (Sect. 10-9). There is no incontrovertible 

proof, though, that a centralized computer has any particular advantages 

over specialized computers. 

The information interface between the computer and the guidance- 

and-control subsystem is most critical. The computer is called upon to 

make coordinate transformations, calculate midcourse-maneuver propul- 

sion requirements, and so on. The computer does not have to reside in 

the spacecraft proper and has in many instances remained on Earth. 
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Other vital information interfaces occur between the guidance-and-control 

subsystem and the attitude-control and propulsion subsystems. Actuation 

information must flow accurately and rapidly across these interfaces. 

Position- and attitude-finding instruments come in four categories: 

1. Inertial devices dependent upon accelerations and gravitational 

fields. 

. Optical instruments that sense and lock onto light sources. 

3. Radar, which is used for determination of distance, direction, and 

velocity. 

4. Earth-based tracking equipment, which can be used to measure 

spacecraft position and velocity subject to the constraints men- 

tioned in Chap. 9. 

bo 

Inertial Sensors. Inertial devices include gyroscopes, accelerometers, 

and pendulums. All three of these instruments are customarily used on 

launch vehicles and satellites. But in deep space, where gravitating bodies 

are far away and the local vertical has little meaning, pendulums are not 

employed. Also rejected for probe use is the free gyro, which remains fixed 

in inertial space but has drift rates so high (0.1-0.5 deg/min) that it is 

useless on interplanetary flights that are months and years in duration. 

The conventional gyroscope has a high-speed, rotating wheel as its 

inertial member, but many new approaches exist (Table 10-10). Some 

new designs aim at eliminating the friction-induced bearing torques. 

Others, like the laser gyros, can measure minute displacement velocities 

through the change in phase of electromagnetic waves. 

Gyroscopes are subdivided into several types. Free gyros, which meas- 

ure angular displacements about two axes, have already been disposed 

of for deep-space probe use. The one-degree-of-freedom rate gyros have 

lower drift rates and can be used successfully on long missions. All gyros 

have signal generators mounted on one or more of their axes. In the free 

gyro, generator signals drive torque motors, which rotate the gimbals to 

erect the gyro in the proper position. Rate gyros are mounted with the 

fixed input axis parallel to the spacecraft axis that is to be monitored. 

A torque about the input axis will cause the gyro to precess around the 

output axis. The displacement of the spring-restrained gimbal is propor- 

tional to the angular acceleration about the input axis. Rate-integrating 

gyros, which have the lowest drift rates (0.001 deg/hr), generate outputs 

proportional to the angular displacement around their input axes (Fig. 

10-26). A viscous fluid occupies the space between the case and the gim- 

bal, making the rate of gimbal precession a function of the input accel- 

eration and the viscosity of the fluid. Such a gyro integrates the input 
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Torque 
IN. Signal 

generators 

Fig. 10-26. “Free” gyro, left, and “rate” gyro, right. 

acceleration over time, the result being the total angular displacement 
of the gyro (Ref. 10-37). (Fig. 10-27) 

In present practice, rate integrating gyros are utilized on space probes 
during midcourse maneuvers to measure plane changes. To conserve life 
and power, they are turned off during the coast phases of the mission. 
Usually there will be at least one gyro for each degree of freedom. Opera- 
tions near a planet call for the same inertial sensors used on Earth. 

Accelerometers measure accelerations applied to the spacecraft through 
the displacement of a spring-loaded mass. Integrating accelerometers 
like the rate integrating gyros contain a viscous fluid. The total velocity 
change is then proportional to the total displacement of the mass (Fig. 
10-28). Integrating accelerometers have threshold sensitivities of about 
10~°g, making them very useful during midcourse, terminal, and rendez- 
vous maneuvers. . 

Optical Sensors. Where inertial sensors falter, optical sensors are avail- 
able to supplant them. Spacecraft position and attitude can be sensed by 
sighting on celestial objects. Since the human eye is absent, all optical 
sensors use photosensitive semiconductors, photocells, iconoscopes, and 
the hike. Accurate pointing always calls for a scanning operation or arrays 
of fixed, light-sensitive cells, linked with feedback circuits, that center 
the sensor on the target. 

Star trackers home in on point sources of light by focusing their images 
on photosensitive surfaces with an optical telescope. Typically, a slotted 
scanning disk rotates in front of the focal plane. Error signals are gen- 
erated when the target star is not focused on the center of the photosen- 
sitive surface. Signal generators attached to the azimuth and elevation 
axes of the star-tracker mount relay the bearing data to the computer 
subsystem. The accuracies of star trackers are remarkably good (Table 
10-11). 
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Fig. 10-27. Cutaway view of a miniature integrating gyro. (Courtesy of Minne- 
apolis-Honey well) 
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Fig. 10-28. An integrating accelerometer. 
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TABLE 10-11. SUMMARY OF SENSOR CAPABILITIES* 

Type Sensing Capability Accuracy (deg. RMS) 

Currently 
Practical Desired 

Sun sensor Any arbitrary plane in solar system 0.1 0.001 
Planet: sensor Any arbitrary plane in solar system 0.2 0.01 
Star tracker Any arbitrary plane in solar system 1 0.001 
Horizon scanner Local vertical 0.2-0.5 0.001 
Rate gyro Rate of deviation from orbital plane 0.2 per hour 0.001 per hour 

* Ref. 10-25. 

Extended light sources, like the Sun, the various planets, and their 

satellites, can also provide valuable navigation information. The feed- 

back loop that centers the optical sensor on an extended source is very 

similar to that in a star tracker. The image of the object being tracked 

now fills a large portion of the detector area. A screen splits the image 

into several parts and directs them to separate photosensitive devices 

(Fig. 10-29). Error signals, produced when the image is not centered, 

drive azimuth and elevation motors until the error signals have been 

reduced to zero (Table 10-11). Solar-aspect sensors are placed on satel- 

lites and deep-space probes (Pioneers) to signal the spacecraft orientation 

relative to the Sun. By placing solar cells at strategic points on the out- 
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Fig. 10-29. An image splitter for tracking extended bodies. (Ref. 10-40) 
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side of the spacecraft, i.e., the six faces of a cube, the direction of the 

Sun can be computed from the simultaneous outputs of the cells. 

Horizon scanners, like the one shown in Fig. 10-380, are very effective 

SCAN MOTOR COUNTER-ROTATING 

/\ SCAN-GENERATING PRISMS 

y ——, 

ES! DETECTOR LENS 

War, WAS 

} | IMMERSED 
Ht THERMISTOR 

BOLOMETER 
DETECTOR 

GERMANIUM 
WINDOW 

RCE? A ACQUISITION 
LIGH / MOTOR CONNECTOR 

pool HEAD SIGNAL PROCESSING 
PHOTO-DIODE POSITION ELECTRONICS 

PICKOFF 

Fig. 10.30. A JPL horizon-scanner design. (Ref. 10-40) 

in determining the local vertical near planets warm enough to emit 

enough infrared radiation. Scanning mirrors or lenses trace the discon- 

tinuity in temperature between the warm planetary surface and the cold 

horizon. If the angle of the scanner axis with the vertical changes, error 

signals measure the deviation and so inform the guidance-and-control 

subsystem. In theory, the altitude above the planet can also be com- 

puted if its diameter is known. 

With modern pattern-recognition equipment, TV cameras can be 

pointed via a feedback loop until they are centered on specific stars or 

extended sources. Angle data may then be acquired from the camera 

drive mechanism. TV cameras are also useful in guiding planetary rovers 

from the Earth. In principle, a TV camera combined with pattern recog- 

nition equipment could automatically locate geological, biological, and 

other scientific features from a lander vehicle. 

The use of radar- and laser-ranging is well understood. These equip- 

ments differ from the optical sensors described above in the ability to 

measure distance and velocity in addition to bearing. As explained in 

Chap. 7, these active navigation devices must be reserved for close-up 

planetary and rendezvous maneuvers in order to conserve spacecraft 
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power. There is no good substitute for active ranging equipment during 

touchdown and rendezvous operations. 

In summary, the guidance-and-control subsystem is the sum total of 

the navigation sensors and the control and actuation circuits. It must get 

the spacecraft to the right place at the right time with the proper attitude. 

Most often this subsystem will be entirely contained within the spacecraft, 

but many of the early probes will rely on Earth tracking for position 

information. 

SPACECRAFT 

HORIZON SCANNER 

FIELD-OF-VIEW CONE 

INFRARED 
RADIATION 

FROM WARM PLANET 

1LOCAL VERTICAL 

Fig. 10-31. Schematic showing the operational principle of a horizon scanner. 

It is much too early to conjure up designs of guidance-and-control 

circuits for automata. Whatever the spacecraft of the future may be— 

merely radio-controlled machines or autonomous, cognitive robots—they 

will be studded with guidance-and-control sensors of all descriptions, 

for these instruments are the real senses of all spacecraft. 

10-9. The Computer Subsystem 

The computer subsystem serves the spacecraft in four ways: 

1. It is a centralized service unit performing computing tasks for all 
subsystems needing it. Data processing falls in this category. 

2. It is a storage unit for data (ephemerides, for example), commands, 
and the routines used for internal checking, maintenance, and self- 
repair, 
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3. It is a timer and sequencer that initiates actions independent of 
Earth. 

4. In the future, it will be the center for onboard cognition and deci- 

sion making. 

Centralized computers will be used on only the larger and more ad- 

vanced probes. The computer’s interfaces are illustrated in Fig. 10-32. 
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POWER 
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SUBSYSTEM 

SCIENTIFIC 
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ENGINEERING 
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ELECTROMAGNETIC 

ON-BOARD 
PROPULSION 
SUBSYSTEM 

INFORMATION, 
BIOLOGICAL ELECTRICAL, 

ELECTROMAGNETIC 

INFORMATION 

ATTITUDE 
CONTROL 

SUBSYSTEM 

STRUCTURAL 
SUBSYSTEM 

wr 

ENVIRON- 
COMPUTER MENTAL 
SUBSYSTEM THERMAL CONTROL 

SUBSYSTEM 

GUIDANCE 
AND 

CONTROL 
SUBSYSTEM 

Fig. 10-32. Portion of the spacecraft interface diagram showing the relationship 
of the onboard-computer subsystem to the rest of the subsystems. 

Early spacecraft obviously do not possess all the interfaces shown in the 

schematic. Some navigation and guidance computations are done on ad- 

vanced Earth satellites, but most of the computing for space probes is 

still done on the Earth. 
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There is an excellent reason for avoiding spacecraft computers. They 

are complex and unreliable in terms of lengthy interplanetary voyages. 

Using an example presented by O’Donnell (Ref. 10-35), a typical, real- 

time computer with 1500 transistors, 10,000 diodes, 500 capacitors, and 

2000 resistors would have a mean time between failures of about six days. 

Such a computer would have only a 50/50 chance of successfully com- 

pleting a 100-hr mission. The probability of success falls to around 10~1* 

for a 240-day interplanetary mission. No doubt computer improvements 

will raise this probability several orders of magnitude in the next decade, 

but not by 107. Another reliability barrier has been encountered. Again 

reason dictates that computer equipment be left on the Earth, where it 

can be repaired when it falters. The burden for computational success is 

thus placed on the shoulders of the communication subsystem. 

Small, highly specialized computers fly on all spacecraft. They are 

small analog computers with memories in the form of contoured cams 

and wheel-and-disk mechanisms. Large, general-purpose digital com- 

puters will supplant some, but not all, of these simple machines. Can the 

general-purpose computers be of the analog type? The limited accuracy 

of the analog computer (about 1 part in 1000) makes this unlikely. 

Digital computers are not only more precise but much more flexible in 

terms of the different kinds of jobs they can do. They can probably be 

made lighter and more compact than the collection of specialized analog 

computers they will replace. 

The general purpose digital computer is buttressed by abundant litera- 

ture (viz., Ref. 10-21) and will not be discussed further here. It is suffi- 

cient to say that the discipline of microelectronics aims at packaging as 

many as one million components per cubic foot (35,000,000 per cubic 

meter), and that digital computers can be made small enough for space- 

craft. Even the ambitious, complicated automata described earlier seem 

destined to be brought down to manageable size—eventually. The big 

problem with computers is reliability, not size. 

Mariner 2 used a small digital computer and timer collectively called 

the Central Computer and Sequencer (CC&S, Fig. 10-33). An electronic 

clock, using a crystal-controlled oscillator (307.2 ke), provided time 

pulses which initiated such spacecraft operations as the extension of the 

solar panels and orientation of the directional radio antenna. Most of the 

important computations and commands, however, originated on Earth. 

10-10. The Structural Subsystem 

The structural subsystem is the strong skeleton of the spacecraft. It 

supports, unites, and protects all of the other subsystems. More than just 

a framework on which to hang electronics packages, the structure estab- 
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Fig. 10-34. Plan view of the Mariner-2 magnesium chassis in the open position. 
(JPL drawing) 

lishes the geometry of the spacecraft, isolates components on booms, and 
shields vital equipment from meteroids and atmospheric-entry forces. 

Spacecraft that do not enter planetary atmospheres or impact on sur- 
faces tend to be open structures with unfolding panels and deploying 
antennas. Obviously all spacecraft must be compact and rugged when 
they are launched, but once in space, after the protective shroud has been 
blown off, they can unfold their area-dependent equipment. There can 
be no increase in the total solid angle seen by the probe, but the total 
area can be greatly increased by articulated structures. Mariner Le Rig, 
11-8, is typical of an open, jointed spacecraft. 
When atmospheric entry and surface landings are planned, rugged, 

dense structures are preferred until these violent maneuvers have been 
completed. Once on the ground, a lander will undergo the same sort of 
metamorphosis as its interplanetary relative. In addition, a lander has 
to deploy wheels or legs if it is to be mobile. 

The powerful urge to gain surface area results directly from the abun- 
dance of area-sensitive equipment. Some examples are: 

1. The directional spacecraft antennas. 
2. The solar panels. 
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3. Heat rejection surfaces, 
4. Scientific sensors like plasma samplers and meteoroid detectors. 

Star trackers and other instruments, while not so area-sensitive, need 
certain fractions of the 4 steradians of solid angle that are available. 
Structural design is further complicated by the need to isolate magneto- 
meters, nuclear power supplies, and other interfering equipment on long 
booms or structural extensions. 
A comparison of probes like Mariner 2 and Ranger 7 with represen- 

tative Earth satellites like Telstar and Tiros reveals the difference be- 
tween an open-frame probe and the shell-type satellites. Telstar, for ex- 
ample, consists of an outer shell of solar cells surrounding a cylindrical 
electronics package supported by nylon cords. The typical probe has a 
similar, dense electronics package (Fig. 10-34), mounted within a poly- 
hedral framework. A superstructure carrying instruments and antennas is 
perched on top (Fig. 10-35). The two aims of the superstructure are to 
increase spacecraft area within the confines of the launch shroud and 
isolate equipment. The shroud gives probes that customary conical ap- 
pearance before deployment of the articulated sections. Atmospheric 
entry shapes also have a similar, but blunter, conical cast. 

Fig. 10-35. Mariner 2 used a hexagonal frame as its basic structure. The six 
chassis shown in Fig. 10-34 are hinged to this structure for easy access. (Courtesy 

of the Jet Propulsion Laboratory) 
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It is advantageous to modularize spacecraft equipment, so that quick 

replacement can be made during ground checkout. Figure 10-34 shows the 

six hinged modules and the hexagonal symmetry of Mariner 2. 

Some of the structural interfaces are worth emphasizing. The burden 

of protecting the spacecraft from the vibrations of the booster falls to the 

structure. Absorbers must decouple the two systems enough to preclude 

spacecraft damage. Structural resonances are quite possible. At this point, 

the reader is referred to several treatises on spacecraft structural design 

(Refs. 9-1 and 10-24). 

A less clearcut interface involves the electrical connections between 

subsystems. These connections are only wires and waveguides, but instead 

of just a few wires threading through the structure, there are many 

thousands. Collectively, they are massed into thick, stiff cables, which 

not only are hard to install but also transmit vibration and heat. 

Spacecraft Materials. Spacecraft materials usually operate at low 

temperatures (0-30°C) in a zero-g environment. Several well-proven, 

easily joined materials with high strength-to-weight ratios are readily 
found for such service. Aluminum, magnesium, and beryllium are fore- 
most. Higher temperature service—say, on a hot planetary surface— 
would call upon steel, titanium, and perhaps molybdenum and columbium, 
if oxidization can be prevented. In short, there is a wide spectrum of 
acceptable structural materials available. 

Radiation damage to structural materials has already been dismissed as 
unimportant to most space probes. Surface properties may be affected, 
however, and the high vacuum may cause sublimation and self-welding 
of adjoining surfaces (Ref. 10-28). 

Metals and their alloys are relatively immune to the threats of subli- 
mation, particle sputtering, and surface degradation in space. Operating 
temperature is a factor, though, since magnesium begins to sublimate 
rapidly above 175°C. The welding of surfaces in the vacuum may be 
serious at high temperatures. Davis presents data showing that steel 
surfaces will weld tightly at 500°C in a vacuum (Ref. 10-14). At lower 
temperatures and with dissimilar materials, the effect persists, but to a 
lesser degree. In summary, metals may be used with nearly complete free- 
dom except for the self-welding problem. 

Some semiconductors, notably selenium, the phosphides and arsenides, 
and many polymers, such as nylon and the acrylics, have high sublima- 
tion and decomposition rates in vacuum at normal spacecraft operating 
temperatures. Silicon solar cells, fortunately, are stable. Natural rubber, 
elastomers like isoprene, the silicone resins, polypropylene, and poly- 
ethylene also seem quite stable in a high vacuum. Inorganic coatings for 
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thermally radiating surfaces have shown both increases and decreases 
of emissivity upon exposure to space conditions (Ref. 10-14). 

General rules concerning the use of materials in space are hard to 
formulate, except for the liberal guidelines stated for metals. All other 
materials have to be examined individually. 

Meteoroid Protection. Meteoroids may damage an unmanned space 
probe through direct puncture of a pressurized tank, severance electrical 
connections, surface scouring and attrition, and possibly spalling of wall 
structures. Probes possess few pressurized compartments, but most of their 
exterior is covered with active and sensitive surfaces of one sort and 
another. 

The problem of spacecraft protection is made easier by the rapid re- 
duction in meteoroid flux as the probe leaves the vicinity of the Earth. 
Mariner-2 data suggest that there may be a flux reduction of 10,000 
(Fig. 3-5, page 27). Other planets may also have similar halos of 
cosmic debris. 

Our understanding of what happens when a high-velocity meteoroid 
hits a surface is still incomplete. Following Dubin (Ref. 10-15), designers 
may use the following penetration equation: 

V \28 en)" 
= BAS |= — 

a : ic G g 

where: p = the depth of penetration (em) 

d = the meteoroid diameter (cm) 

V = the meteoroid velocity (cm/sec) 

the velocity of sound in the target material (em/sec) 

Pm = the density of the meteoroid (g/cm?) 

the density of the target material (g/cm*). 

x T 

S I 

An average meteoroid velocity of 30 km/sec and a representative density 

of 2 g/cm? are recommended until better data become available. 

One or two thin meteoroid bumpers (spaced armor) around the most 

sensitive equipment may aid survival with a minimum of weight. Im- 

pacting meteoroids should be fragmented into many small, relatively in- 
nocuous bits by the thin bumpers. 

The pitting and erosion of optical surfaces cannot be reduced in this 

way without affecting light transmission. Calculations for spacecraft far 

removed from the Earth indicate that surface erosion will probably be 

less than 1A per year. There appears to be no serious problem, since 

optical properties should not be hampered until about one tenth of a 

wavelength has been eroded away. 
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In general, the meteoroid hazard for deep space vehicles does not seem 

serious. 

Atmospheric Entry Structures. A considerable body of data concerning 

Harth reentry has accumulated during the ballistic missile programs. 

Much of this information will be applicable to entry into the atmos- 

pheres of other planets. The two forces that give the most concern are 

aerodynamic heating and deceleration. Each planet with an appreciable 

atmosphere will force the spacecraft to stay within a certain flight corridor 

to avoid excessive g forces and overheating (Fig. 10-36). Each planet’s 

ENTRY 
CORRIDOR 

150 

SATEEEME ESCAPE 
VELOCITY VELOCITY 

= 
S 100 

VELOCITY TOO LOW 3 Ton plieut _ __ fe — 0.0047 atm 

E = REGION OF EXCESSIVE g-FORCES, 
= HEAT FLUXES, AND PRESSURES 
a 50 _- —1650°K 

b ee ae 4.7 ATM 

0 5 10 15 

VEHICLE VELOCITY (KM/SEC) 

a. SUPERSONIC AIRCRAFT 5. HYPERSONIC AIRCRAFT 

Fig. 10-36. Present limits to flight within the Earth’s atmosphere. Similar flight 
corridors exist for all planets with significant atmospheres. 

altitude-velocity chart is obviously different and, except for the Earth’s, 
hypothetical. The mission designer has the option to fly the probe where 
he wishes within the corridor, placing the burden on the thermal protec- 
tion structure or on the basic strength of the probe. 

High-g loadings are reflected in rugged design, from the nose cone to 
the scientific instrumentation. The handling of this side of the entry 
corridor is straightforward: a stronger spacecraft. 

On the other side, thermal protection from aerodynamic heating re- 
quires special engineering developments. Four possibilities exist: 

1. Heat-sink absorption, using materials like copper and beryllium in 
nose-cone reservoirs that soak up the heat that would otherwise 
penetrate and damage the spacecraft. This approach is too heavy 
for probe use. 

2. Transpiration cooling, where a heat transfer fluid is forced out of 
pores on the hottest surfaces. The fluid vaporizes and carries the 
heat away. This concept is probably too complex for space probes. 
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3. Radiation cooling, where the burden of heat rejection is placed on a 
high emissivity nose cone, backed by a layer of thermal insulation. 
This is a possible solution. 

4. Ablation, where the nose cone is protected by a material of low 
thermal conductivity that melts and transpires in the hot gas 
stream. Most ICBM nose cones are now made of materials (like 
phenolic nylon) that char on heating and in the process evolve gases 
that protect the spacecraft and also carry away the aerodynamic 
heat. 

The heat-transfer analysis of these diverse phenomena is very involved 

Fig. 10-37. A typical Mars, Voyager-class landing capsule. This design assumes 
atmospheric braking will be possible on Mars. (Courtesy of General Electric Co.) 
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and cannot be covered here (see Refs. 10-3 and 10-44). A representative 

thermal-protection structure for a Mars entry vehicle is shown in Fig. 

10-37. The actual shape and materials used would be different for different 

planets, depending upon the velocity-altitude profile and the composi- 

tion of the atmosphere. 

Landing Structures. The final area of specialized structural design ap- 
pears when the spacecraft must descend to a planetary surface without 
damaging its cargo of instruments. If there is an atmosphere, the vehicle’s 
descent can be slowed by parachutes, rotors, and the other schemes 

PARACHUTE 

PARAWING 

ROTORS 

RETROTHRUST 

Fig. 10-38. Possible methods of descent after atmospheric deceleration has 
slowed the spacecraft down. (Ref. 10-17) 

shown in Fig. 10-38. Despite such efforts, the impact may result in de- 
celerations of hundreds of g’s. Impact cushioning is indicated. 

Five energy-absorption methods might be used: 

1. Deformation of a structure or material; for example, springs, col- 
lapsible honeycombs. 

2. Gas compression. 
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3. Acceleration of external mass, as in water impact. 
4. Friction, as produced by a landing spike. 
5. Retrorocket thrust. 

Esgar (Ref. 10-17) has portrayed these approaches rather vividly as 
shown in Fig. 10-38. He has also compared their performances under 
different conditions (Table 10-12). 

TABLE 10-12. COMPARISON OF SPACECRAFT LANDING CONCEPTS* 

Mate- 

rial Collapsi- Bur- 
Defor- Gas ble Retro- Aerial Skid- rowing 
mation Bags Shell rocket Snatch ding Device 

Weight Et G G G E E F 
System 

reliability E G E G Par F E 
Velocity 

limitations F-G F-G F-G E F E F 
Stability 

after 
impact F-G F F F-G G E 

Storage F-G E P-F F-G E E 1eeli 
Onset rate P-G G-E G-E E E E i 
Terrain 

limitations F F F G iD) 12 Le 
Non-Earth 

landing G G G E ie 12 P-F 
Nonvertical 

descent F F F G G E F 
Overall 

rating G G G G P-G P-G F 

* Ref. 10-17. 
{+ P = Poor, F = fair, G = good, E = excellent. 

Each mission must be considered individually. Landings on planets 

without atmospheres are more restrictive. Spikes assume a yielding 

surface. Gas bags require inflation, an action which might compromise 

reliability. There is no panacea. Of all the listed schemes, retrorockets, 

structure deformation, and gas compression are the most likely. 

10-11. The Engineering Instrumentation 

Part of the telemetry data received at the Earth from the space probe 

will be diagnostic in character; that is, it monitors the “health” of the 

spacecraft. The fraction of telemetry time devoted to engineering data 

is often large, perhaps 50% in early probes, and as little as 5% with well- 
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Ke sf 

ss 

MATERIAL AND = 
STRUCTURE ~———==>>=— 
DEFORMATION Se eae e 

COMPRESSION 
~ SPIKE 

(ALSO FRICTION) 
MASS ACCELERATION 

Fig. 10-39. Possible energy-absorption methods for use at surface impact. (Ref. 
10-17) 

proven spacecraft. The split between scientific and engineering data may 
be variable upon command from the Earth. During the first part of a 
voyage, engineering data may be critical in studying the operation of a 
complex piece of machinery. Later, the scientific target should receive 
most of the attention. 

Just what engineering data should be sent? Generally, temperatures and 
voltages are easily measured, digitalized, and telemetered. They are 
diagnostic of many possible spacecraft ills. Electrical current, pressure, 
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frequency, operational modes, switch positions are all measurable and 
meaningful. The well-instrumented probe will send back temperatures 
from critical points on the spacecraft, voltages from the power supply, 
and status data from important switches. 

Consider the following engineering parameters telemetered from IMP 
(Interplanetary Monitoring Platform) : 

. Battery voltage. 

+50 volt regulated supply voltage. 

. Battery charge current. 

Spacecraft load current. 

. Skin temperature at top cover above, facet D. 

. Rubidium gas cell temperature. 

. Battery temperature. 

. +12 volt regulated supply voltage. 

. Solar-paddle current. 

. Solar-paddle temperature. 

. Skin temperature at top cover side, facet D. 

. Skin temperature, spring seat. 

. Rubidium lamp temperature. 

. Prime converter temperature. 

15. Transmitter temperature. 

16. Frame identification. 

— SHMNDHIEwWHYHE 

4 _ 

— ee H CO bo 

IMP telemetry consists of sixteen data frames, each with sixteen channels. 

The third frame, or 1/16th of all telemetry, is assigned to engineering 

data. 

In most spacecraft, engineering instrumentation consists primarily of 

voltmeters and thermocouples in the most critical parts of the spacecraft. 

10-12. The Scientific Instrumentation 

The final subsystem, the scientific instrumentation, will be described in 

detail in Part III of this book. Only the interfaces will be mentioned 

here (Fig. 10-1, page 177). 

Many probe experiments are adversely affected by high temperatures, 

radiation, vibration; in short, many of the bonds that link the experi- 

ments to the rest of the spacecraft. Often experiments must be isolated 

by distance or by insulating barriers. For these reasons, magnetometers 

are found on the ends of long booms and gamma-ray spectrometers are 

surrounded by radiation shielding. The point to emphasize here is that 

scientific instrumentation cannot be separated from the rest of the space- 

craft. It is tied to the other subsystems as surely as the power-supply or 

communication subsystem. 
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SPEGIEIG SPACESEROPES 

11-1. Prologue 

Space probes vary from the simple spin-stabilized Pioneer 5 launched 
in 1960 to conceptual, multi-ton, planet-walking instrument carriers, 
The previous chapter dealt with the general design principles applicable 
to this wide spectrum of probes. Here, attention is directed to specific 
probes, their characteristics, and how their missions shape their designs. 

It is easy to fragment the space-probe spectrum into many small classes 
and subclasses, but only eight categories of space-probe missions are 
covered here (Table 5-2, page 46) : 

. Interplanetary missions: the Pioneers, IMP. 
. Planetary-flyby missions: the Mariners. 
. Planetary orbiters. 

. Planetary landers: Voyager. 

. Solar probes. 

. Cometary probes. 

. Asteroidal probes. 

. Interstellar probes. CONDO FP WN He 

Each of these eight categories demands probes of unique design. 
Probes can be classified further as defunct, active, in development, 

under study, or conceptual. The following sections and tables embrace 
probes in all of these classifications, but emphasis is on active spacecraft 
and those under intense development. Each probe description begins with 
introductory paragraphs, followed by a comprehensive table summarizing 
the salient characteristics of the probe. Of course, probes still in the study 

244 
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or conceptual stage are relatively poorly defined and little can be said 

about them. 

11-2. Interplanetary Probes 

Interplanetary or deep-space probes are dispatched to explore and map 

the volume of the ten-billion-kilometer sphere stretching from the Sun 

to the orbit of Pluto. These probes are aimed at no particular astro- 

nomical body but instead are instrumented to record magnetic fields, 

radiation fluxes, and micrometeoroid densities, or, according to the pre- 

vailing Jargon, they carry out fields-and-particles experiments. 

The simplicity of this mission eliminates the usual midcourse and 

terminal maneuvers. Guidance and control are likewise made easier, since 

there is no delicate trajectory to shape. Attitude measurement remains 

important, because many of the properties of space being measured are 

vector quantities, but usually it is not necessary to orient all axes of the 

spacecraft precisely. 

Fig. 11-1. Pioneer 5, one of the first space probes, shown mounted on the third- 

stage of the Thor-Able launch vehicle. The spheroid was only 63 cm in diameter. 
(NASA photo) 
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In the broad sense, the interplanetary probe is an extrapolation of the 

Earth sounding rocket in both purpose and design philosophy. In effect, 

these probes make weather measurements in deep space. In particular, 

they record the varying emissions from the Sun and explore the boundaries 
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between the terrestrial, solar, and interstellar magnetic fields. They are 
the simplest of all deep-space research tools. 

The first true deep-space probe, Pioneer 5, launched in March, 1960, 
can be labeled an interplanetary probe even though it was aimed in the 
general direction of Venus’ orbit (Table 11-1). The highly eccentric orbit 
of IMP (Interplanetary Monitoring Platform) takes it almost 300,000 
km into space, making it a valuable addition to the spectrum of space- 
research vehicles, even though it remains a satellite of Earth (Table 11-2). 
A new series of Pioneer-class probes, built by Space Technology Labora- 
tories, Inc., will soon begin a systematic, synoptic coverage of the region 

in space between the orbits of Mars and Venus (Table 11-3). It is not 

difficult to foresee many small, simple probes similar to the Pioneers be- 

ing launched on a regular basis as we attempt to understand the transients 

and the detailed character of the fields and fluxes between the planets. 

A special case of the interplanetary probe is the out-of-the-ecliptic 

Fig. 11-3. IMP 1, showing solar panels, antennas, and magnetometer sphere in 
extended positions. (NASA photograph) 
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probe (Table 11-8). The energy necessary to eject spacecraft into orbital 

planes at high angles to that of the Earth may be tens of kilometers per 

second, depending on the inclination desired (Chap. 5). Despite the 

propulsion challenge, scientific curiosity about the asymmetry of the 

solar system will force early probing of this vast, neglected region. Most 

of the dust and debris in the solar system is expected to be concentrated 

within a narrow angle centered on the plane of the ecliptic. On the other 

hand, solar flares and cosmic rays, though strongly affected by the Sun’s 

magnetic field, will probably be more nearly isotropic. The probes sent 

out to investigate the distribution of particles and fields away from the 

"aan X . : 

Fig. 11-4. IMP 1, on the launch pad at Cape Kennedy. The Thor Delta launch- 
vehicle final stage can be seen through the hole in the platform. Space-vehicle 

shroud is in background. (NASA photograph) 
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ecliptic will be similar to IMP and the Pioneers in physical construction 

and instrumentation. 

11-3. Flyby Probes 

By adding a midcourse motor and refining the guidance-and-control 

subsystem of the interplanetary probe, it can be directed to within a few 

tens of thousands of kilometers of the surfaces of the inner planets. In 

passing so close to the planets, flyby probes can resolve questions con- 

cerning atmospheric structure and composition. If the surface is visible, 

photographs or TV pictures can be taken at close range. Before and after 

DISCONE OMNI ANTENNA 

ORIENTATION NOZZLE 

HIGH-GAIN ANTENNA ae 

ORIENTATION 
SUBSYSTEM 

EQUIPMENT 

14CM 

JAE 
EQUIPMENT 
VIEWING 
BAND 

SUN SENSOR FW ay 
aa 

eS Try 
EQUIPMENT 

—" SHELF 

WOBBLE 
DAMPER 

SEPARATION VIBRATION TEMPERATURE 
SPRING DAMPERS CONTROL 

LOUVERS 

Fig. 11-5. Diagram of the Pioneer-6 spacecraft. Like its predecessor, Pioneer 5, 

its mission is the exploration of the fields and particles in deep space. (NASA 

drawing) 
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planetary encounter, the flyby probe can also function as an interplane- 
tary probe and sample the fields and particles. 

The planetary-encounter mode of operation complicates the probe. In- 
struments scanning the planet’s disk must be accurately pointed and 
swung in the proper arcs to cover the planet’s disk and atmosphere. In- 
strument articulation, added to that of the solar panels and directional 
antennas, necessitates a sophisticated guidance-and-control subsystem 
and, in addition, a good attitude-control subsystem. 

Aside from the mideourse maneuver and planetary scanning instru- 
ments, the flyby probe is much like a scaled-up interplanetary probe. 
Spacecraft functions like environmental control are performed on a 
large scale, but the functions themselves are basically the same on 
Mariner 2 as they are in the new Pioneer series. 

The first planetary flyby probe (1961 T1) was launched toward Venus 
by the Russians, on February 12, 1961. Sputnik 8 was used as a satellite 
launch vehicle. The spacecraft, pictured in Fig. 11-7, had a mass of 644 
kg, much larger than the U.S. Mariner 2 launched a year and a half later. 
Onboard were instruments to measure the magnetic field, micrometeoroids, 
charged particles, and cosmic rays. Solar-cell paddles and a large parabolic 

Fig. 11-6. Pioneer 6, showing the instrument booms extended. (NASA photo- 
graph) 
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antenna were attached to a pressurized shell containing the electronic in- 

strumentation. In short, the Russian Venus probe differed little from 

the subsequent U.S. efforts, except for size. Unfortunately, radio contact 

with the probe was lost on Feb. 27, 1961, when it was about 7,500,000 km 

from the Earth (Ref. 11-1). 

U.S. Venus ventures had to wait for the next firing windows in the 

late summer of 1962. Mariner 1, launched on July 22, 1962, was destroyed 

by the range safety officer as it strayed off course. Mariner 2, which was 

essentially identical to Mariner 1, was successfully launched Aug. 26, 

1962. The U.S. press has since reported that the Russians have made 

several unsuccessful attempts to launch additional planetary probes. 

One well-publicized Russian probe was the Mars 1, launched on Nov. 

Fig. 11-9. Mariner 1 being mated to the Agena adapter ring prior to mounting 
on the Atlas-Agena launch vehicle at Cape Kennedy. (NASA photograph) 
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Fig. 11-10. Diagrams of the Mariner-3 spacecraft. (NASA drawing) 
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1, 1962. Transmissions from this probe failed when it was about 105,- 

000,000 km from Earth. On Nov. 28 1964, the U.S. launched Mariner 4 

to Mars. This success was preceded by the launch of Mariner 3 on Nov. 

5, 1964, which ended in failure when the launching shroud could not be 

ejected. 

Some of the more advanced Mariner spacecraft may execute a terminal 

maneuver and inject themselves into an orbit around the target planet 

(usually Mars). Once in orbit, the planetary surface can be studied more 

leisurely than from the brief flyby contacts. With the cancellation of the 

Mariner shot to Mars originally scheduled for 1966, the next Mars op- 

portunity, early in 1969, might logically employ an orbiter. The extra 

payload needed for an orbiter might be obtained by upgrading the 

Fig. 11-11. Mariner 3 being prepared for shipment to Cape Kennedy at JPL. 
(NASA photograph) 
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Atlas-Centaur launch vehicle through the use of a mixture of fluorine 

and oxygen (FLOX). These programs are not firm, however. 

The flyby probes of the future include not only the U.S. Mars 1969 

attempt, but almost certainly some additional Russian tries. Flyby 

probes to the inner, minor planets will probably bear a strong re- 

semblance to the Mariners (Tables 11-4 and 11-5). Flyby probes to the 

major planets will claim a legacy from the Mariners but may employ 

electrical or nuclear propulsion to achieve the higher payload-to-gross- 

weight ratios that will be needed (Table 11-8). In any event, the flyby 

probe is a valuable precursor to landings by unmanned exploratory 

vehicles, and many more of them can be expected. 

11-4. Voyager 

The NASA Voyager Program comprises a series of studies aimed at 

defining the next generation of unmanned planetary spacecraft. Many 

types of spacecraft have been examined, from orbiters to landers. The 

following data are representative. 

A Voyager-class, space-probe system is the most complex of all the 

probes described in this chapter. The objective of a Voyager spacecraft is 

the return to Earth of large quantities of meaningful scientific data con- 

cerning the atmosphere, surface, and interior of the nearby terrestrial- 

od 

Fig. 11-12. Mariners 3 and 4 at Cape Kennedy before the 1964 launch. (NASA 
photograph) 
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type planets. Presumably, Voyager spacecraft are precursors to manned 

landings. 

A Voyager must first intercept the target planet, then hit an entry 

corridor or inject itself into a satellite orbit, and possibly eject a landing 

capsule. A capsule, once on the ground, would take a wide spectrum of 

meteorological, geological, and biological measurements in situ or from 

a roving vehicle. Complexity arises from both the versatility of the 

FLYBY AND LAND CAPSULE 

EXPERIMENTS Z -—CAPSULE 

HIGH-GAIN 
ANTENNA—— 

Fig. 11-13. A conceptual drawing of a Mariner-type spacecraft carrying a 
capsule that would be ejected so that it would enter a planetary atmosphere and 

land an instrument payload on the planet’s surface. (NASA drawing) 

scientific instrumentation and the sheer number of spacecraft maneuvers 
necessary to success. The environment and rotation of the planet may also 
interfere with power generation for communication and the experiments 
themselves. A representative Voyager spacecraft is described in Table 
11-6. Design problems like atmospheric entry and surface locomotion 
were covered in the preceding chapter. 

During 1963, several industrial organizations carried out Voyager 
design studies for NASA. With a problem as new and as sweeping as the 
surface exploration of another planet, many ways to do the job were 
suggested. The data shown in Table 11-6 are typical but not precise. 
Voyager must receive a great deal more scrutiny before spacecraft speci- 
fications can take final form. Budgets and the parallel Apollo program 
make it difficult to attach schedule dates to Voyager, but the first mission 
would not occur until after 1970. 



CHARACTERISTICS OF SPECIFIC SPACE PROBES 269 

11-5. Solar Probes 

Superficially, solar probes will seem to be simple extrapolations of 

interplanetary probes. In fact, they are sometimes called “advanced 

Pioneers.” The major difference is that they operate in that restricted 

volume within approximately 0.1 A. U. of the Sun. There are three 

reasons for separating solar probes into a class by themselves: 

1. The thermal protection requirements radically affect spacecraft de- 

sign, 

Fig. 11-14. Model of a conceptual Voyager-type spacecraft, showing two conical 
capsules for projection onto a planetary surface. (Courtesy of General Electric 

Co.) 
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2. The power-supply problem becomes more acute as solar cells lose 

their efficiency in the Sun’s heat. 

3. Very high velocity increments are needed to get close to the Sun, 

leading to very small payload-to-gross-weight ratios. (See Chap. 5.) 

Other problems arise, too, like the interference of the radio noise of the 

Sun with communications. The closer the approach to the Sun, the 

farther the spacecraft design diverges from that of the interplanetary 

probes. 

The scientific payoff resulting from a close approach to the solar disk 

comes through the close-up view of the Sun’s surface, measurements of 

the fringes of the solar corona, and particles-and-fields experiments near 

their points of origin. 

No solar probes have yet been launched, though Venus probes take 

instruments to about 0.7 A. U. from the Sun. Numerous studies of solar 

probes have been carried out by government and industry. Solar probes 

have been shown to be feasible and within the present state of the art. 

Their development is primarily a question of mission priority. The 

Orbiting Solar Observatories (OSO’s) are already good outside-the- 

atmosphere locations for solar instruments. In deciding between solar 

and planetary probes, priority is usually given to the tiny, dimly seen 

planets. Nevertheless, the next decade should see one or more solar 

probes. In fact, the later Pioneer probes might be modified for operation 

near the Sun. 

11-6. Advanced Probe Concepts 

In order of scientific priority and our ability to undertake advanced 

probe missions, the list reads: ' 

1. A flyby of a comet, or preferably a fly-through of the cometary tail. 

2. A flyby of one of the larger asteroids, with sample-collecting and 

analyzing equipment aboard to determine the chemical composition 

of material in the asteroid belt. 

3. An interstellar probe penetrating well beyond the orbit of Pluto. 

A little study has been done on each of these probes, but there is not 
enough agreement or depth to justify extensive presentations. The in- 
formation in the following paragraphs and Table 11-8 is intended to be 
representative rather than typical of any of the several rather discordant 
concepts available from the literature. 

Cometary Probes. Comets move very rapidly as they approach the 
perihelia of their highly eccentric orbits around the Sun. In addition, the 
cometary nuclei are apparently only a few kilometers in diameter. They 
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are therefore challenging targets with high energy requirements. (See 

Chap. 5.) Fortunately, the cometary coma is tens of thousands of 

kilometers in extent and the cometary tails, millions of kilometers long, 

both present reasonable opportunities for successful fly-throughs. 

Small, spin-stabilized probes similar to the advanced Pioneers are big 

enough to carry TV, plasma probes, a mass spectrometer, and perhaps 

a few fields-and-particles experiments for use on the trajectory to the 
cometary intercept (Fig. 11-15). Spacecraft technology for cometary 

Fig. 11-15. Artist’s concept of a cometary probe using Pioneer-type spacecraft 
technology. (Courtesy of Space Technology Laboratories, Inc.) 

probes is based on considerable experience. Furthermore, there will be 
several dozen acceptable targets between the 1960’s and early 1970’s 
(Ref. 11-10). Cometary probes, then, may not be too far off. 
The cometary probe would probably make its intercept between the 

orbits of Mars and Venus, where most spacecraft have been operated. 
Only two spacecraft subsystems would pose special problems: the pro- 
pulsion and guidance subsystems. Not only is the target small, but comet 
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trajectories are not known with anything like the precision of planetary 

orbits. The burden of intercept—say, a flight through the coma about 

40,000 km from the nucleus—rests upon good guidance and well-executed 

midcourse and terminal maneuvers. Presumably, guidance and correction 

maneuvers would be controlled from the Earth, with the DSIF providing 

probe trajectory data and astronomical telescopes the comet’s positions. 

Data on the size and composition of the comet’s tail, coma, and 

nucleus might help settle the problem of their origin, and if the hypothesis 

that comets represent the primordial stuff of the solar system is correct, 

perhaps insight will be gained into the beginnings of the Sun and Earth. 

Asteroidal Probes. A specimen from that swarm of dust, debris, and 

planetoids in the asteroid belt would be valuable to astronomers, who 

have been speculating about the belt’s origin for centuries. Relatively 

little progress has been made in designing spacecraft for such a venture, 

however. A simple Pioneer-type probe with a magnetometer, plasma 

probe, and micrometeoroid detector could be lobbed through the belt quite 

easily. These more or less standard probe instruments would tell us little 

about the origin of the belt, however. A small asteroid would have to be 

collected and analyzed on the spacecraft. Or perhaps a close flyby of 

Ceres or one of the other large planetoids might reveal meaningful 

physical structures through remote TV. In short, the basic spacecraft 

itself seems to pose little problem if only a passage through the belt is 

desired (Table 11-8). The instruments necessary to obtain really sig- 

nificant data should receive the bulk of attention. Of course, if a flyby 

of a planetoid is deemed desirable, then the guidance and midcourse 

maneuvers become difficult, just as they did for a comet intercept. Our 

ignorance about the density and distribution of matter in the asteroid 

belt may conceal very severe spacecraft design problems, such as 

structural meteoroid protection or a high probability for the attrition of 

solar panels. The lack of asteroidal probe studies in the literature implhes 

relative disinterest and low scientific priority. Most investigators believe 

that the belt originated when a terrestrial-type planet disintegrated. If 

this is so, a specimen might not yield much new knowledge, or possibly 

many specimens already exist on Earth in the form of meteorites. 

Interstellar Probes. The true interstellar probe, with a range of 

several light years is quite beyond our reach, at least in this century. The 

energy requirements and reliability roadblock are too formidable. Instead 

of penetrating into the environs of a neighboring star, it is possible that 

a shorter journey, just beyond the confines of the solar system would 

yield important information. For instance, is there a halo of comets far 

beyond the orbit of Pluto and yet still bound to the Sun by gravitation? 

What is the make-up of this inferred belt? What is the nature of the 
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interface between the solar system’s magnetic field and that of inter- 
stellar space? 

The last question could be answered by propelling a spacecraft like 
Pioneer out of the solar system. The magnetometers, plasma probes, and 
radiation detectors could be designed for this task without much difficulty. 
The detection and measurement of the cometary material, supposedly 
aggregations of ices, is a technical problem of the highest order. Most 
space instrumentation deals with electromagnetic and particle radiation, 
but this cometary material would be cold, with no self-luminosity, Also, 
light reflected from the Sun would be small at the distances involved, 
Thus, instruments based on electromagnetic radiation might be useless. 
Sampling and analysis instruments would seem to be the best gamble for 
such a probe. 

The probe itself would have to contend with the recession of the sun, 
with its warmth and power-producing capabilities. Only nuclear power 

Fig. 11-16. An electrically propelled spacecraft for missions beyond Mars. The 
“wings” in this conceptual drawing are radiators for the nuclear-electric power 
supply, not solar-cell panels. Ion beams are shown at left of vehicle structure, 

(Courtesy of General Electric Co.) 
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seems reasonable for an interstellar probe. It could provide both electricity 

and environmental heat. Communicating over a distance of hundreds of 

A. U. would be impossible without many kilowatts of power and a large 

directional antenna. The spacecraft image that emerges after such deliber- 

ations takes the shape of a large, nuclear-powered craft with large waste- 

heat radiators and a dominating antenna structure. The scientific instru- 

ments themselves would be small in comparison and doubtless isolated 

from the spacecraft proper by booms. 
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SCIENTIFIC INSTRUMENTS 





Chapter 12 

SCIENTIFIC EXPERIMENTATION IN SPACE 

12-1. Scope and Organization of Part III, 

Scientific Instruments 

The major purpose of a space probe is the transportation of scientific 

instruments into regions that are otherwise inaccessible to science. The 

scope and diversity of natural phenomena to be explored outside the 

Earth’s atmosphere encompass all the sciences, including that of life it- 

self. To the list of expected phenomena must be added a generous allow- 

ance for the unexpected, those exciting quantum jumps in science that add 

spice to the launching of space probes. 

Space research is a complicated enterprise. Not only are the physical 

phenomena unpredictable in many ways, but major advances in instru- 

mentation must be made in the areas of reliability, small size, and small 

power requirements. On top of it all, the experimenter must begin his 

work about four years before the flight date. Once the probe is launched, 

he may have to wait another six months to a year before he receives his 

data. Space-probe research is thus a four-to-five-year gamble; the sci- 

entific stakes, however, make the gamble worth taking. 

Categorization of the scientifie provinces to be investigated in inter- 

planetary space can never be precise, but five roughly hewn groups of 

experiments can be discerned: 

1. Experiments probing the interplanetary medium. 

Scientific probing of planetary atmospheres. 

Exploration of planetary surfaces and subsurfaces. 

The search for extraterrestrial life. 

A miscellaneous but important group of experiments designed to 

study the Sun, the comets, the asteroids, and the periphery of the 

solar system. 

So ae ad 

281 
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To detect and measure the many physical parameters that describe 
space phenomena in these five classes, approximately 120 different kinds 
of instruments are now being developed or have already been flown on 
space probes (Table 12-1). Many instruments designed for balloons, 
sounding rockets, and Earth satellites are directly adaptable to deep- 
space probes. In addition, whole new groups of instruments must be in- 
vented to investigate the atmospheres, rocky mantles, and cores of the 
other planets. Just the search for other life forms introduces more than 
a dozen new instruments. The only types of space instruments not dealt 
with in the ensuing chapters are those concerned with observational as- 
tronomy, which, in the main, can be better done from the Earth’s surface 
or nearby satellites, and some of the advanced instruments on meteoro- 
logical, navigational, and ionospheric satellites. As pointed out in earlier 
chapters, the actual data received from space experiments, and their in- 
terpretation, are left for the specialized scientific journals. 

Space instruments generally resemble terrestrial instruments, if ter- 
restrial counterparts exist, except for weight, size, power consumption, 
ruggedness, and the enhancement of reliability through redundancy and 
better construction practices. Many instruments originally designed for 
terrestrial applications have been gradually modified during the ever- 
more-demanding succession of high-altitude balloons, sounding rcckets, 
Earth satellites, and finally space probes. Instrument transformation has 
been gradual during the past twenty years; viz., the development of 
flight-proven cosmic-ray telescopes. The evolution of radiometers, cosmic- 
dust detectors, and the like has been more precipitous, but usually the 
terrestrial roots of the family tree are easily distinguished. In the case 
of life detection and experiments designed to recognize the products and 
environments of life, really new instruments come to the fore. There are 
no terrestrial counterparts to the Multivator or Gulliver. 

Space instruments are also characterized by a number of unique re- 
quirements: 

1. Data transmission rates are restricted to just a few bits per second 
at planetary distances. 

2. Frequent in-flight calibration is needed. 
3. There is only a small capacity for internal data storage. 
4. No magnetic materials can be used. 
5. The high temperatures of heat. sterilization (135°C for 24 hours) 

must be survived. 
. Weight, volume, and electrical power are minimized. 
. Data must ultimately be delivered to the communication subsystem 
in digital form, in the proper format and word length. 

ba er) 
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8. The instrument must be rugged enough to withstand the vibration 

and shocks of launching. 

In contrast to the abundant literature referenced in Parts I and II, 

specialized papers on space instrument design and development are rela- 

tively rare. The written word emphasizes the spacecraft and the scientific 

results obtained, not the instruments themselves. Blanket surveys of space 

instruments are truly exceptional (Refs. 12-2 and 13-38). 

To demonstrate the great variety of probe instruments and also pro- 

vide a Baedeker for the almost encyclopedic treatment in the following 

chapters, two general tables are presented here. The first is an inventory 

of major space-probe instruments and experiments, organized like the 

rest of the book, with appropriate page references (Table 12-1). The 

second table (12-2) lists in one place all space-probe instruments flown 

so far; major characteristics and principal investigators are included. 

Frequent reference will be made later to this central repository of hard- 

ware data. 
TABLE 12-1. LIST OF SPACE-PROBE INSTRUMENTS 

Instruments for Studying the Interplanetary Medium (Chap. 13) 

Phenomenon Instruments and Experiments* Page 

Magnetic field (temporal and Search-coil magnetometer 298 

spatial variations of flux) Fluxgate magnetometer 301 

Proton-precession magnetometer 305 
Rb-vapor magnetometer 306 
Helium magnetometer 309 

Space radiation (corpuscular Geiger-Mueller counter 316 

and gamma radiation) Proportional counter 317 

Ionization chamber 318 

RR aatccints Channel multiplier 319 

‘ Scintillators 320 

Cerenkov detector 322 
Cadmium-sulfide cell 323 
Solid-state detector 325 

Telescopes (various types) 328 

Were porn binations Magnetic spectrometers 335 

Ionization chamber and Geiger-Mueller 
counter 337 

Spark chamber 345 

Track imagers Scintillation chamber 347 

Emulsions, cloud and bubble chambers 348 

Interplanetary plasma (flux, Curved-surface electrostatic analyzers 351 

species, and velocity distri- | Faraday-cup probes 306 

butions) Spherical ion traps 361 

Radio-propagation experiments 378 

*It is important to distinguish between the experiments and the instruments used 

in the experiments. See text. 
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TABLE 12-1. LIST OF SPACE-PROBE INSTRUMENTS 

Instruments for Studying the Interplanetary Medium (Chap. 13) 

Phenomenon Instruments and Experiments Page 

Micrometeoroids (flux, size, Piezoelectric microphone 365 
velocity) Piezoelectric ballistic pendulum 369 

Thin-film capacitor detector 370 
Light-flash detector Sil 
Pressurized cells 372 
Wire grid detector 373 
Light-transmission erosion detector 374 

Structure of the universe Clock experiments 378 
Red-shift experiments 378 

Instruments for Research in Planetary Atmospheres (Chap. 14) 

Phenomenon Instruments and Experiments Page 

Atmospheric composition and Mass spectrometers (various types) 401 
density Gas chromatograph 411 

Simple composition sensors (various 
types) 415 
Ram spectrometers 417 
Alpha and gamma densitometers 417 
Acoustic transmission line 418 
Drag body 423 

Pressure and density Bayard-Alpert gauges 424 
Redhead gauges 424 
Alphatron gauges 424 

Meteorological parameters Pressure gauges 424 
Thermistors 424 
Resistance thermometers 424 
Anemometers 424 

Atmospheric electromagnetic Radiometers and photometers (various 
transmission, absorption, types) 386 
and emission properties Spectrometers and spectrophotometers 

(various types) 395 
Polarimeters 400 

Ionosphere characteristics and Langmuir probes 420 
radio-propagation proper- Bottomside sounders 420 
tiles Topside sounders 421 

Bistatic radars 421 
Limb diffraction experiment 422 
Sferics detector 422 
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TABLE 12-1. LIST OF SPACE-PROBE INSTRUMENTS 

285 

Instruments for Studying Planetary Surfaces and Subsurfaces (Chap. 16) 

Phenomenon 

Surface composition and den- 
sity 

Crustal electrical and mechani- 
cal properties, seismicity, 
and topology 

Experiment to Detect Life and/or Associated Chemistry (Chap. 16) 

Phenomenon 

Life-associated chemistry 

Biological activity 

Miscellaneous 

Instruments and Experiments 

Infrared spectrometers and photome- 
ters 

Mass spectrometers 
Gas chromatographs 
Alpha scattering experiments 
X-ray fluorescence spectrometer 

Gamma-ray spectrometer 
X-ray diffractometers 
Neutron activation analysis experiment 
Surface densitometer 
Differential thermal analysis experiment 
Petrographic microscopes 

Electrical-conductivity meter 
Maenetic-inductance meter 
Thermal-diffusivity meter 
Soil-mechanics experiments (various 

types) 
Seismometers 
Television and photography 
Bistatic radar 
Isotopic dating experiments 

Instruments and Experiments 

Infrared spectrometers 
Mass spectrometers 
Chromatographs 
Ultraviolet spectrophotometers 
Microspectrophotometers 
Stain experiments 
Optical rotary dispersion 

Metabolism detectors (Gulliver) 
Turbidity and pH detectors (Wolf 
Trap) 
Multivators and minivators 

Microscopes 
Television and photography 
Radio listening experiments 

Page 

430 
442 
444 
447 
449 
452 
454 
456 
459 
461 
462 

467 
467 
468 

468 
471 
435 
440 
462 

Page 

484 
486 
487 
487 
487 
490 
491 

493 

489 
497 

492 
484 
485 
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12-2. Integration of Experiment and Spacecraft 

In this book, the scientific instruments that make up the scientific 

payload are treated collectively as a subsystem of the spacecraft. The 

interface diagram linking the instruments with the rest of the space probe 

system is shown in Fig. 12-1. Scientific sensors and their associated elec- 

tronics packages connect with the nine other spacecraft subsystems (com- 

munication subsystem, the environmental-control subsystem, etc.) through 

the nine different types of interfaces introduced in Parts I and II: 

Mechanical Electrical Information 

Thermal Radiative Electromagnetic 

Spatial Magnetic Biological 

COMMUN- 

ICATION 

SUBSYSTEM 

x\0N 
orn 

scientiric. YSN POWER 
INSTRUMENT ELECTRICAL SUPPLY 
SUBSYSTEM SUBSYSTEM 

ENGINEERING 
INSTRUMENT 
SUBSYSTEM 

ON-BOARD 
PROPULSION 
SUBSYSTEM 

D Zz 0 
S ¥, % 
= ee 2 
a v VX 
= ‘sg ps 
a , 

fo 2 ¢ 
va ail & 
a ° SZ ; 3 %, 

ip 
STRUCTURAL S © ATTITUDE 
SUBSYSTEM S CONTROL 

SUBSYSTEM 

ENVIRON- 
MENTAL 
CONTROL 

SUBSYSTEM 

COMPUTER 
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GUIDANCE 
AND 

CONTROL 
SUBSYSTEM 

Fig. 12-1. Portion of the spacecraft interface diagram showing the relationship 
of the scientific instrumentation to the rest of the subsystems. 
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The definitions of the subsystems and the different interfaces tying them 

together should be reviewed, in Chap. 4. As before, the discussion will be 

molded by the formal space-probe-system model constructed from these 

subsystems and their interlocking interfaces. 

Another part of the logical framework involves the three critical fig- 

ures of merit: reliability, weight, and cost. Experiment design is domi- 

nated by these factors and the scientific value of the experiment. 

From the experimenter’s point of view, the impact of the interface- 

matching process and the mandates of the figures of merit first come into 

focus when experiments are being selected for a scientific payload. The 

next section is assigned to this complex and often controversial subject 

of experiment choice and priority. In the final competition for payload 

space—and it is no less than a contest—the desirability of an experiment 

is measured by its scientific merit, the availability of proven instruments, 

the figures of merit just mentioned, and the ease of spacecraft integra- 

tion. 
Distinctions must be made between three similar terms: sensor, instru- 

ment, and experiment: 

1. The sensor is a detector of some physical phenomenon. A Geiger- 

Mueller tube senses the passage of a charge particle. A vidicon 

images a scene on the Martian surface. All sensors are transducers 

in that they convert stimuli into signals that can be utilized by the 

spacecraft. On the spacecraft, the ultimate signal is usually electri- 

cal in nature and digital in form. 

2. The instrument includes the sensor and all the auxiliary equipment 

and hardware necessary to obtain the desired data and match the 

interfaces with the rest of the spacecraft. Included are scanning 

platforms, structures, lenses, radiation shielding, and all of the elec- 

tronics needed to feed the digital words into the communication 

subsystem at the proper rate and in the right format. Typical in- 

struments are spectrometers and seismographs. 

3. The total experiment, however, involves many things in addition to 

the instrument, some not involving hardware directly. In space sci- 

ence, the experimenter cannot be a lone wolf. His every action af- 

fects other experimenters. The use of public funds places adminis- 

trative and moral burdens on him that are over and above those 

arising from scientific ethics. Some of the points made below are just 

good design practice. Others have the extra dimensions implied above. 

1. Instrument calibration. A few instruments are absolute in the sense 

that the information content of their signals depends only upon the phe- 

nomenon being measured, and not the physical design of the experiment; 
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viz., the absolute, rubidium-vapor magnetometer. Most instruments, 
though, must be calibrated with acceptable standards before flight and, 
if possible, during flight, since drift is likely during the long months in 
space. Associated with calibration is the specification of experimental ac- 
curacy. With the limited bandwidths available on deep-space probes, 
accuracy may be set by the word length assigned rather than by the char- 
acteristics of the experiment. 

2. Experiment programing. Space-probe experiments, in contrast to 
those of most satellites, are often turned on and off and have their data- 
sampling rates changed as the probe moves through different scientific 
provinces. For example, the Mariner-2 radiometers scanned Venus dur- 
ing encounter only. Complete experiment design includes such schedul- 
ing and synchronization with the other experiments and spacecraft 
subsystems. Using the planetary-encounter example again, when a ra- 
diometer is turned on, something else must be turned off, because the 
communication-subsystem capacity is almost always saturated. Similar 
thinking leads to the establishment of an experiment-sampling rate that 
depends not so much upon the data-producing capabilities of the experi- 
ment as upon the value of its data relative to other measurements (in- 
cluding spacecraft-status information) which must be sent over the same 
communication channel. Finally, different kinds of instruments often 
work together in an experiment; viz., the combination of the ionization 
chamber and the Geiger-Mueller counter. Data from such tandem in- 
struments have to be properly correlated. 

3. Dynamic range. An experimenter desires a large dynamic range to 
insure bracketing the phenomenon he is measuring. The accurate range 
of his instrument provides one limitation, the allotted word length an- 
other. A magnetometer with a dynamic range of 0.1-1000 may be restricted 
to a word length of only eight bits. The over-all experiment’s dynamic 
range is thus 256 instead of 10*. Non-linear encoding can partially com- 
pensate for such restrictions, however. 

4. Data reduction. Great volumes of machine-printed and magnetically 
taped data are characteristic of most space experiments. Spacecraft data 
systems are automated, but, even at the low data rates from distant probes, 
the pile of data grows inexorably. A properly planned experiment must 
be prepared for the deluge of information and have facilities ready for 
the rapid reduction of data and the timely presentation of results to the 
scientific community. 

5. Experiment flexibility. Flexibility is the capability of an experiment 
to recognize and measure a wide range of phenomena. For example, the 
radiation detectors of the first Explorers were unexpectedly saturated in 
the Van Allen belts. This fact was deduced from the telemetry, and new 
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Fig. 12-2. Typical scientific-instrument subsystem design and integration sched- 
ule. Numbers shown are months before launch date. (Ref. 12-8) 

instruments with modified ranges were quickly flown to encompass the 

new phenomenon. Space probes, unfortunately, cannot be launched with 

such dispatch. In addition, the chances of encountering unexpected phe- 

nomena would seem greater near the relatively unexplored planets than 

at 200 km above the Earth’s surface. A wide dynamic range can provide 

a measure of insurance, but the real flexibility must come through the 

ingenuity of the experimenter and his design. 

6. Management. An experiment is only one cog in a complex system 

stretching from the sensors back to the data-readout equipment on Earth. 

To provide for complete success in the total scientific, political, and 

financial environment, experiments must be designed in adherence to: 
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a. Functional specifications 

b. Design specifications 

c. Interface specifications 
d. Spacecraft schedules (see Fig. 12-2) 
é. Cost allocations 

These factors are not so critical in terrestrial experimentation. Manage- 
ment controls on space research have to be considerably tighter because 
of the source of funds used, the intractability of launch windows, and 
the fact that every space probe is a group experiment involving thou- 
sands of people. 

12-3. Experiment Selection 

Space-probe payloads can accommodate only a small fraction of the 
experiments proposed for any particular flight. The choice of the few that 
are finally propelled into space is beset with technical, logical, and emo- 
tional problems. If it is hard to agree upon a single, overall figure of 
merit for a spacecraft system, it is even more perilous to rank scientific 
experiments in order of desirability. Regardless, decisions must be made 
and, lacking numerical parameters of excellence, judgment, with all of its 
arbitrary features, must be applied to the task. 
Two philosophies exist regarding payload assignment: 
1. Philosophy #1 requires open competition for payload space. This, 

in theory, is the procedure that is always used. In actual practice, the 
competition for satellite payload space is more open than it is for the less 
frequent, payload-limited space probes. 

2. Philosophy #2 maintains that there should be “block allocation” 
of payload space, with space reserved on all or most spacecraft for ex- 
perimenters or groups with demonstrated records of performance. Or per- 
haps NASA might assign an entire spacecraft to an institution, reserving 
for itself only the authority to approve instrument types. Such philoso- 
phy would supposedly permit a more orderly, long-term approach to ex- 
perimental problems. The perpetual proposals and experiment justifica- 
tions would be virtually eliminated except for newcomers. 

The free-enterprise philosophy (41) permits someone with a good idea 
for an experiment an equal opportunity in competing with the old hands 
in space research. Just as in real-world economics. free enterprise in space 
research is illusory to some extent, because experience and past perform- 
ance are weighted heavily in the existing selection process. Thus Philos- 
ophy #1 tends toward Philosophy #2 in practice. It is difficult, but by 
no means impossible, for a new experimenter to break into the accepted 
circle. The heavy weighting given to successful past performance is de- 
fensible in part, because mission failures are heavily penalized (techni- 
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cally and politically) in the infant space-probe program. Who would 

gamble extremely valuable payload space on an unproven experiment and 

experimenter? Not many. Only when more payload space becomes avail- 

able can free enterprise prevail. 

With these qualifications in mind, the experiment selection process be- 

gins with a list of factors (really figures of merit) to be used in the 

evaluation. In principle, weights could be assigned to each of the quali- 

ties listed below, but no formal scheme exists. Subconsciously, if not 

consciously, each individual evaluating experiment proposals attaches 

his own weighting factors. Roughly, then, in order of priority the selec- 

tion factors are: 
1. Scientific value. Experiments are rated on the basis of their scien- 

tifie objectives and appropriateness to the proposed mission. One would 

expect that each experimenter would favor his own discipline. But there 

seems to be a general consensus that experiments calculated to search 

for the existence of extraterrestrial life should be given top priority. 

After that decision, there is less agreement. Bypassing the lunar pro- 

gram, many would concur that the investigation of the atmospheres of 

Mars and Venus should be next, closely followed by Martian surface 

studies. No hard and fast lines are drawn, in any case. 

2. Experiment design. In general, the factors considered here are tech- 

nical feasibility, reliability, weight, cost, instrument availability, and 

interface matching. A vital question is whether the experiment, as de- 

signed, will answer the scientific questions that have been posed. 

3. Experimenter qualifications. What is the proposed experimenter’s 

stature in the scientific community? What has been his experience in ter- 

restrial and space research? 

4. The experimenter’s institution. Here, the organization employing 

the experimenter is scrutinized. What is its attitude toward research? 

Does it support its researchers financially and administratively? The 

record shows that almost all experimenters so far given payload space 

belong to universities, government research centers, and, on the border- 

line of industry, the Space Technology Laboratory. To date, industry 

has been conspicuous by its absence. 

The establishment of such a scale of values, though unweighted and 

admittedly crude, permits the construction of a formal selection process. 

The steps in the selection sequence are: 

1. A decision to fly a particular mission is made and an official NASA 

program is brought into being. 

2. The scientific community is solicited for experiment proposals, some 

two to four years before the actual flight, by NASA’s Office of Space 

Science and Applications. Announcements are mailed widely and, on oc- 
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casion, published in the appropriate journals. Spacecraft data, interfaces, 

and schedules are provided in the solicitation. 

3. Proposals are received by NASA. The NASA Space Sciences Steer- 

ing Committee and its subcommittees review and evaluate each. Both 

the written proposal and personal presentations made by the experimenter 
are considered. As many as 50 proposals of widely varying quality may 
be under study at this time. The experiments are sorted into four cate- 
gories based on the previously listed judgment factors: 

a. Excellent science. Reasonable schedule. 

b. Good science. Reasonable schedule. 
c. Excellent, but needs considerable development before flight. 
d. Experiment not appropriate to spacecraft mission. 
4. Detailed study and evaluation by the subcommittees in conjunction 

with the experimenters themselves soon produce recommendations that 
reduce the number of proposals to roughly twice the number that ean 
actually be accommodated on the spacecraft. The authority and respon- 
sibility for making decisions rests solely with the Associate Administra- 
tor for Space Science and Applications. The time now is roughly three 
years before flight. Each of the remaining experiments, perhaps ten to 
twenty of them in the case of deep-space probes, is funded by NASA for 
further study and development, often up to the breadboard stage. 

5. After about a year of development, some of the originally selected 
experiments will have been dropped for technical reasons. The remainder 
is now reconsidered by the Space Sciences Steering Committee, its sub- 
committees, and the experimenters. It is now about two years before 
flight, and the spacecraft and the surviving experiments are better de- 
fined and understood. The final payload of experiments is chosen at this 
time. Usually, the experiments are ranked in order of priority, so that 
further elimination can be made if unexpected spacecraft design prob- 
lems arise and lighten the scientific payload. 

The selection process is over. It has been carried out with the aid of 
the broad spectrum of disciplines represented by members of the Space 
Sciences Steering Committee and its subcommittees as well as by the 
experimenters themselves. 

The Space Sciences Steering Committee is appointed by the Associate 
Administrator for Space Science and Applications. It serves as NASA’s 
focal point for space-science activities. The Committee advises the As- 
sociate Administrator on experiments and experimenters, supporting re- 
search, and long-range space planning. The subcommittees of the Space 
Science Steering Committee are also appointed by the Associate Admin- 
istrator for Space Science and Applications. They include scientists 
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from NASA, other government agencies, universities, and not-for-profit 

organizations. The subcommittees are discipline oriented: 

Astronomy Particles and fields 

Solar physics Planetology 

Planetary atmospheres Bioscience 

Tonospheres and radio physics 

Subcommittee assignments include proposal review and the evaluation 

and the formulation of recommendations concerning experiments and 

experimenters, scientific goals in space, supporting research, and general 

space science planning. 

The award of a grant or contract to provide an experiment does not 

guarantee flight on a specific spacecraft. Sometimes technical problems 

arise that may eliminate an experiment or defer it until later flights of 

the same spacecraft. Flight qualification, with its rigorous shock, vibra- 

tion, thermal, reliability, and other spacecraft integration tests, will fur- 

ther reduce the number of experiments under consideration. Finally, as 

described earlier with the selection process, some perfectly sound and 

desirable experiments have to be dropped because of limited payload 

space. Of course, the knowledge and experience gained even from a 

dropped experiment is not lost to either the experimenter or space sci- 

ence in general. 

In summary, there are necessarily several subjective aspects to experi- 

ment selection. A well-defined procedure for submitting experiment pro- 

posal exists, and the very best scientific experience is utilized in judging 

such proposals. Excellence is always recognized, even though lack of 

experience may penalize an experimenter’s proposal to some extent. Space 

research is not quite an open field. It takes relevant experience or an idea 

of exceptional promise to fly an experiment on a space probe. 



Chapter 13 

INSTRUMENTS FOR MEASURING 

THE INTERPLANETARY MEDIUM 

13-1. Prologue 

The average quantity of matter in the vast volume of space between 
the planets is about 1000 atoms/cm’. Flooding through this diffuse me- 
dium are fluxes of all descriptions. The magnetic fields of the Sun, the 
planets, and the galaxy itself are constantly stirring and being stirred 
in the thin soup of gas, plasma, dust, and particulate radiation. 

Four broad classes of phenomena may be distinguished. These are 
listed in Table 13-1 in their order of development in this chapter. Approx- 
imately 40 types of instruments have been developed to map the complex, 
time-varying fields and fluxes in deep space (see Table 12-1). These 

TABLE 13-1. PHYSICAL PHENOMENA IN INTERPLANETARY SPACE* 

Phenomenon 

Magnetic field 

Space radiation 

Plasma 

Micrometeoroids 

Parameters measured 

Field strength, direction, flue- 
tuations 

Scalar flux, direction, energy, 
species 

Scalar flux, direction, energy, 
species 

Scalar flux, direction, ve- 
locity, composition, particle 
size 

* See Chap. 3 for additional discussion. 

296 

Measurable effects 

Magnetic induction, Zeeman 
effect, asymmetry of gated 
ferromagnets 

Ionization, fluorescence, cre- 
ation of lattice defects and 
electron-hole pairs 

Conductivity, current flow 

Momentum transfer, ioniza- 
tion, physical damage 
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instruments, based on the diverse measurable effects set down in Table 
13-1, must themselves be diverse in character. Generalization is difficult 
at this point. A short introduction to each instrument class will perform 
this task later. 

The fields, particles, and micrometeoroids were the first features of 
outer space to be explored in detail, first with balloons, then with sound- 
ing rockets, satellites, and space probes. This initial concentration of 
attention is understandable, since the planets are difficult to reach, while 

the fluxes and fields of interplanetary space are nearby and produce 

measurable effects even on the Earth’s surface. The consequence is that 

longer and greater familiarity has bred sophisticated lines of space in- 

strumentation, at least when compared with the apparatus available for 

planetary research. Most instruments for studying planetary surfaces 

and detecting life have had to be developed from near zero. 

The interplanetary environmental instruments, however, have not been 

perfected by any means. In each of the four phenomenological territo- 

ries listed in Table 13-1, major instrument developments are still under- 

way. In magnetic-field studies, new instruments are needed to measure 

accurately field fluctuations in the turbulence of solar flares. Microme- 

teoroid velocities cannot now be measured directly. The different nuclear 

species present in space radiation and plasma must be sorted and better 

identified. There are frontiers for instrument design everywhere. 

13-2. Magnetic Field Measurements 

Space probes frequently carry magnetometers to measure four impor- 

tant magnetic phenomena in space: 

. The distant geomagnetic field 

The magnetic fields of the other planets 

. The interplanetary magnetic field 

. The fluctuations of the fields listed above caused by interactions with 

the solar wind and other magnetohydrodynamie activity. 

In comparing the fields measured by space-probe magnetometers with 

those customarily recorded by Earth-based and satellite instruments, one 

distinction stands out: Probe magnetometers must measure fields of 

1-100 y compared to the nearly 50,000 y (0.5 gauss) at the Earth’s sur- 

face. The magnetic fields in deep space are extremely weak. Fields 

below 100 y can be easily overwhelmed by the magnetic field of the 

spacecraft itself if great care is not exercised. Or the magnetometer cal- 

ibration may drift a few y’s and grossly incorrect data will be telemetered. 

Obviously, the magnetometers used for magnetic studies and geophysical 
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prospecting on the Earth will require considerable modification for use 
in space. 

What sensitive, dependable, physical phenomena are both easily meas- 
urable and simply related to the ambient magnetic field? Magnetic induc- 
tion and the Zeeman effect immediately come to mind. These and some 
less obvious phenomena are listed in Table 13-2, along with the five kinds 
of space magnetometers to be discussed in this section. 

The magnetometers in Table 13-2 may be further classified by their 
ability to distinguish the direction of the ambient field. Only the fluxgate 
magnetometer is a vector instrument. The search coil response is direc- 
tion-sensitive. The others, the so-called scalar magnetometers, depend on 
physical processes that yield no information about the ambient field’s 
direction. The limitations of scalar magnetometers are sometimes offset by 
the absolute character of the scalar measurements. That is, the output of 
scalar magnetometers is often related to the ambient magnetic field only 
by well-known physical constants so that calibration against a standard 
field is not needed. The complementary properties of the vector and 
scalar magnetometers (Table 13-2) may be put to advantage by using 
the two types together. Explorer 10 and the IMP probes, for example, 
used an absolute rubidium-vapor instrument alongside two fluxgates, 
which provided the vector information. 

Weight and power consumption are problems for magnetometers as 
they are for most space instruments. The search coil manages to gener- 
ate its own signal power—it is in fact a dynamo—but the rubidium- 
vapor and helium magnetometers demand considerable power for the 
relatively inefficient process of “optical pumping.” The power and weight 
characteristics of some flight-qualified magnetometers are listed in Table 
12-2, page 286. | 

From the viewpoint of the magnetometer designer, the most sensitive 
spacecraft interface is undeniably magnetic in character. “Magnetic 
cleanliness” has long been a major spacecraft design objective. The in- 
trinsic fields on complex spacecraft like Mariner 2 may be tens of gam- 
mas, enough to make the use of absolute magnetometers questionable. 
To avoid submerging the ambient field in that of the spacecraft, non- 
magnetic materials must be used in spacecraft construction and current- 
generated fields should be canceled by opposing currents. Careful design 
can push the spacecraft fields down below 1 y, as it did on IMP. Extend- 
able booms must still be employed, however, to isolate the magnetometer 
from the spacecraft. The length of the boom will depend upon the suc- 
cess of the spacecraft magnetic cleanliness program. 

The Search-Coil Magnetometer. The simplest (and most limited) space 
magnetometer is the search coil (or spin coil). Used on early probes like 
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Pioneers 1, 2, and 5, and such satellites as Explorer 6, EGO, and POGO, 

it is simply a coil of wire that generates an electromotive force as it 

spins and cuts the lines of the ambient field (Fig. 13-1). The emf gener- 

ated can be calculated from Faraday’s Law. It is proportional to 

4s ae 
dt sin 0 

where H = the ambient magnetic field strength 

6 = the angle between the coil spin axis and H. 

When the search coil is fixed on a spacecraft and spins with it (Pio- 
neer 5), only the component of the magnetic field perpendicular to the spin 

axis will be measured. If the probe’s 
SPIN AXIS spin axis is known, say from a 

solar-aspect sensor, such measure- 

ments are useful. The search coil 

can also be spun relative to the 

spacecraft by a motor. The space- 

craft-fixed coil, however, measures 

the true ambient field only and is 

Fig. 13-1. Sketch of a search-coil mag- unaffected by the spacecrait intrin- 
netometer. The coil is usually fixed to ‘Si¢ field, which, of course, spins 

the spacecraft and spins with it. with it. 

The output of the search coil is 
proportional to dH/dt rather than H. Integration of the usually sinusoidal 
signal is electronically easy, resulting only in a 90° change of phase. 
Magnetic-field transients, however, will be distorted. Another electronic 
problem arises because the signal is at a very low frequency—just the 
spin frequency of the spacecraft, a few cycles per second. Since the search 
coil is not an absolute instrument, it has to be calibrated in a known field 
before flight. 

Despite its simplicity, the search coil has been largely supplanted by 
the fluxgate and optically pumped magnetometers in recent probes. Pio- 

PRIMARY SECONDARY 

DRIVING iw w, OUTPUT 
OSCILLATOR FILTER 
FREQ. x FREQ. 2x 

o—>//, (AMBIENT FIELD) 

A, sin wf (GATING FIELD) 

Fig. 13-2. Schematic of the fluxgate magnetometer. Single toroidal cores can 
also be used. 
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neer 5 was the only deep-space probe to employ a search coil. This in- 
strument consisted simply of a small coil with 30,000 turns of No. 40 
wire. It was fixed to the spacecraft. The weight and power consumption 
of the coil and associated electronics are shown in Table 12-2. 

The Fluxgate Magnetometer. The 

adjective “fluxgate” is derived from 

a key physical feature of this mag- 

netometer: the “gating” of the am- 

bient field being measured. Consider _* 

the two long ferromagnetic cylin- 

ders shown in Fig. 13-2. Two ex- 

ternal fields are applied to each: Hy, 

+ 8, (SATURATION) 

ASYMMETRICAL 
TERMS 

~ By (SATURATION) 

the field being measured; and Hy lilies 
sinot, an A.C. gating field impressed Fig. 13-3. Hysteresis loop for the flux- 
by the primary winding around the gate magnetometer. 

cylinders. Inside the cylinders, the 
total impressed field is H = Hy sinwt + Hy. The magnetic induction, found 
from B = ppo H, is modified by the saturability of the ferromagnetic core. 
During the peaks of the gating field, the cylinder cores are saturated at 
+B, and the ambient field is gated. In between the peaks, the induction 
is B = puo(H + H,) (Fig. 13-3). The presence of the ambient field, Hy, 
thus introduces an asymmetry into the induction cycle. It is this asym- 
metry that provides the measure of the ambient field, and the asymmetry 
appears only in the presence of the gating field. 

If the total induction is expanded in a Fourier series, 

B = a + Zan cos nwt + Lb, sin nwt 

it can be shown that the source of the asymmetry, the ambient field, is 
also the source of the even harmonics in the expansion. The logic of the 

coil arrangement shown in Fig. 13-2 is now apparent. The oppositely 

wound primaries impress a gating signal at a frequency X (usually about 

10 ke). The output secondary coil is wound around both cores and feeds 

a filter, which passes only the second harmonic, frequency 2X. The fun- 

damental, X, and all its odd harmonics are canceled out by the stratagem 

of winding the primaries in opposite directions. 

The magnetometer circuit shown in Fig. 13-2 is of the open-loop type; 

that is, there is no feedback of the output signal. Its output is an analog 

signal whose amplitude is proportional to the ambient field. A null-type 

instrument is more frequently used in which a bucking coil supplies a 

field in digital steps. This field is adjusted until the ambient field is 

nulled and all even harmonics disappear. The block diagram of the 

Mariner-2 instrument is shown in Fig. 13-4. 
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A fluxgate is sensitive to a tenth of a gamma and can span the range 

up to thousands of gammas. It is direction-sensitive, and is sometimes 
teamed with absolute magnetometers because of this property alone. 

The fluxgate magnetometer has been used on many spacecraft. Three 

space probes, Mariner 2, IMP, and Pioneer 6, have carried fluxgates. 

Some typical fluxgates are described briefly below. 

AXIS-1 MAGNETOMETER ELECTRONICS 

| PHASE- SHIFT 
NETWORK REF AMPL 

PROBE 
2 FREQ = FREQ 2 FREQ GATED 2 FREQ Osc = AMPL Hee pose Wel tren ATTEN AMPL | PRI SEC 

PHASE 

DET 

TO AXIS 1 
TO AXIS 3 Q [ 2 ae ee NULL p- EPSFIETER 22S Lea a0 | Peed t=1 SEC 

RELAY LOGIC 

RELAY DRIVER 

[Be aan 

t=1 SEC 

TRIGGER 

NOTE: FUNCTIONS IN 
PHANTOM ARE 
TRIPLICATED IL ae 

IN-FLIGHT IN-FLIGHT 
CALIBRATE CALIBRATE 

RESET ; A, RANGE DATA 

(AXIS 1) (AX!S 1) 

Fig. 13-4. Block diagram for the Mariner-2 fluxgate magnetometer experiment. 
(Ref. 13-59) 

Mariner 2 carried the triaxial fluxgate magnetometer shown in Figs. 
13-5 and 13-6. Three orthogonal sensors were positioned to record the 
three components of the magnetic field. The instrument, had two scale 
ranges: +64 y and +3820 y. On the low range, the resolution was approx- 
imately 0.6 y. Electronic noise in the electronics was equivalent to a 
fluctuating field of about 0.25 y. Each of the three sensors possessed an 
added bias coil, carrying enough current to cancel out spacecraft-produced 
fields measured prior to launch. During operation, the magnetometer 
sensitivity was checked periodically by the application of a known cur- 
rent to the bias coils (Ref. 13-59). Weight and power consumption for 
the Mariner-2 magnetometer are given in Table 12-2. 
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Fig. 13-6. The Mariner-2 magnetometer is shown isolated from spacecraft base 
at the right-hand end of the superstructure. Mariner 2 is shown on test here, 

minus its solar panels. (NASA photograph) 

Pioneer 6 carried a single-axis fluxgate magnetometer (Fig. 13-7). The 
10-ke gating field produced a 20-ke output signal proportional to the 
ambient magnetic field. A key feature of this instrument is the periodic 
physical reversal of the sensor, which gives the experimenter data on the 
magnitude of the errors introduced by any permanent magnetic moment 
of the core and any electronic drift. Upon command from the Earth, 
small pyrotechnic squibs are fired, which in turn release escapement 
mechanisms driven by springs. The lightweight sensor is thus alternately 
reversed 180°, but only for a finite number of times, eleven in this case. 
On Pioneer 6, the sensor reversal unit has a mass of only 0.2 kg. Even 
with this mechanical refinement, the perturbations caused by spacecraft 
field are not accounted for. In order to reduce the spacecraft field to be- 
low 1 y, the magnetometer must be mounted on a boom 1 to 3 meters 
long. The operating range of the magnetometer is +64 y, with the min- 
imum recorded field set at +0.25 y by the digitization of 8 bits per 
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FLUXGATE SAMPLE RATE 
ELECTRONICS SAMPLER GENERATOR 

SENSOR 

SPACECRAFT 

SOLAR -ASPECT- 

SENSOR PULSE 

INPUT 

ORIENTATION 

MECHANISM AND 

SUPPORTING ANALOG - DIGITAL CRYSTAL 

STRUCTURE CONVERTER OSCILLATOR 

SPACECRAFT- 

TELEMETRY 

DATA 

SYSTEM 

ORIENTATION DATA STORAGE 

(25 BITS) 

CONTROL 

Fig. 13-7. Block diagram of the Pioneer-6 fluxgate magnetometer experiment. 
(After N. F. Ness) 

SPACECRAFT 
COMMAND 
RECEIVER 

FREEZE 

measurement. The sensor itself is inclined at an angle of 54° 45’ to the 

spacecraft spin axis. Spinning in this way, the magnetometer takes 

measurements every one-third of a revolution. With the addition of 

solar-aspect data, the single-axis fluxgate can measure all components 

of the field. With the refinements of sensor reversal, an extendable boom, 

and an inclined mounting, a simple fluxgate magnetometer can thus 

measure the total field, and compensate for spacecraft fields, instrument 

drift, and core magnetic set. 

The Proton Precession Magnetometer. The proton magnetometer is in 

common terrestrial use. It is, however, relatively useless for measuring 

the very weak magnetic fields in deep space. In fact, Vanguard 3 and 

some early Russian spacecraft have been the only spacecraft to carry 

proton precession magnetometers. The proton-precession magnetometer 

was the first of the absolute, scalar magnetometers which depend for their 

operation upon atomic or nuclear energy states that have been split by 

the ambient field. It thus has historical as well as instructive value. 

Consider a small bottle filled with water or a hydrogen-rich liquid 

hydrocarbon, such as hexane. If an artificial magnetic field—always 

much stronger than the ambient field—is applied to the bottle, some of 

the protons (N, of them) in the liquid will be polarized so that their 

spin axes are aligned with the impressed field. Others (N2) will be aligned 

in opposition to the field. The creation of two new energy states is anal- 

ogous to the Zeeman splitting of atomic energy states. 
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Spin Population N, 

ee 
Unsphit population NM ———< 

Spin Population Ne 
eat 

2 

The split populations are related by 

Ni/N2 ~ exp (—uH/kT) 

where H = the polarizing magnetic field strength 
k = Boltzmann’s constant (1.38 X 107% joules/°K) 
T = the ambient temperature 

uw = the nuclear magnetic moment. 

When the impressed field is removed, leaving only the much weaker 
ambient field, the Zeeman splitting decreases accordingly, and the popu- 
lation ratio changes in response. As protons shift from population N» to 
N,, they radiate electromagnetic energy at a frequency proportional in 
the first order to the ambient magnetic field. The frequency of the radi- 
ation is a function only of the magnetic field and physical constants. No 
calibration is usually needed for this absolute instrument. 

The name of this magnetometer comes from the classical mechanistic 
portrait of protons in a magnetic field, which are pictured as precessing 
hike tops around the ambient magnetic field vector, with a precession 
frequency proportional to the ambient field. The quantum-mechanical 
interpretation, given earlier, is preferred and is also more convenient in 
describing the more complex rubidium-vapor and helium magnetometers. 

In actual space operation, a large, power-consuming current must be 
applied every few seconds to generate the magnetometer’s strong polar- 
izing field. After the current is switched off, the electromagnetic energy 
from the switching proton populations can be picked up as a very weak, 
exponentially decaying signal. The signal frequency is 4.26 ke/gauss, cor- 
responding to only 0.0426 cycles/gamma. In an ambient field of 10 y, the 
frequency is still so low that it is difficult to amplify electronically. For 
this reason, the working range of the proton-precession magnetometer is 
approximately 10*-10° y, not very useful for deep-space research. 

The Rubidium-Vapor Magnetometer. Like the proton-precession mag- 
netometer, this instrument is an absolute, scalar device whose operation 
depends upon magnetically split, atomic energy states (Zeeman effect). 
Instead of using a strong artificial magnetic field to shift populations of 
excited atoms, the rubidium-vapor magnetometer employs circularly po- 
larized, monochromatic light to “pump” rubidium vapor atoms into long- 
lived, i.e., ‘metastable,’ energy states. These energized rubidium atoms 
can subsequently be stimulated to leave the metastable state by applying 



INSTRUMENTS FOR MEASURING INTERPLANETARY MEDIUM 307 

an artificial electromagnetic field with a frequency equal to the Larmor 
frequency—which, in the classical view, is the atom’s precessional fre- 
quency around the ambient magnetic-field vector. As we shall see, the 
Larmor frequency and the energy gaps between the magnetically split 
energy levels are both proportional to the ambient magnetic field 
strength. The scheme is complicated. In essence, a population of excited 
atoms is artificially created by optical pumping. The population is then 

destroyed by a signal whose frequency is proportional to the ambient 
field. 

The optical-pumping process so basic to lasers, masers, and rubidium 

and helium magnetometers has an abstract description. Imagine the ex- 

periment pictured in Fig. 13-8. The light from a rubidium lamp is colli- 

RF DEEX- 
ITATION 
SOURCE 

ey) 
PHOTOCELL 

Rb-VAPOR CELL 

QUARTER-WAVE PLATE 

Fig. 13-8. Schematic of a rubidium-vapor magnetometer with no signal feed- 
back. 

mated, passed through a filter to remove all wavelengths except the D, 

line at 7947.6A, and then circularly polarized by a quarter-wave plate. 

When these monoenergetic photons bombard a rubidium-vapor cell, they 

have just the right amount of energy to raise some of the atoms from the 

2Sy, state to the ?Py state, as shown in the energy level diagram, Fig. 

13-9. If these states are split by an applied magnetic field, quantum- 

mechanical laws dictate that the magnetic quantum number, m, can in- 

crease only by 1. Energized atoms in the *Py, state, no matter what the 

value of m, return to the *Sy, state by emitting a photon within about 

10-8 sec. Clearly, there is no metastable state at the ?Py level. The 

deenergized atoms, however, return in equal proportions to all eight of 

the split levels in the *Sy, state. The level with m = +2 receives its fair 

share, but once an atom enters this level it cannot be stimulated to leave 

again by absorbing one of the incident photons from the rubidium lamp. 

Why? Because the change in m must be +1, and there are no levels in 

the 2Py, state where m = +3. The *Sy,, m = +2 state is thus a dead end. 
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Eventually many of the rubidium atoms are pumped into this metastable 

state. The experimenter can tell when this occurs because the rubidium- 
vapor cell becomes transparent to the light from the rubidium lamp. 
There are no longer any atoms that can absorb the light, so the photons 

pass right through. The secret of pumping, then, is the discovery of a 

dead-end or near-dead-end state that can be used to shift the normal 

populations of atoms in a sample. 

MAGNETIC QUANTUM 

NUMBER, 
+2 

1 
0 

=A 
+2 METASTABLE 
+1 STATE 
O 
1 
3S 

ENERGY 

MAGNETICALLY SPLIT 
ENERGY LEVELS 

= 
O 

NO MAGNETIC FIELD MAGNETIC FIELD 

Fig. 13-9. Energy-level diagram for rubidium-87. 

Measuring the magnetic field seems rather remotely connected with 
this complicated procedure. The keys to measuring the ambient field 
are, first, the observation that the separation of the magnetically split 
lines is proportional to the ambient field, and second, the application of 
an electromagnetic wave with just the right frequency perpendicular to 
the ambient field. The wave with the right frequency is represented in 
quantum mechanics by a photon whose energy is equal to one of the 
gaps between the metastable state and the other energy levels. The 
electromagnetic wave has the effect of ejecting the rubidium atoms from 
the metastable state. When this occurs, the rubidium vapor cell can 
again absorb radiation. A photocell on the opposite side of the vapor cell 
signals the sharp resonance when electromagnetic waves have just the 
right frequency to depopulate the metastable state. Since the resonant 
frequency can be measured with precision, the ambient field can be 
found from the Larmor frequency equation, which specifies about 7 
cycles/gamma for a Rb’? magnetometer, 

In practice, rubidium-vapor magnetometers are made to oscillate at 
the Larmor frequency; that is, the transparency of the vapor cell varies 
at the Larmor frequency, and this signal is detected and fed back. In 
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this type of arrangement, the ambient field must be inclined to the axis 
of the pumping light (Ref. 13-51). 

Rubidium-vapor magnetometers using Rb®> and Rb&7 have been built. 
Explorer 10, IMP, EGO, and other satellites have used Rb87 instruments 
with good success. Usually fluxgates are flown alongside scalar instruments 
to provide directional data. Offsetting this requirement for directional data 
is the absolute character of the rubidium-vapor magnetometer. This 
eliminates the calibration step. Rubidium lamps draw a relatively large 
amount of electrical power which can be a disadvantage on space probes. 

The accurate range of the rubidium vapor magnetometer is excellent, 

roughly 0.05-10,000y. It is an important research tool in mapping magnetic 
fields in deep space. 

The Helium Magnetometer. The great variety of lasers and masers 

testifies that atoms other than rubidium can be pumped and therefore 

serve in magnetometers. The metastable, 3S, state of helium has been 

selected for space magnetometer work. The pumping process, the de- 

excitation of the metastable state, and the measurement of the ambient 

magnetic field through the frequency of the deexcitation field are all 

almost identical to those of the rubidium-vapor magnetometer. Some 

differences are worth noting, though. 

First, the energy-level diagram is quite different (Fig. 13-10). Helium 

exists in two distinct states, termed orthohelium and parahelium. The 

optical pumping described here occurs in orthohelium, which is created 

by exciting parahelium with a radio-frequency field. Since transitions 

back to parahelium are statistically unlikely, the orthohelium energy- 

level diagram of Fig. 13-10 is essentially independent of the parahelium, 

which may be thought of as a buffer gas. The term “metastable” is ap- 

MAGNETIC QUANTUM 
NUMBER, 

= 

re 2 He 

a 3 4 Bp et 

=2 

1 
oc, 0 

ORTHOHELIUM 

ay (METASTABLE) (eae ae SPLIT 
Serer ENERGY LEVELS 

NO MAGNETIC FIELD e MAGNETIC FIELD 

Fig. 13-10. Energy-level diagram for helium. 
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plied to the entire #8, orthohelium population, because all orthohelium 

energy levels are metastable (long-lived) with respect to parahelium. 

Orthohelium is pumped by a helium-discharge lamp where transitions 

from the Po, Pi, and Py levels to 8; provide three closely spaced spectral 

lines. Referring to magnetometer schematic, Fig. 13-11, the interposition 

SWEEP- 
COIL 

DRIVER QUARTER-WAVE PLATE 

SWEEP COIL 

HELIUM ABSORPTION 
CELL 

HELIUM LAMP INFRARED 

DETECTOR 
COLLIMATING LENS 

FOCUS LENS 
LINEAR POLARIZER 

SWEEP COIL 

Fig. 13-11. Schematic of the Mariner-3 helium magnetometer. (JPL drawing) 

of a quarter-wave plate generates circularly polarized light. The 3S, 
atoms, regardless of the value of m, are excited to the three P states 
with the stipulation that m= +1. The excited P states quickly decay 
back to the three *8, states with equal probability. The helium pumping 
is different from rubidium pumping in that the 38,, m = +1 state is not 
a completely dead-end road. With the stipulation that m= +1, the 
Si, m = +1 atoms can still be excited back to a P state. The population 
in the S state becomes highly skewed, however, because there is only one 
excitation route open for escaping the m = +1 level; namely, 38,, m = +1 
to *Ps, m= +2. There are many more transitions open for the other 
levels. The result is a population shift strong enough to be detected by 
a light detector. 

Another difference existing between helium and rubidium magnetom- 
eters is that the helium pumping light is in the infrared region, 1.08, 
instead of the visible. An infrared detector, such as lead-sulfide or 
cadmium-sulfide cell, must replace the photocell. 

Helium magnetometers lag behind the rubidium-vapor type in both 
development and application. The Mariner-3 instrument described below 
represents the only helium magnetometer flown thus far. Helium magne- 
tometers do have two distinct advantages: a lower power requirement for 
the helium lamp, and a higher Larmor frequency. The latter is 23 
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cycles/gamma as opposed to 7 cycles/gamma for rubidium vapor. One 
infers from this that the accuracy and sensitivity of the helium magne- 
tometer may ultimately be better than they are for its rubidium cousin. 

DEMODULATOR 

DC AMPLIFIER 
COIL 

OSCILLATOR 
AND PHASE 

SHIFTER 

OUTPUT RF PHASE 
OSCILLATOR SHIFTER TO 

BRE HELMHOLTZ 
COIL 

AMPLIFIER MAGNE TO- BANDPASS 
METER ae aioe AMPLIFIER 

TO 
DC AMPLIFIER FTELMHOLT 2 

IGNITION COL. COIL 
DRIVERS OUTPUT 

IGNITION 
MONITOR 

t 
He ae 

DEMODULATOR 

Fig. 138-12. Block diagram of the Mariner-3 helium magnetometer experiment. 
(JPL drawing) 

The Mariner-3 helium magnetometer (Figs. 13-12 and 18-13) is a 

triaxial instrument. The component of the magnetic field along one axis 

is measured continuously, while the two other axes are sampled 25 times 

per second. Its dynamic range is +360y with a sensitivity of about 0.5y 

per axis. Although the helium magnetometer is intrinsically an absolute 

instrument, the Mariner-3 version is not, for rather complicated reasons. 

In-flight calibration currents from ultrastable voltage sources are thus 

required. Pumping light in the Mariner-3 magnetometer is obtained 

from a 27-Mc electrodeless helium discharge lamp. The infrared detector 

is of the lead sulfide type. Power and weight characteristics are given 

in Table 12-2. The Mariner-4 instrument was identical. 

13-3 Space-Radiation Instrumentation 

The discovery and mapping of the Van Allen belts represent a classic 

series of experiments in radiation detection and measurement. Just what 

new and unexpected fluxes of particles and photons will be uncovered 
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Fig. 138-13. Mariner-3 helium magnetometer and some of the associated elec- 
tronic circuits. (Courtesy of the Jet Propulsion Laboratory) 

in deep space and around the other planets of the solar system remains 
conjecture. Because of this uncertainty, all space probes carry one or 
more radiation detectors aboard. 

It is convenient to classify particulate and photonic space radiation 
into four groups, according to apparent source. In Table 13-3, the four 

TABLE 18-3. CHARACTERISTICS OF RADIATION ENCOUNTERED 
IN INTERPLANETARY SPACE* 

Phenomenon Particles Energies 
Primary cosmic rays p, d, a, B=, y, and heavier nuclei 104 to 102° ey 

up to Fe 

Solar energetic particles p, d, a, B=, yy X-rays) and -10¢to 10% ev 
heavier nuclei 

Trapped radiation Pee 104 to 108 ev 
(Van Allen belts) 

Solar wind p, 8—, perhaps a few heavier ions Up to 2 x 103 ev (plasma) 

* See Chap. 3 for further descriptions 
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categories of radiation are seen to span twenty decades in energy. They 
encompass dozens of particle species. Despite this rich and tempting 
variety of phenomena, this section focuses on the instruments themselves 
rather than the interpretations of their measurements. 
When measuring space radiation, there are several physical parameters 

of concern. First is the scalar flux, the number of particles or photons 
crossing a square centimeter of surface each second, regardless of direc- 

tion. Next, particle energy is of great interest in untangling the origins 

of the several kinds of radiation. The directional or vector properties of 

the particles may also be indicative of their source. Scalar flux, energy, 

and direction can all be linked together in the definition of the differential 
flux: 

r= ff F@,5)-adaE 

where F = the scalar flux or omnidirectional flux 

F(E,Q) = the differential flux 
E = energy 

Q = solid angle. 

Space-radiation studies have continually attempted to increase the resolu- 

tion of energy and directional measurements. The variation of each flux 

component with time may also help in deciphering its significance. Last, 

but not least, is the identification of the particle. In mapping the fluxes 

of space, therefore, the properties of the ideal radiation instrument should 

include the capabilities for measuring scalar flux, direction, energy, and 

species as functions of time. 

Radiation is detected primarily by its interactions with matter, es- 

pecially those interactions that yield electrical and photonic signals. 

The chief of these reactions is that of bond disruption; an effect includ- 

ing ionization, the creation of lattice defects, and the production of 

electron-hole pairs. All of the basic detectors described here depend upon 

some disruptive interaction for signal generation. Since the ultimate 

signal on a spacecraft must be electrical, if information is to be tele- 

metered back to Earth, all nonelectrical signals (light flashes) must be 

converted into electrical information, preferably digitally coded electrical 

signals. Furthermore, the signals should be capable of carrying informa- 

tion beyond the fact that a particle has passed through the detector. In 

other words, the instrument’s dynamic range and the bandwidth of its 

information channels must be consistent with the aims of the experiment. 

To illustrate the taxonomy of radiation detectors, they have been 

divided into three groups in Table 13-4. Intrinsic in the table is the ad- 

mission that the simple, basic detectors actually reveal little information 
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when used singly. Auxiliary equipment is needed to help sort out the 
energies, species, and directions of the radiation. Telescope configurations, 
different shielding arrangements, and magnetic dispersion are typical 
of the stratagems used to turn simple event recorders into sophisticated 
instruments capable of sorting out the welter of particles and photons 
encountered by space probes. 

The ensuing discussion of specific radiation instruments follows the 
organization of Table 13-4. 

Basic Derectors 

Geiger-Mueller Counters. The Geiger-Mueller counter is a ubiquitous 
space-research tool. Not only have Geiger-Mueller tubes flown on almost 
every satellite and space probe since Explorer 1, but they have been 
employed in arrays to form cosmic-ray telescopes. Used with magnets, 
they make spectrometers; combined with other particle detectors, like 
the ionization chamber, they help to resolve the fluxes, energies, and 
species of the particles that make up space radiation (Table 13-3). 

pi PATH OF IONIZING 
PARTICLE 

IONS AND ELECTRONS 
MOVING UNDER INFLU- 
ENCE OF ELECTRIC 

eva 
7 ION PAIRS 

WALL FIELD CAUSE 
SECONDARY 
IONIZATION BY 

COLLISION CENTER 

ELECTRODE 

a = 

Fig. 13-14. Schematic for detectors which depend upon ionization in a gas. In 
the Geiger-Mueller tube, the high impressed voltage causes electron avalanches 
to fill the whole tube. In the proportional counter, the number of ion pairs 
created by the ionizing particle is multiplied by secondary ionization, but no 
discharge occurs. There is no secondary ionization at all in the ionization 

chamber. 

A Geiger-Mueller tube usually takes the form of a cylindrical glass 
or metal tube filled with a gas, like neon or argon (Fig. 13-14). A central 
wire, positively charged at several hundred to a few thousand volts with 
respect to the wall, runs along the length of the cylinder. Sometimes a 
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halogen quenching gas* is added to reduce resolution times by shortening 
the length of the tube discharge. The passage of ionizing radiation leaves 
a trail of electrons and ions, which are accelerated toward the wire and 
wall respectively. The high voltage gradients soon accelerate the elec- 
trons to speeds at which they cause additional ionization. An electrical 
discharge quickly forms along the length of the tube. The passage of the 
ionizing particle is thus signaled by a voltage pulse at the tube’s output. 
The simplicity, reliability, and low power requirements of the Geiger- 
Mueller counter are balanced by several disadvantages: 

1. There is no particle species discrimination. Even gammas and 
X-rays are counted—though with low efficiencies—since they produce 
secondary electrons in the counter walls which trigger the tube. 

2. Even the thinnest tube walls (about 1 mg/em?) are too thick to 
pass any but the most energetic alpha particles and protons. 

3. The output pulse gives no information concerning the ionizing 
particle’s energy. 

4. The resolving times are long, over 40 psec. To some degree, these 
disadvantages can be overcome by telescoping counters and allying them 
with other detectors. In fact, all space probes have employed Geiger- 
Mueller tubes either in telescopes or in conjunction with ionization cham- 
bers or other basic detectors. (See the later treatment of the Ionization 
Chamber-Geiger-Mueller Counter combination.) Historically speaking, 

the earliest Earth satellites carried simple Geiger-Mueller tubes sur- 

rounded by various quantities of shielding material. When the complexity 

of space radiation became apparent—particularly in the vicinity of the 

Earth—the Geiger-Mueller tube by itself did not have the versatility to 

sort out the profusion of particle fluxes as functions of energy and species. 

The instrument vignettes later in this chapter will illustrate how the 

Geiger-Mueller tube is now used primarily as a detector amid the other 

apparatus making up the total experiment. 

Proportional Counters. Like Geiger-Mueller counters, proportional 

counters have long held an honored place in nuclear instrumentation. 

Their principle of operation is also similar to that of the Geiger-Mueller 

tubes (Table 13-4). An ionizing particle penetrates a gas-filled cylindri- 

cal tube and creates n ion pairs (Fig. 13-14). Under the influence of the 

electrical field impressed between the central wire and the wall, the ions 

and electrons accelerate in opposite directions. Upon colliding with neu- 

tral atoms, the electrons and ions create m new ion pairs, but because 

the voltage gradients are smaller than they are in the Geiger-Mueller 

tube, the charge avalanches are small and localized. No tube discharge 

* Halogens are used for quenching in space because of their longer lifetimes. Al- 
cohol is more common in terrestrial work. 
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occurs. Instead, the amplitude of the output pulse is proportional to the 

product nm, where the quantity m is called the tube’s multiplication 
factor. 

Proportional counters have much shorter resolving times (< 1 psec) 

than the Geiger-Mueller tubes. 

Since they do not discharge, they 

do not need to be quenched. Be- 

cause the quantity n is related 

to the passing particle’s species, 

charge, and energy, the proportional 

counter provides the experimenter 

more information that the Geiger- 

Mueller counter, in which the pulse 

amplitude is independent of the 

properties of the triggering particle. 

Despite all these advantages, 
proportional counters are not often 
used on scientific spacecraft. Their 
output pulses are so low that very- 
high-gain amplifiers are required. 
Even more telling is the need for 

QUARTZ FIBER ultrastable high-voltage power sup- 
plies. 

Of historical interest is the fact 
that a triple-coincidence propor- 

Fig. 13-15. The Neher integrating ion- tional-counter telescope was em- 
ization chamber. This type of chamber Ployed by the University of Chicago 
was used on Mariner 2 and Pioneer 6. group on Pioneer 5 to measure the 

(Ref. 13-59) cosmic-ray flux. They have also 
been used on Ranger 1, Explorer 6, 

and Discoverer 25. In general, however, proportional counters are being 
displaced by solid-state and scintillation counters, which also provide 
signals proportional to the energy deposited by the triggering particle. 

Ionization Chambers. The third member of the family of devices in 
which particle detection is based upon ionization in a gas is the progenitor 
of them all, the ionization chamber. In its simplest form, the ionization 
chamber is a volley-ball-sized sphere—or possibly a ecylinder—contain- 
ing an inert gas under relatively high pressure (usually several atmos- 
pheres). The potential difference between the central electrode and the 
outside wall (Fig. 13-15) is only a few hundred volts, too low for the 
ion pairs created by the passage of ionizing radiation to cause secondary 
charge production through collisions (Table 13-4). The ions and electrons 

ION-CHAMBER 

BLACK DENOTES 
CONDUCTING AQUADAG 

OVER QUARTZ 

SHIELD CAN 
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collected by the electrodes thus constitute a current directly related to 
the total energy deposited in the chamber per unit time. The currents 
drawn from an ionization chamber (on the order of 10-14 amp in space) 
give the experimenter an integrated energy rate, which, when correlated 
with particle-count data from Geiger-Mueller tubes, helps to determine 
individual particle energies and species. 

The extremely small current output of the conventional ionization 
chamber is unhandy in space probes, because it is analog in character 
and must be amplified many orders of magnitude. The Neher integrating 
ionization chamber (Fig. 13-15) produces pulses with healthy amplitudes. 
This type of chamber begins each cycle fully charged by the spacecraft 
power supply. Ionizing radiation will slowly discharge the chamber, 
causing the central quartz rod to return to its discharged position in the 
manner of an electroscope leaf. The moving quartz rod, acting as a 
switch, ultimately completes an electrical circuit to produce an output 
pulse and also recharge the chamber. The number of pulses counted per 

unit time is obviously a measure of the rate at which energy has been 
deposited in the chamber. 

An ionization chamber can be made simple, rugged, and reliable; al- 

though their manufacture seems more of an art than a science. Like the 

Geiger-Mueller counter and the proportional counter, it is easily calibrated 

by exposure to a known source of radiation. Ionization chambers have been 

carried on many satellites and several space probes (Pioneer 5, Mariner 

2, Mariner 4, and IMP), but only in conjunction with particle counters. 

Actually, a lone ionization chamber is a rarity on a spacecraft, because 

it is an integrating instrument that yields little useful data unless coupled 

to a detector that can differentiate individual particles. Pioneer 1 used 

an ionization chamber by itself to measure the total amount of ionizing 

radiation in space, and the Naval Research Laboratory has employed 

ionization chambers on satellites like Vanguard 3 and Greb 1 to measure 

the total solar X-ray flux. 

Channel Multipliers. The channel multiplier is a relatively new type 

of radiation detector. It is similar to the Geiger-Mueller tube in that 

it depends upon the avalanching of secondary electrons to produce an 

output pulse. It is also closely related to the photomultiplier tube, as the 

following description will show (Ref. 13-23). 

Take a long, thin glass tube with a high-resistance coating on its 

inside surface (Fig. 13-16). Charged particles or energetic photons pass- 

ing through the tube eject one or more secondary electrons from the 

inside surface into the central void. The secondary electrons usually 

possess enough kinetic energy to carry them across the narrow diameter 

of the tube. There would be no electron-avalanching unless energy were 
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somehow added to these electrons. In the channel multiplier, a longi- 
tudinal electrostatic field of a few thousand volts, applied across the 
metallized ends of the tube, accelerates the electrons along the axis. The 
secondary electrons pick up enough kinetic energy to eject more than one 
tertiary electron upon impact with the tube’s inner surface. Multiplica- 
tion down the channel is rapid, as Fig. 13-16 indicates. 

HIGH-VOLTAGE SOURCE 

METALIZED 
END oR ) ZA 

hei. 
Safe a ey ee ey 

SECONDARY-ELECTRON 

TRAJECTORIES 

LENGTH ABOUT 2.5MM 
DIAMETER ABOUT 0.5MM 

PARTICLE 
i RACKG uae 

HIGH-RESISTANCE 
COATING 

Fig. 13-16. The channel multiplier. Secondary electrons ejected from the wall 
avalanche down the length of the tube. (Ref. 13-23) 

Conceivably, the channel multipher could be used either for particle 
detection or in the role of a photomultiplier. It is also being considered 
for use as an image intensifier. Apparently it will be developed into a 
rugged, reliable radiation detector. 

Serntillators. The passage of a high-velocity charged particle or ener- 
getic photon through a crystal lattice leaves behind a trail of disrupted 
bonds and excited atoms. In a number of materials—for example, poly- 
styrene and cesium iodide—some of the energy imparted to the crystal 
by the ionizing radiation is suddenly re-emitted as a light pulse by the 
atoms returning to their normal states. In other words, the crystal 
fluoresces or scintillates when triggered by radiation. Tens of thousands 
of photons may be generated by the passage of a single energetic particle. 
The photon flux rises sharply to a peak and then trails off to zero, in 
times ranging from 10- to 10-4 seconds, depending on the material used. 

To make a practical particle detector out of this physical phenomenon, 
the emitted light must be converted to an electrical signal. The scintilla- 
tion counter requires the double conversion of energy. The photomulti- 
plier tube or, less frequently, the photodiode, is an essential component 
of the scintillation counter. Photons impinging on the photomultiplier’s 
cathode cause the photoemission of electrons from its surface. These 
electrons are accelerated down the tube by a series of dynodes. Electron 
impacts at these dynodes cause the ejection of several secondary elec- 
trons per incident electron from their surfaces. Through this electron 



INSTRUMENTS FOR MEASURING INTERPLANETARY MEDIUM 321 

multiplication at the successive dynodes, a large electrical signal can be 
produced at the output of the photomultiplier tube in response to the 
input of just a few photons. 
A most important property of the scintillation counter is the propor- 

tionality of the photomultiplier’s output pulse to the amount of energy 
deposited in the crystal by the triggering radiation. It turns out that the 
light emitted along the particle’s track and the response of the photo- 
multiplier tube are both nearly linear. The addition of a pulse-height 
analyzer permits particle counts to be sorted according to energy range. 
A little reflection, however, shows that the light-pulse intensity coming 
from the scintillator must be a double-valued function when plotted 
against particle energy (Fig. 13-17). This is because the ionizing ability 

LEVEL 4 

ENERGY LOSS (MEV) 

LEVEL 1 

i 10 100 1000 

PROTON KINETIC ENERGY (MEV) 

Fig. 13-17. Scintillator-crystal response to energetic protons. Protons to the 
right of the peak completely penetrate the crystal; those to the left do not. 

(Ref. 13-41) 

of a particle increases as its velocity in the crystal decreases. High- 

velocity particles (B in Fig. 13-17) may whisk right through the crystal 

and deposit even less energy than a much slower particle. At very high 

particle energies, pair production again increases the particles’ ionizing 

power (A in Fig. 13-17). The shape of the response’ curve dictates the 

use of additional scintillators or other companion detectors to remove the 

energy ambiguity. This is one of the reasons why scintillators are rarely 
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used alone, but form, instead, the basic sensitive elements in the more 
sophisticated and versatile telescopes and spectrometers described later. 

Scintillator crystals must obviously be transparent to the light they 
emit. This means that the accompanying photomultiplier tube may see 
the external environment through the crystal, unless a thin, optically 
opaque barrier is provided. With this precaution, the scintillation counter 
is responsive to all energetic charged particles and, to a lesser extent, 
X-rays and gamma rays. 

There are two classes of scintillator materials: 
1. Inorganic scintillators, like sodium iodide (NaI) and cesium iodide 

(CsI), that are doped with an element like thallium (Tl). The heavy 
thallium converts the energy of gamma rays into detectable electrons and 
positrons by the pair-production reaction. 

2. Organic scintillators, such as anthracene, napthalene, and poly- 
styrene. These materials are not nearly as sensitive to energetic photons 
as their inorganic analogs. In addition, their response times (10-° to 
10~® sec) are several orders of magnitude shorter than those of the 
Inorganics. 

The scintillators themselves are simple and rugged. To flight-qualify 
the whole scintillation counter, however, the photo-multipliers with 
their vibration-and-shock-sensitive dynode structures had to be redesigned 
and strengthened. Acceptable photomultipliers are now readily available. 
The dynode accelerators also require the availability of a high-voltage 
power supply on the spacecraft. The popularity of scintillation counters 
on spacecraft testifies to their successful adaptation to space. 

Cerenkov Detectors. When a charged particle moves through a trans- 
parent medium at a velocity greater than that of light in the same 
medium, a cone of light, somewhat analogous to a shock wave in super- 
sonic aerodynamics, is thrown forward. This is the Cerenkov effect, which 
accounts for the blue glow around the core of swimming-pool nuclear 
reactors and also serves in radiation detection. The angle of the cone of 
light is given by: 

cos: 6 = c/nv 

where @ = the cone’s half angle with the particle track (Fig. 13-18). 
c = the velocity of light in a vacuum (2.99 < 108 m/sec) 
n = the index of refraction of the medium 
v = the velocity of the particle (m/ sec). 

The quantity c/n represents the velocity of light in the medium and ob- 
viously may be less than v. 

The pulse of light from the Cerenkoy detector is roughly proportional 
to the energy of the stimulating particle, The directional characteristics 
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Fig. 13-18. Elements of the Cerenkov counter. Light is thrown ahead of the 
particle track in a cone. 

of the emitted light flash can be of use in defining the geometry of 

radiation telescopes. Gammas and other energetic photons are not counted 

by the Cerenkov detector unless a heavy element is introduced into the 

detector. Lead gamma converters, for example, are used in Cerenkov 

gamma-ray telescopes to convert incident gammas into positron-electron 

pairs, which will then trigger the detector. The rapid decay of the 

Cerenkov light pulse (about 10-® sec) makes it possible, by using two 

Cerenkov detectors, to measure the velocities of charged particles by 

time-of-flight techniques. 

Cerenkov detectors may be made from almost any transparent material ; 

liquid, solid, or gas. Typical materials used in space research are plexi- 

glass, lucite, and lead (for gamma conversion) glass. In a practical detec- 

tor, a cylinder of the chosen material is connected to the photomultiplier 

tube through a light pipe, or optically bonded directly. 

As a basic detector, like the scintillators and Geiger-Mueller tubes, the 

Cerenkov counter is used most frequently in telescopes and in conjunction 

with other kinds of detectors. The fact that the response of the Cerenkov 

detector to radiation is somewhat different from that of the scintillator 

has made desirable a combination of the two types into an instrument 

with more energy and species discrimination than either type alone. (See 

later Cerenkov-Scintillation Counter discussion.) 

Cadmium-Sulfide Cell. Cadmium sulfide (CdS) is best known as a 

CONTACT 

TO ANALOG-ToO- 
PASSAGE OF —> DIGITAL CONVERTER 
Cea ee CURRENT MEASURING PARTICLE tea. 
CREATES 
CURRENT 
CARRIERS lI 

Fig. 13-19. Schematic of a cadmium-sulfide conductive cell. The passage of 
ionizing radiation creates current carriers in the crystal, lowering its electrical 

conductivity. 
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photoconductive detector of infrared light. The passage of ionizing radi- 
ation through a crystal of CdS reduces its electrical resistance in the 
same way photons do, making it also a detector of particulate radiation. 
The change in the current flowing across a CdS cell is proportional to the 
energy deposited by the radiation (Fig. 13-19). In other words, the cell 
conductivity is proportional to the rate of energy deposition. Some scien- 
tists term the cadmium-sulfide detector a solid-state ionization chamber, 
because of the similarity in properties. 

In space, the CdS detector must obviously be protected from the in- 
fluence of the Sun’s rays—say by baffles and/or a thin, opaque shield 
placed around the crystal. Charged particles reaching the crystal with 
even a few electron volts of energy have a strong effect on its con- 
ductivity. This sensitivity to slow particles should not be surprising, 
since the crystal is affected by infrared photons with far less energy. 
The common CdS detectors used in space research are sensitive to elec- 
trons > 100 ev and to protons > 5 kev. Unless steps are taken to shield 
or deflect these abundant low-energy particles, the detector will be 
saturated by them. On several Earth satellites, a “magnetic broom” was 
installed to sweep away the low-energy fluxes of charged particles which 
were not germane to the experiments and also provide crude energy 
measurements through the broom’s magnetic spectrometer action. A field 
of just a few hundred gauss is enough to deflect all electrons under a few 
hundred key. Magnetic brooms are usually incompatible with the magne- 
tometer experiments present on most space probes. Since deep-space 
magnetometers are attempting to measure absolute fields of just a few 
gammas, seven decades lower than the broom fields, the interference is 
usually unacceptable. 1 

Cadmium-sulfide detectors have been carried on satellites like Injun, 
Explorer 12, and the Radiation Satellite (S-46). Their use on probes is 
restricted to some extent by their small active volumes and their long 
recovery time from saturation. In deep space, where radiation fluxes are 
much lower than they are in the Van Allen belts, the CdS cell is sup- 
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Fig. 13-20. Two major types of solid-state detectors. Electron-hole pairs formed 
in the vicinity of the junction flow through an external circuit under the influ- 

ence of the junction-generated field. 
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planted by the integrating ionization chamber described earlier. The 
ionization chamber weighs less per unit volume and still can provide the 
large active volumes needed. 

Solid-State Detectors. The same physical process that generates power 

in solar cells can be used to measure space radiation. Particles and pho- 

tons passing through solids leave trails of electron-hole pairs which may 

either be drawn off by an impressed voltage (the CdS detector) or forced 

through an external load by the electromotive force that naturally exists 
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Fig. 13-21. Solid-state detector used on Telstar 1. Its characteristics are shown 
in the graph. (Ref. 13-13) 
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across a p-n junction. Since the number of electron-hole pairs created 
in the neighborhood of a p-n junction is proportional to the energy de- 
posited in this region by the bombarding particles, a solid-state detector 
has the potential of measuring space radiation. It can provide its own 
electrical power as well. In effect, the solid-state detectors with p-n 
junctions act like solid-state ionization chambers in the thin region sur- 
rounding this junction, though not throughout the crystal, like the CdS 
cell. This means that junction-type detectors are dE/dx devices. Their 
active volumes are not thick enough to provide integrated energy measure- 
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Fig. 13-22. Block diagram for the Mariner-4 trapped-radiation experiment. 
Detectors A, B, and C are Geiger-Mueller tubes. Detector D is a diffused-junc- 

tion solid-state detector. 

ments. The relatively new “lithium-drifted” semiconductor detectors, 
however, have much larger active volumes, in the range of 5 em’. Two 
types of solid-state detectors (in addition to the CdS detector) have 
been predominant in space experiments. The “solar-cell,” or diffused- 
junction detector and the surface-barrier detector (Fig. 13-20). Both 
operate with the same physical processes occurring near the junction. 
They are lightweight, rugged, and reliable. Both have ‘short resolution 
times, around 10-8 sec, and both are relatively insensitive to gamma 
rays and neutrons. 

Diffused-junction and solar-cell detectors have flown on such spacecraft 
as Telstar 1, Injun, and Ranger 1. Generally, when used alone, their 
energy and directional discrimination is modified by inert shielding and 
by shielded acceptance cones, as shown in Fig. 13-21 for one of the 
Telstar-1 detectors. So far, this type of solid-state detector has not been 
used on any space probes. 
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In contrast, the surface-barrier solid-state detectors have seen a great 
deal of service on space probes, mainly as components of cosmic-ray 
telescopes developed by the University of Chicago group. The IMP, 
Pioneer-6, and Mariner-4 telescopes, all using gold-silicon surface-barrier 
detectors, are described later, in the section on telescopes. The versatility 
and reliability of these simple detectors are attested by their prevalence 
on recent space probes. 

Fig. 13-23. The Mariner-4 trapped-radiation experiment, showing the detectors 
projecting from the instrument package. (Courtesy of the State University of 

Iowa) 

Besides the cosmic-ray telescope just mentioned, Mariner 4 also carries 

a trapped radiation detector, designed by the State University of Iowa 

(Figs. 13-22 and 13-23). Allied with three Anton-213, end-window Geiger- 

Mueller tubes in this experiment is a silicon surface-barrier diode covered 

by an opaque, thin nickel foil. The objective of this experiment is to 

measure the trapped radiation, if any, around Mars. The nickel cover 

around the solid-state detector stops all but the most energetic electrons 

and alpha particles. A pulse-height discriminator sorts the output pulses 

due to protons into two ranges: 0.5-0.8 Mev and 0.9-5.5 Mev. The four 

detectors were shielded to provide the following experiment character- 

istics: 



328 SCIENTIFIC INSTRUMENTS 

Acceptance-Cone 
Detector Protons Electrons Half Angle 

GM tube #1 0.5 Mev 0.04 Mev SoM 
GM tube #2 0.5 0.04 Og 
GM tube #3 0.9 0.07 70° 
Solid-state detector level 10.5-8 none 70° 
Solid-state detector level 20.9-5.5 none C02 

See Table 12-2 for other data on this experiment. 

INSTRUMENTS EMPLOYING COMBINATIONS oF DETECTORS 

Telescopes. Almost all space probes and many Earth satellites carry 
some form of radiation telescope. A few of these instruments are X-ray 
and gamma-ray telescopes for solar studies, but most are cosmic-ray 
telescopes, designed to resolve the energies and anisotropies of the high- 
energy particle radiation originating in the Sun and in interstellar space. 
It is important to propel such cosmic-ray instruments far beyond the 
geomagnetic cavity to regions where charged particles are not deflected 
by the Earth’s magnetic field. Cosmic-ray telescopes are therefore high- 
priority space-probe cargo. 

COUNTERS 

5 G/CM® SHIELD (EXTENDS 
ALL AROUNR COUNTERS) 

Fig. 13-24. Configuration of the Pioneer-5 triple-coincidence proportional- 
counter telescope. 

Different types of radiation telescopes exist in profusion, The key 
feature of any telescope is the special geometrical and/or electrical 
arrangement of two or more detectors. A radiation telescope will resolve 
particle energies and directions, but it does not magnify anything. The 
energies of charged particles can be measured either by a detector whose 
output is proportional to the energy lost in passage by the lonizing 
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particles or by linear stacks of detectors which signal the depth of 
penetration of a particle into the stack. Depth of penetration is, of course, 
related to energy. To measure total particle energy by the pulse-height- 
analysis method, the particle has to be completely stopped in one of the 
detectors. Assurance that this occurs must be provided by a guard detec- 
tor in anticoincidence, which discards particles that completely penetrate 
the internal detectors (Fig. 13-26). Detector anisotropy can obviously 
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Fig. 13-25. Payload of the Pioneer 5 deep-space probe, showing the telescope 
assembly, ionization chamber, and Geiger-Mueller counter. Little detail can be 

seen when the instruments are packaged and mounted. (NASA photograph) 

be used to measure direction by scanning space with its open or sensitive 
area if attitude data are available. It is important to realize that a tele- 
scope’s anisotropy—in both energy and direction—may be due to either 
the geometrical stacking of detectors or the electrical selectivity of 
coincidence and anticoincidence circuitry of an otherwise isotropic group 
of detectors; e.g., the triple-coincidence proportional-counter telescope 
described below. Besides the many arrangements of detectors that are 
possible, the number of telescope varieties is further multiplied by the 
incorporation in telescopes of at least four of the basic radiation detectors: 
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60° 
INCLUDED 

Fig. 13-26. The IMP-1 cosmic-ray telescope. See text for the description of the 
four detectors: D,, Dz, D3, and D4. (Courtesy of the University of Chicago) 

Geiger-Mueller tubes, proportional counters, scintillators, and Cerenkov 
detectors. Some of these detectors are intermixed in the same instrument. 

Rather than delineate all possible telescope types and their widely 
varying properties, this discussion will concentrate on telescopes that 
have already flown or are planned for flight on space probes. Several 
other telescopes illustrating important principles will also be mentioned. 
Their order will be: 

1. The proportional-counter telescope (Pioneer 5). 
2. The surface-barrier detector telescopes (IMP, Pioneer 6, Mariner 3). 
3. The scintillator telescope. 
4, The scintillation-Cerenkov detector telescope. 
5. The phoswich. 
6. The gamma-ray telescope. 

The nuclear-abundance detector and positron detector are also telescopic 
instruments. They will also be covered. 

Pioneer 5 carried the only proportional counters used so far in deep- 
space probes. Seven Anton 302 proportional counters were arranged in 
the hexagonal array shown in Fig. 13-24. The whole’ assembly was 
shielded with 5 g/cm? of lead shielding. Pulses were registered for both 
the triple coincidence event (center tube and both outside groups of 
three) and for the central tube. Triple coincidences required either 
cosmic-ray protons with energies greater than 75 Mev or electrons over 
12 Mev. Isolated counts from the central tube alone indicated the pres- 
ence of X-rays or bremsstrahlung over 200 kev. Data from the propor- 
tional-counter telescope were correlated with the total energy-rate.meas- 
urements from an integrating ionization chamber of the Neher type. The 
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two instruments working together permitted better energy and species 
discrimination. (See the later discussion of the ionization chamber-Geiger- 
Mueller counter combination.) Similar proportional-counter telescopes 
have been used on the Explorer-6, Discoverer-25, and Ranger-1 spacecraft. 

The Mariner-4 and Pioneer-6 cosmic-ray telescopes were also designed 
by the University of Chicago group. The objectives of these two experi- 
ments are: 

1. To measure the heliocentric radial gradient of the proton and alpha- 
particle flux in different energy ranges. 

2. To try to distinguish between low-energy galactic protons and alpha 
particles and possible persistent, nonrelativistic protons and alpha par- 
ticles from the Sun that may be distinguishable near the solar minimum. 

3. To exploit simultaneous observations from similar instruments on 
Mariner 4, Pioneer 6, and possibly the POGO satellite in a time-of-flight 
analyzer built on an interplanetary scale, to study the propagation of 
solar-initiated shock waves, solar-flare particles, and Forbush decreases. 
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Fig. 13-27. Block diagram of the Mariner-4 cosmic-ray telescope experiment. 
(University of Chicago drawing) 

The University of Chicago cosmic-ray telescope on Mariner 4 consists 
of three surface-barrier detectors, shown in Fig. 13-27 as Dy, De, and Ds. 

Each detector produces an electrical pulse with an amplitude proportional 
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to the energy lost in the barrier region by the impinging charged particle. 

This energy loss, —dH/dz, can be calculated from 

Plies al 2mV? ] 

dx ~=— mV? I (1 — 8?) 

where Z = the number of electronic charges on the incident particle 

= the electronic charge (coulombs) 

the number of atoms/cm? in the target (1/m‘) 

the nuclear charge of the atoms in the target 

= the velocity of the incident particle (m/sec) 

the mass of the electron (kg) 

I = the average ionization potential of the electrons in the target 

8B = V/c, where c = the velocity of light. 

Sa eee 

| ll 

The detectors are connected through separate amplifers to five pulse- 
height discriminators. The discriminator D3’ passes pulses representing 
energy losses of 400 kev or more. The four other discriminators are set 
with their lower limits at 180 kev. In addition, the discriminator D, is 
connected to a height-to-time converter, which sorts pulses into 128 
channels between 180 kev and 5.2 Mev. The coincidence-anticoincidence 
logic provides output signals when the following events occur: D,’ De 
Dy’ Dz Ds, and D,’ Dz Ds, where the null bar indicates anticoincidence. 
When the absorbers placed between the detectors are taken into account, 
the energy ranges represented by these three events are: 

ENERGY RANGE OF PRIMARY PARTICLES (MEV) 

Event Protons Alphas Hlectrons 
Dy/Do_ 0.80-15 2-60 0.18-0.35 
Dy/D2Dz 15-80 60-320 no sensitivity 
D1/D2Dz 90-190 320-20 no sensitivity 

The small alpha source shown adjacent to each of the detectors in the 
illustrations provides coincidence-noncoincidence calibrating pulses at a 
constant rate. (See Table 12-2 for other performance data.) 
A much simpler telescope uses only a pair of scintillator crystals, each 

viewed by a separate photomultiplier tube. An instrument of this type 
was built by the Goddard Space Flight Center for the Explorer-12 Earth 
satellite (Fig. 13-28). Detecting protons in the energy range 100 to 600 
Mev by pulse-height analysis and coincidence logic, it is illustrative of 
early satellite cosmic-ray apparatus. 

Scintillation and Cerenkov counters have been combined to make a 
special type of cosmic-ray telescope (Fig. 13-29 and Ref. 13-45). The 
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Fig. 13-28. The scintillator telescope used on Explorer 12. (Ref. 13-41) 

two detectors are arranged end to end and feed their light pulses into 
separate photomultiplier tubes. The intensity of each scintillator pulse 
is proportional to Z?/8?, while those from the Cerenkov detector are 
proportional to Z?/(1 — 1/8?n*), where Z = the particle atomic number, 

8 = the particle velocity/the velocity of light, and n = the Cerenkov- 

counter index of refraction. Considering these relationships together, the 

pulse-height data from the instrument should uniquely determine the 

charge and velocity of particles between 250 and 1500 Mev/nucleon. 

The phoswich is a unique kind of scintillation telescope used to dif- 

ferentiate between photons and charged particles. By using two scintilla- 

tors with different rates of light-pulse decay, particle coincidences can 

be distinguished electronically with only one photomultiplier tube. The 

physical event is sketched in Fig. 13-30 (Ref. 13-55). The neutron 

phoswich counter designed by Reagan and Smith (Ref. 13-55) is typical 

of this class of instruments. It uses four lithium-iodide scintillators, sur- 

rounded by a plastic guard scintillator, which eliminates charged-particle 
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Fig. 13-29. A scintillation-Cerenkov counter. (Ref. 13-45) 
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Fig. 13-30. In the phoswich counter, coincidences can be detected by a single 
photomultiplier through pulse-shape analysis. 

counts by anticoincidence logic (Fig. 13-31). The lithium-iodide crystals 
are made neutron-sensitive by using lithium enriched with the Li® iso- 
tope, which has a high cross section for the neutron-alpha reaction. The 
alphas generated actually trigger the phoswich crystals. (See the later 
discussion of neutron detectors.) 

The final instrument of telescopic configuration to be discussed was 
flown on the satellite Explorer 11 to measure gamma rays with energies 
over 100 Mev as a function of direction. The scientific objective here was 
to test various cosmological hypotheses, which predict different high 
energy gamma fluxes from interstellar space (Ref. 13-4). Like the neu- 
tron phoswich detector, a gamma telescope depends upon a secondary 
reaction to create Gin particles that can be counted by the instru- 
ment’s detectors. In a gamma-ray telescope, the pair-production reaction 
is employed. In this sense, the instrument reverses the approach used in 
the positron detector Hee anes: in this section of the book. The gamma- 
ray telescope consists of a sandwich of sodium-iodide and cesium-iodide 
scintillators viewed by a single photomultiplier tube and, in addition, a 
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Fig. 13-31. A typical phoswich neutron counter. (Ref. 13-55) 
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lucite Cerenkov detector seen by two photomultipliers. This detector as- 
sembly is surrounded by a shield of scintillating plastic, which is 
monitored by five photomultiplier tubes. The sandwich provides high-Z 
material for the pair-production process. The electrons and positrons thus 
generated enter the Cerenkov detector, which, because of the directional 
property of Cerenkov light emission, detects only the charged particles 
moving toward the photomultiplier. Signals from high-energy charged 
particles in the space environment are eliminated by the outside plastic 
scintillator used in anticoincidence. Pulses from both the internal scintil- 
lator sandwich and Cerenkov counter, in the absence of a signal from the 
surrounding plastic, indicates that a high-energy gamma ray has passed 
through the effective aperture of the instrument. Summarizing, the 
instrument’s capabilities are: 

1. The detection of gammas in the presence of high-energy charged 
particles. 

2. Gamma-energy sensitivity only above 100 Mev. 

3. Crude directional information. 

Magnetic Spectrometers. In attempting to map the energy spectra of the 

charged particles in space, the use of telescoped detectors with pulse- 

height counting has already been described. Separate detectors surrounded 

by different amounts of shielding material can serve the same purpose, al- 

though the spectral measurements here are rather coarse, owing to the 
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Fig. 13-32. Electron spectrometer used on Explorer S-46. (State University of 
Iowa drawing) 
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limited number of shielded detectors that can be carried. The classical 
way to disperse the energy spectrum of charged particles is through the 
use of a magnetic field. When a collimated beam of particles with mixed 
energies enters a magnetic field, particles are deflected by an amount 
dependent upon their charge-to-mass ratios. An array of detectors, pre- 
cisely positioned, can intercept and read off the fluxes in different spectral 
regions. This approach is, of course, limited by the number of detectors 
that can be carried and the tolerance of other experiments to the strong 
magnetic fields required for particle dispersion. The latter constraint has 
prohibited the use of magnetic spectrometers on magnetometer-carrying 
space probes. 

Several magnetic spectrometers have flown on satellites in efforts to 
better map the energy spectra in the Van Allen belts. One, diagramed in 
Fig. 13-32, flew on the Radiation Satellite, Explorers S-46. A 1050-gauss 
field deflected electrons in the narrow range from 47-56 kev into the 
aperture of a Geiger-Mueller tube. The objective of the experiment was 
the absolute measurement of flux of this portion of the spectrum. The 
detector was heavily shielded to preclude triggering by other particles. 

Magnetic spectrometers are valuable when particle energies are rela- 
tively low and particle deflection easy; 1.e., in trapped-radiation fields. 
Cosmic rays are too energetic for effective magnetic dispersion con- 
sidering the weight limitations of space probes. The interference of the 
magnetic field with other instruments also limits the magnetie spec- 
trometer’s use in deep space. 

Neutron Detectors. The neutron’s lack of electrical charge and conse- 
quent extremely low ionizing power force a modification of the basic 
charged-particle detectors that were described earlier. In one such modi- 
fication, Li®, an isotope with a high cross section for alpha particle 
production, is incorporated in a scintillator material. The secondary 
alphas produced by the Li® trigger the scintillator. The use of neutron- 
alpha (n, a) reactions is typical in neutron detection. A very common 
terrestrial counter, for example, is a proportional-counter tube filled with 
boron trifluoride gas (BF3). The B'° isotope, like Li’, has a high cross 
section for alpha production. Without the BF; gas, proportional counters 
detect neutrons only with very low efficiencies. Detectors that have been 
made neutron-sensitive may also be surrounded by a second detector— 
usually a guard scintillator in anticoincidence—which produces a pulse 
every time a charged particle penetrates its active volume. By discarding 
all pulses from the guard detector and all coincident pulses from both 
detectors, only neutron eccunts remain. No neutron detectors have yet 
flown on deep-space probes, although they are under consideration for 
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solar probes. Neutron detectors are, however, installed on some military 
satellites for detection of nuclear-weapon explosions. 

Ionization Chamber and Geiger-Mueller Counters. Following the vari- 
ous kinds of cosmic-ray telescopes, the most frequent type of radiation 
instrumentation aboard space probes is a combination of an ionization 
chamber and one or more Geiger-Mueller counters, Geiger-Mueller tubes, 
variously shielded, can measure the fluxes of lonizing particles in terms 
of different ranges of penetrating ability. There are several species of 
penetrating particles in space, however, and the Geiger-Mueller data alone 
are frequently ambiguous. The addition of an ionization chamber tells 
the experimenters the total energy being deposited per unit time by the 
ionizing radiation. With the two kinds of instruments working in unison, 
unequivocal particle species and energy identifications can often be made. 
Despite a distinguished history (Pioneer 5, Mariner 2, Mariner 4, and 
IMP), the ionization chamber-Geiger-Mueller counter alliance is being 
superseded by more sophisticated experiments, employing scintillators 
and solid-state detectors; e.g., spectrometers. 

The first true space probe, Pioneer 5, used a combination of instru- 
ments that logically falls into this category. The ionization chamber was 
of the Neher, integrating variety. The output of the ionization chamber 
was correlated with the signals from the triple-coincidence proportional- 
counter telescope that was described earlier. On Pioneer 5, both instru- 
ments had equivalent wall thicknesses (approximately 1 g/cm?) to enable 

correlations to be made with confidence. The ionization chamber was a 

7.6-cm-diameter sphere filled with argon at 6-atm pressure. The re- 

sultant ranges of sensitivity were: 

Protons >10 Mev 

Alphas >40 Mev 

Electrons >0.5 Mev 

These characteristics combined with those of the proportional-counter 

telescope enabled Pioneer 5 to make the first measurements of deep-space 

radiation levels. 

The Mariner-2 ionization chamber-Geiger-Mueller counter combina- 

tion was perhaps more typical of this experiment class than the Pioneer- 

5 instruments. The ionization chamber was of the same type used on 

Pioneer 5, Ranger 1, and Ranger 2. It was a spherical glass shell 0.254-cm 

thick and 12.5-cm in diameter, filled with argon at 4-atm pressure. Three 

Geiger-Mueller tubes were employed with different shield thicknesses 

and the corresponding particle energy ranges shown in Table 12-2 (see 

Figs. 13-33 and 13-34). 
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Fig. 13-33. Block diagram for the Mariner-2 ionization chamber and Geiger- 
Mueller counters. (Ref. 13-59) 

Fig. 13-34. The Mariner-2 Geiger-Mueller-tube package. (Courtesy of the Jet 
Propulsion Laboratory) 
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PLATINUM-COATED QUARTZ 
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Fig. 13-35. The IMP-1 ionization chamber. It is a Neher, integrating type. 
(University of California drawing) 

The IMP-1 radiation experiment used only two Geiger-Mueller 
counters, one of which had directional properties; otherwise it bore a 
great deal of similarity to the Mariner-2 approach. The ionization 
chamber (Fig. 13-35) is a 7.6-cm aluminum sphere pressurized with 
argon to seven atmospheres. It was designed and built at the Space 
Sciences Laboratory at the University of California at Berkeley. Like 
the Mariner-2 instrument, it is of the Neher, integrating varjety. The 
chamber’s output pulse occurs after approximately 3 X 10-!° coulombs of 
charge have been collected.’ The chamber’s dynamic range is from 10-3 
pulses/sec (2 mr/hr) to 7 pulses/see (100 r/hr). The first Geiger- 
Mueller tube, GM-1 in the drawing of the experiment (Fig. 13-36), is 
accessible to low-energy electrons in the outside environment through 
0.02-cm gold foil. The foil scatters electrons into the tube. The second 
tube (GM-2) does not possess this window. Both tubes are of the halogen- 
quenched type with mica end windows. The ionization chamber and 
Geiger-Mueller tubes are shielded to provide the following detection 
capabilities. See also Fig. 13-37. 

Detector Shielding Proton Range Electron Range 
GM-1 (omnidir.) 3.09 g/em? >52 Mev >6 Mev 
GM-1 (window) 1.7 mg/cm? >45 kev 
GM-2 3.09 g/cm? >52 Mev >6 Mev 
Ion Chamber 0.43 g/cm? >17 Mev >1 Mev 
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Fig. 13-36. Block diagram for the IMP-1 ionization chamber and Geiger- 
Mueller counter. (University of California drawing) 

POWER SUPPLY 

+ MODULE FRAME 
ELECTRON COUNTERS 

ION CHAMBER RQ 

x —_— < t) 

INTERCONNECTION OPENING IN FRAME 
TO SPACECRAFT TO GM 1 

CIRCUIT BOARD 
MODULES 

Fig. 13-37. The IMP-1 ionization-chamber and Geiger-Mueller-tube arrange- 

ment. Dimensions: 12.4 X 12.4 X 10.0 cm. Mass: 0.87 kg, after potting. (Courtesy 

of the University of California) 
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The Mariner-4 experiment is also similar to the Mariner-2 ionization 
chamber and Geiger-Mueller counter approach. The ionization chamber 
itself is almost identical to that of Mariner 2 (Fig. 13-15). It is coupled, 
however, with only one Geiger-Mueller tube. The over-all experiment 
characteristics are tabulated below. 

Electron Dynamic 
Detector Shielding Proton Range Range Range 
Geiger Tube 0.2 g/cm? >10 Mev >0.5 Mev 0-50,000 

pulses/sec 
Ion Chamber 0.199 g/cm? >10 Mev >0.5 Mev 0-100 pulses/sec 

A Positron Detector. Several physical processes in interplanetary space 
can create positrons. Among these are the beta decay of cosmic-ray-ex- 
cited nuclei and the double decay of pi mesons. The detection and 
measurement of the positron flux may therefore tell us something about 
the types and frequencies of high-energy interactions in space. There is 
also the possibility of measuring directly the low-energy tail of the 
galactic positron flux that penetrates inward from the boundaries of the 
solar system. 

A positron detector has been developed by the Goddard Space Flight 
Center for the EGO satellite (Ref. 13-16). This instrument actually de- 
tects positron-electron annihilation events rather than positrons. The 
mutual annihilation of a positron-electron pair yields two 0.51-Mev 
gammas 180° apart. These gammas are diagnostic for the positron-elec- 
tron reaction, owing to their unique energies and directional relationship. 

The positron detector shown in Fig. 13-38 consists of two cylindrical, 
thallium-doped, cesium iodide (CsI) crystals, each completely embedded 
in a plastic scintillator. The two “phoswiches” are optically separated. 
A third CsI crystal is located in a conical well machined in the joined 
plastic scintillator blocks. Two photomultiplier tubes separately view 
the bottom surfaces of the outer scintillators. Another photomultiplier 
tube sees the crystal in the well through a plastic light pipe. 

The incident positron flux is in effect collimated and focused on the 
well crystal by the encasing plastic scintillators, which are connected in 
anticoincidence. Positron-electron annihilations occur in the well crystal 
as the positrons are slowed down. The thickness of the well crystal limits 
the kinetic energy of reacting positrons to about 2.5 Mev. Small ionizing 
particles with greater energies will penetrate to the anticoincidence case. 
Discrimination against particles entering any of the outside plastie is ac- 
complished by circuits sensitive to the light-pulse shape. (See the previous 
phoswich discussion.) 

Positron events may be signaled in three ways. First, two 0.51 Mev 
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Fig. 13-38. The EGO double gamma-ray spectrometer used to measure the 
positron flux in outer space. Small plutonium alpha-particle sources are used to 

calibrate the plastic scintillators. (Ref. 13-16) 

gammas, 180° apart, can emerge from the crystal in the well and be 

recorded by the two side crystal scintillators in coincidence with them- 

selves and the well crystal. Or, less specifically, coincidences between the 

well crystal and just one of the outer crystal scintillators can also in- 

dicate an annihilation reaction. The third method is used to identify non- 

penetrating positrons. Two coincident gammas may be detected emerging 

from annihilations in inert portions of the detector. In the EGO positron 

detector, all three of these detection modes were employed to measure 

the positron flux and determine background corrections. 

Nuclear-Abundance Detector or E vs. dE/dx Experiment. The Goddard 

Space Flight Center has developed a scintillation telescope of special con- 

figuration which can measure cosmic-ray energy spectra in the energy 

range from 15 to 90 Mev/nucleon for protons through oxygen nuclei. In 

addition, the instrument can measure the electron spectrum from 2.3 to 

20 Mev (Ref. 13-41). A smaller version of the nuclear-abundance de- 

tector, capable of analyzing nuclei where Z < 3, was flown on IMP 1. 

(See Table 12-2 for performance data.) The full-scale experiment was 

orbited on the OGO-1 Earth satellite. 

The telescope consists of two thallium-doped cesium iodide (CsI) 

crystal scintillators plus a plastic guard scintillator (Fig. 18-389). The two 

CsI crystals measure the total energies of the incident charged particles as 
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Fig. 13-39. Geometry of a nuclear-abundance detector. It is a dE/dx vs. E 
scintillator telescope. (Ref. 13.41) 
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well as their differential energy losses, dE/dx. Charged particles entering 

from the left first pass through a 1-mm crystal that yields a pulse pro- 

portional to the energy lost in passage, AH. The second crystal is 2-cm 

thick, thick enough to stop particles in the energy range given above. 

The pulse emitted by the scintillator when the particle is completely 

stopped is proportional to H — AH. A Pilot-B plastic guard scintillator is 

in anticoincidence with the thick crystal to discard events where the 

particles are not completely stopped. The calibration curves in Fig. 13-40 

show how the measurement of both H and HE — AE can uniquely determine 

the species of charged particle. The scintillator geometry shown in Fig. 

13-39 accepts particles within a cone of half angle of 25°. Output pulses 

are fed to a pair of 256-channel pulse-height analyzers. (Fig. 138-41) 

TrACK-IMAGING INSTRUMENTS 

Spark Chambers. The desire to see the paths traced by charged par- 

ticles has led to the development of several track-imaging devices. Two 

of these are actively being adapted for space use. 

Fig. 13-41. A nuclear-abundance detector with cover removed. Dimensions: 
approximately 20 cm on a side. (NASA photograph) 
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One of the more recent track-imaging instruments is the versatile spark 
chamber, now a common appurtenance to terrestrial high energy physics 
laboratories. The spark chamber basically consists of a series of parallel, 
thin metal foils separated by gas-filled gaps of perhaps a millimeter or 
two. Three-dimensional arrays of wires are also being developed. When 
voltages on the order of a kilovolt are applied between adjacent plates, or 
wires, the ionized trails left by charged particles passing through the 
array of foils reduce the local resistance enough to cause sparks to jump 
between plates. When the foils are viewed edgewise, each spark forms 
a segment of the charged particle’s track (Fig. 13-42). Of course, in order 

THIN FOILS IN GAS-FILLED CHAMBER 

~ 
SK = 

TRACK OF 

Chee P, ROSS GAPS 

Grace 
Weare 

ARKS AC 

™ 
~~ ec 

Fig. 13-42. Schematic of a spark chamber. 

to view such an event occurring on an unmanned spacecraft, a television 
circuit must be installed.* A visual picture of the track gives the experl- 
menter much more information than just a count from a particle detector. 
Particle species, energy, and direction can be calculated from track meas- 
urements. In addition, the secondary particles arising from nuclear reac- 
tions can also be followed. Without track imaging, such detail would be 
impossible. The increase in information content is reflected in the much 
larger bandwidth needed by the television equipment. 

Spark chambers usually contain a discharge-quenching gas, such as 
argon or xylene. Even though the spark itself may last only 10~°® see, the quenching time is much longer, just as it is in the Geiger-Mueller tube. 
An experimental disadvantage of the spark chamber is its lack of isotopy 
and homogeneity; that is, particles see different masses of absorbing 
material in different directions. As if in compensation, spark chambers 
are fairly easy to build, even with volumes of several cubic meters. 
Furthermore, they are reliable, and can be designed to trigger the view- ing apparatus only when a particle has passed through. 

The spark chambers used in terrestrial laboratories are heavy and cumbersome. Several groups are working at lightening and miniaturizing 

*In a three-dimensional wire chamber being developed at JPL, signals from the wires give the coordinates of the sparks. 
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these instruments for space use. The high-energy nuclear reactions that 

experimenters wish to view in space with spark chambers are rather rare, 

however, and large-volume chambers will be required. This volume prob- 

lem will probably relegate imaging chambers to near-Earth missions for 

some time to come. 
Scintillation Chambers. The crystals used in scintillation counters can 

be grown to sizes appropriate to small imaging chambers. The inherent 

sensitivity, reliability, and ruggedness of a solid-state chamber has en- 

couraged the development of scintillation chambers for space research. 

One advantage of the scintillation chamber over the spark chamber is 

derived from the higher density of the chamber and the resulting smaller 

active volume needed for a given experiment. It is also homogeneous 

throughout its active volume. Like the spark chamber, the scintillation 

chamber can easily be triggered and can give accurate information on 

particle species, energy, and direction (Ref. 13-19). On the negative side, 

scintillation chambers are relatively expensive and will probably require 

the use of image-intensifier tubes (Fig. 13-43). The scintillation chamber 

SCINTILLATION IMAGE 
CHAMBER INTENSIFIERS 

CRYSTAL é : 

TV 
CAMERA 

FIBER-—OPTIC 

CONNECTIONS 

Fig. 13-43. Schematic of a scintillation chamber and associated equipment. 

Three cameras would be needed for three-dimensional observations. 

will also probably be limited to Earth-orbital missions for reasons of 

weight and bandwidth. 

Other Track-Imaging Instruments. Three other kinds of imaging de- 

vices are frequently employed in terrestrial nuclear physics. All provide 

good energy, direction and species discrimination. The oldest of these is 

the photographic emulsion. Thick, three-dimensional stacks of emulsion 

have been flown frequently on rockets and in recoverable satellites. The 

prime requirements, however, are recovery, photographic development, 

and careful examination on the Earth. Recoverable deep-space probes 

are not even in the planning stage, a fact eliminating emulsions from 

immediate consideration. 

Historically, the cloud chamber was the next track-imaging device. 
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Both the cloud chamber and the bubble chamber can provide direet views 
of nuclear tracks. Accompanied by a television camera, these two cham- 
bers might be applied to the same purposes as the spark and seintillation 
chambers. Unfortunately, the cloud and bubble chambers are heavy, 
possess moving parts, and cannot be rapidly triggered electrically. For 
these reasons, development efforts have concentrated on the handier spark 
and scintillation chambers for space research. 

13-4, Analysis of the Interplanetary Plasma 

A probe launched toward the planets and deep space soon leaves behind 
the dense cloud of matter surrounding the Earth and becomes submerged 
in the much more tenuous fluid occupying the space between the planets. 
The protons, electrons, and the minority of heavier ions making up the 
interplanetary plasma carry energies up to about 20 kev, many orders 
of magnitude less than those of the coexisting cosmic-ray fluxes {Table 
13-3). The plasma density, though, may be as high as 100 particles/em?. 
In terms of energy density (ev/cm*), then, the low-velocity plasma flux 
streaming outward from the Sun carries many times more energy than 
the cosmic rays. The steady-state and transient plasma fluxes, their 
energy spectra, and their species counts are all diagnostic of important 
solar system physical processes. Probes necessarily carry plasma probes 
to map these phenomena. 

Just where does the interplanetary plasma begin? For practical pur- 
poses, the edge of the Earth’s magnetosphere can be taken as a good 
starting point (Fig. 3-2, page 22). Beyond this surface, solar rather than 
terrestrial effects dominate. The instruments used beyond the magneto- 
sphere are similar to those used in studying the Earth’s ionosphere. A 
point of significance in comparing instrumentation in the two regions is 
the mean free path of the particle being measured. In deep space, the 
mean free paths of protons can be as large as 101° em. Those terrestrial 
instruments which depend upon thermodynamic effects and the creation 
of ion sheaths would not be applicable under such conditions. Interplane- 
tary plasma measurements depend more upon analyzing the collisionless 
trajectories of particles than upon mass action phenomena. Some instru- 
ments, like the mass spectrometer, can be used equally well in the upper 
atmosphere and deep space. Some of these are described in the next chap- 
ter along with other atmospheric instruments. 

The physical parameters describing interplanetary plasma are the 
same as those used for radiation studies: scalar flux, direction, energy, 
and species. Rather than measure the plasma flux by counting individual, 
penetrating particles, as was done in the case of cosmic rays, charge-col- 
lecting surfaces (plates and cups) are connected to photomultiplier or 
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INCOMING ION AK . waa ——— oe nt PLATE 

l Fig. 13-44. Definitions of symbols used in deriving the energy equation for the 
curved-surface electrostatic analyzer. 

electrometer circuits for current measurements. The plasma flux is too 
dense and its particles too weak in energy for cosmic-ray counters and 
counting techniques. To measure plasma flux in the absence of coincidence 
and anticoincidence counters, experiments fall back on optical geometries, 
using tube-like collectors which have limited apertures or cones of par- 
ticle acceptance. Plasma particles outside the desired cone cannot reach 
the detectors. Particle energies are analyzed by the play of electrostatic 
forces, which deflect or retard the flow of charged particles. (See eurved- 
surface analyzers and planar plasma probes.) Mass and species discrimi- 
nation cannot be easily handled with electrostatic fields alone. Plasma- 

POLAR AXIS 

POLAR PLANE 

ENTRANCE SLIT 

ANALYZER PLATES f 
= 

a ee 
PLANE 

COLLECTORS ee 
Soa 

Fig. 13-45. Geometry of the Pioneer-6 spherical electrostatic plasma analyzer. 
(NASA drawing) 
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species probes (spectrometers) resort to magnetic and radio-frequency 

fields. 

All instruments affect the phenomena they measure to some extent. 

Satellites and probes carrying plasma instruments are no exceptions. 

Several effects have to be compensated for in the instrument-spacecraft 

design or during the reduction of data: 

1. Distorting, fringe electrostatic fields between instrument electrodes 

and the spacecraft skin. 

2. Ram-pressure effects (especially in satellites) 

3. Spacecraft magnetic fields may modify the flow of nearby plasma. 

4. Photoemission of electrons from spacecraft surfaces. 

Curved-Surface Electrostatic Analyzers. The energies, directions, and 

scalar fluxes making up the interplanetary plasma can be partly sorted 

out by electrostatic analyzers. There is a superficial resemblance between 

this instrument and the better-known mass spectrometer. While the mass 

spectrometer separates a monoenergetic beam of charged particles into 

groups with different mass-to-charge ratios by means of a magnetic field, 

the electrostatic analyzer splits a flux of charged particles into equal 

energy-to-charge-ratio groups with an electric field. The functions of the 

two instruments are actually complementary. The use of both together 

would provide both mass and energy discrimination, leading to unequivo- 

cal analysis of plasma fluxes. This instrument combination has been 

proposed (Ref. 13-6), but has not been flown yet. 

To see how the electrostatic analyzer works, consider the two curved 

plates shown in Fig. 13-44. The plates may be either spherical or cylin- 

drical. A positively charged particle entering the space between the plates 

at 6=0 will be pulled downward by a negative voltage on the lower 

plate. If the plates were flat, the particle would quickly impact and be 

neutralized. Their curvature, however, permits particles with a certain 

energy-to-charge ratio to travel circular trajectories and reach a detector 

located at the other ends of the plates. By balancing the centrifugal and 

electrostatic forces, the radius of the particle’s trajectory can be derived: 

1 qv _mP _ 2E) 
a: n(re/n) 7 > (for cylinders) 

as ee 
q In (72/71) 4 

SHE EL ee 
a Yip i cs y r ' (for spheres) 
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where E = particle energy (joules) 
m particle mass (kg) 

particle velocity (m/sec) 

q = particle charge (coulombs) 

V = voltage applied between the plates (volts) 

r, 71, 2, and @ are defined in Fig. 13-44. 

v 

Particles entering the space between the plates with energy-charge 
ratios substantially different from that dictated by the dimensions and 
applied voltage of the analyzer will collide with the walls and not be 
detected. There is, of course, a small energy range of particles, EK + AE, 
which will just clear the rims of the plates and be detected. The same is 
true for the elevation angle, 6. There is actually a fan of flux that will 
be accepted and detected. The acceptance angle in the azimuthal plane, 

ENTRANCE SLIT 

PARTICLE 

1 col 
BEAM 

ANALYZER PLATES 
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SUPPLY 

KICK-PLATE LU VOLTAGE == KICK PLATES 
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COLLECTOR GRID. SUPPLY =e HOUSING 

COLLECTOR 

AMPLIFIER STORAGE 

TELEMETRY 

Fig. 13-46. Block diagram of the Pioneer-6 electrostatic analyzer. (NASA 
drawing) 
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Fig. 13-45, is small for cylindrical analyzers, but may be nearly 180° 

for quadrispherical analyzers. In fact, the Pioneer-6 instrument uses an 

array of eight detectors around the sphere rim to resolve different seg- 

ments of the azimuthal flux. 

At a fixed voltage, the analyzer acts like a narrow energy-to-charge- 

ratio filter. Voltage stepping allows it to sample different portions of the 

energy spectrum with time. By synchronizing the detector readings with 

the voltage steps, energy groups like those shown in Fig. 138-47 and Table 

13-6 can be distinguished by electrostatic analyzers. Charges of both signs 

can be analyzed by reversing the polarity of the plates during the stepping 

process. Experimenters hope that the incident plasma flux will consist pre- 

dominantly of protons and electrons, for analysis then is easy. If alpha 

particles for example are present, they will be indistinguishable from pro- 

tons with the same E/gq, or, equivalently, /2 times the proton velocity. 

This ambiguity can be resolved only with further separation by a 

magnetic field. 

a 

TAA 

N WAM WO 

POSITIVE-ION ACCEPTANCE ENERGIES 

SHOWING ACCEPTANCE SPREAD 

D 

Pt dt 

mo WAAD WO 

in) WAM OO, 
a ee ETT 

NOMINAL ACCEPTANCE ENERGY (EV) 

OU i | | | | | | | | | | | | | 

1 2 3 4 ) 6 iG 8 1m Wi Wea Te We ae aS 

VOLTAGE-STEP NUMBER 

Fig. 13-47. Energy-scanning steps for positive particles (protons) for the Pio- 

neer-6 electrostatic plasma analyzer. A similar scanning diagram exists for 

electrons when the plate polarity is reversed. Electron-acceptance steps are not 

as closely spaced. (NASA drawing) 
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Once a flux of charged particles reaches the detector, a usable signal 
must be generated. Commonly, a Faraday cup collects the charge and 
feeds an electrometer tube, which, in turn, is followed by several stages 
of amplification. Commercially available electrometer tubes can handle 
the currents of 10-18 to 10-7 amperes that typify interplanetary plasma 
measurements. The weak currents, though, are difficult to amplify. Beam 
modulation has been adopted in the Pioneer-6 instrument to produce a 
1-ke, amplitude-modulated signal. The weight of the added modulation 
circuitry is more than offset by the more easily amplified A. C. signal. 

Fig. 13-48. The Pioneer-6, spherical-surface, electrostatic plasma analyzer. 
(NASA photograph) 

Curved-surface electrostatic plasma analyzers will become increasingly 
sophisticated in terms of energy resolution (more voltage steps) and 
directional resolution (more detectors). Future analyzers may also in- 
clude a magnetic stage. 

Explorer 12, EGO, IMP, Rangers 1 and 2, and the deep-space probes 
Mariner 2 and Pioneer 6 have carried curved-surface plasma analyzers. 
In the case of Pioneer 6, the quadrispherical geometry illustrated in Fig. 
13-45 accepts ions through a 4-cm? slit open to the environment. The 
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particles are separated by analyzer plates with a mean radius of 6 cm 

and a separation of 1 cm. The elevation acceptance angle, 6, is about 20°, 

while particles from —80 to +80° in azimuth are detected by eight 

separate collector-electrometer circuits. Protons and electrons are sepa- 

rated by a series of 24 voltage steps (Fig. 13-47). Steps are triggered by 

the spacecraft solar aspect sensor, sixteen steps are for ions, seven for 

electrons, and one for a zero step. These voltage steps change so that the 

energy /unit charge accepted by the analyzer changes after each spacecraft 

revolution. At the zero-applied-voltage point, step 16, possible contribu- 

tions from secondary electrons and photoelectrons, stimulated by ultra- 

violet light scattering into the detector, can be measured. The kick plates 

modulate the beam of charged particles at 1 ke. Power requirements and 

weights for existing space-probe plasma instruments are shown in 

Table 12-2. 

COLLECTOR CUP 

VIBRATING REED 
CAPACITOR COMPARTMENT 

OSCILLATOR 
DISCRIMINATOR SWEEP AMPLIFIER 

PROGRAMMER 

ELECTROMETER 

SCALE, CM. 

DEFLECTION PLATES 

Fig. 13-49. Sketch of the Mariner-2, eylindrical-surface, electrostatic plasma 

analyzer. (Ref. 13-59) 

The Mariner-2 plasma analyzer (Fig. 13-49) employed cylindrical 

plates, which gave it an acceptance cone of about 10° half angle. Nor- 

mally, the cone was oriented toward the Sun. No attempt was made to 

divide the azimuthal plane, as in Pioneer 6. The two curved plates were 

11.4 em and 10.0 em in radius and covered an angle of 120°. The plates 
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were made from gold-plated magnesium, coated inside with a layer of 
gold black to suppress ultraviolet scattering between the plates. There 
were 12 voltage steps in the 3.7-min voltage cycle, including a step for 
a zero-current reading and another for calibration by a standard current 
of 10~1° amp. The proton energies and voltage ranges are listed in Table 
13-6. Electrons were not measured. Protons (and other positively charged 
particles) which passed the suppressor grid were collected by a Faraday 
cup connected to an electrometer circuit. During the flight to Venus, this 
detector measured a double peak in the plasma energy spectrum that 
raised suspicions that there is perhaps a significant alpha particle ecom- 
ponent in the solar plasma. 

TABLE 13-6. ENERGY AND VELOCITY OF PROTONS ACCEPTED BY THE MARINER-2 
PLASMA ANALYZER IN ITS 10 MEASUREMENT STEPS* 

Proton Energy Proton Velocity Plate Voltage 
Step No.+ (ev) (km/sec) (volts) 

1 Dail 210 60 
2 346 257 90 
3 516 314 132 
4 751 379 196 
i 1124 464 290 
6 1664 565 425 
di 2476 689 630 
8 3688 841 950 
9 5408 1018 1400 

10 8224 1255 2100 
11 Zero current reading —2 
12 Calibration —2 

* Ref. 13-59 
+ Numbers correspond to the péak of the response function for protons at normal incidence, 

Faraday-Cup Probes (Planar Probes). In the studies of the Earth’s ionosphere, sounding rockets and satellites have carried a large variety of flush-mounted plasma probes with plane, parallel grids and collectors. 
With few modifications, these probes have also been employed in inter- 
planetary plasma measurements. The gridded planar probes reject or ac- cept charged particles in various energy ranges by stepping the voltages impressed on their grids. This method of particle energy selection has led to the use of the term “retarding-potential probes” in describing these devices. The applied electrostatic forces tend to be parallel to the ion trajectories rather than perpendicular, as they are in the curved-surface plasma analyzers. The planar probes constitute a large class. There exist many variations in geometry, number of grids, grid-modulation tech- 
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Fig. 13-50. Block diagram of the Mariner-2 plasma experiment. (Ref. 13-59) 

niques, and number of collectors. Morphologically, they also bear a re- 

semblance to the RF plasma probe, described in Chap. 14. 

Explorer 8 carried a series of planar probes that merits description. 

The exposition logically begins with a simple, bare collector mounted 

flush with and electrically insulated from the Explorer-8 satellite skin 

(Fig. 13-51a). A collector exposed like this measures the total current of 

incident protons, electrons, other charged particles, and photoelectrons 

emitted from the collector. 

The addition of a single grounded grid and a positively biased collector 

(Fig. 13-51b) permits the measurement of electron current as a function 

of satellite attitude. Ambient positive ions are repelled and photoelectrons 

are pulled back to the collector surface. The recessing of the collector 

defines a conical acceptance angle. The Explorer-8 experiment sketched 

in Fig. 13-516 also allows the grid to be swept from —1.2 to +8 volts in 

order to measure the spacecraft equilibrium potential and the external 

electron temperature (Ref. 13-9). 

The addition of a second grid between the grounded outer grid and the 

collector enables a probe to measure positive ion and electron currents. 

Explorer 8 carried two of these three-element probes. One, with the 

inner grid at —15 volts, collected incoming positive ions while repelling 

external electrons and suppressing internal photoelectrons. The second 

probe, with an inner grid bias at +25 volts, measured the incident elec- 

tron flux and the now unsuppressed photoemission current (Figs. 13-51c 

and 13-51d). Bourdeau et al (Ref. 13-9), at the Goddard Space Flight 

Center, have approximated the positive-ion current obtained with a 

three-element planar probe by 
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t= aANeV cos 6 

where 7 = the positive ion current 
a = the outer-grid transparency to positive ions 
A = the probe area 

N = the ambient positive-ion density 

e = the charge on the electron 
V = the satellite velocity 

@ = the angle with the probe axis. 

This equation is accurate only when 6 < 45°. 
Summarizing the four Explorer-8 probes: 

Probe Construction Figure Currents Measured 

Bare collector 13-5la electron + positive ion + photoelectron 
Two elements 13-51b electron 
Three elements, +bias 13-51c¢ electron + photoelectron 
Three elements, —bias 13-51d positive ion 

SATELLITE SKIN SATELLITE SKIN COLLECTOR 
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TO COMMUNICATION COLLECTOR SUBSYSTEM , @ 

Vat ? 
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24 02 104 

2 TIME (SECONDS) 
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LUTTE LOL, 0 EE 

15SV = 
25V 

TO COMMUNICATION 
SUBSYSTEM TO 

COMMUNICATION 
SUBSYSTEM 

c. dD. = 

Fig. 13-51. Electrical connections for the four planar plasma probes carried on Explorer 8. a. Total current monitor. b. Electron-temperature probe. c. Ion- current probe. d. Electron-current-probe. (Ref. 13-9) 
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The grid voltages applied to the Explorer-8 plasma probes were low, 
just tens of volts. Quite obviously, such probes would not be very effective 

in interplanetary space, where the proton and electron energies are often 

measured in kilovolts. Even though the Explorer-8 probes are not directly 

applicable to deep space probes, only a few modifications are necessary 
to make them so. 

The Goddard Space Flight Center thermal-plasma experiment carried 

on IMP was, in fact, very similar to the Explorer-8 three-electrode probe 

(Fig. 13-5la). Provisions were made, however, to apply a series of dif- 

ferent grid voltages, so that an energy spectrum could be measured. 

Power consumption and weight information are given in Table 12-2. 

Pioneer 6, Mariner 4, and IMP have all carried cup-like plasma probes 

designed by the MIT group (Ref. 13-12). Having the walled-in geometry 

shown in Fig. 13-52, they merit the Faraday-cup appellation. The place- 

ment of grids and general operation are similar to those of the unwalled 

probes. 

OUTER GRID 

MODULATOR 4? 2 
5CM 

130 V 

Fe TO PRE-AMP 

TO D.C. AMP 

Fig. 138-52. Faraday-cup plasma probe used on Explorer 10. The IMP plasma 
probe is similar except for a split collector. (Ref. 13-12) 

The MIT Faraday-cup plasma probe on IMP was similar to that 

flown on Explorer 10 except for the use of a split collector. The split 

detector permits angular information to be recorded, because the cup rim 

shadows the detectors differently for different angles of flux incidence. 

The IMP-probe outer grid was about 15 cm in diameter. It was kept at 

vehicle potential along with the two halves of the collector. Stepped 

voltages, 5 < Ey < 3000 volts, were applied to a modulating grid, pro- 

ducing modulated signal for protons with energies less than Epo (ev). 

Protons with higher energies always reach the collector unmodulated. A 

shield grid prevents capacitive coupling of the modulating voltage to the 
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Fig. 13-53. Block diagram for the Explorer-10 Faraday-cup plasma-probe ex- 
periment. (Ref. 13-12) 

collector. Photoelectrons are suppressed by a grid maintained at —130 
volts, located adjacent to the collector. Photoelectrons from the sup- 
pressor grid form a steady current that can be easily distinguished from 
modulated components. The associated circuitry is shown in Fig. 13-53. 

The Pioneer-6 probe in turn resembles the IMP instrument, although 
it is lighter, consumes less power, and uses a smaller bandwidth as a result 
of the much greater communication distances and tighter performance 
requirements. The probe axis is perpendicular to the spacecraft spin axis 
and therefore scans the solar system equatorial plane. Fluxes from 2 x 
10° to 2 x 10° singly charged particles/em2-sec can be measured in the 
energy range 100 ev to 15 kev. Both ions and electrons can be measured. 
Sixteen contiguous energy intervals are used. One energy group is mon- 
itored for an entire spacecraft rotation for each of the 16 solid-angle 
windows detectable by the split detector. Sixteen vehicle rotations con- 
stitute a complete energy-solid-angle scan of 256 measurements. 

Another MIT Faraday-cup probe flew on Mariner 4. The objectives of 
this experiment included the recording of positive ion fluxes between 
5 x 10° and 5 X 10° particles/em?-see in the energy range 30 ev to 10 
kev. The acceptance cone of the instrument had a half angle of 15° cen- 
tered 10° off the probe-Sun line. The major geometric difference between 
the IMP and Mariner-4 probes was the latter’s division of its collector 
into three 120° pie-shaped sectors for the more precise measurements of 
angular data. The modulating grid was fed a 2-ke, amplitude-modulated 
square wave. Altogether, there were 144 voltage steps in a complete 
measurement cycle. Included in the cycle were 128 current measurements 
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at 32 different voltages for the various combinations of collectors, plus 

16 instrument status and calibration measurements. 

In summary, the planar probes resemble vacuum tubes in the manner 

in which they modulate the incoming particles. They are manifestly 

simpler and lighter in construction than the curved-surface electrostatic 

analyzers, though their angular resolution is not as good. Planar probes 

are better energy analyzers at the low-energy end of the spectrum. Both 

probes suffer from the lack of species discrimination. 

Spherical Ion Traps. The Russian 1961 Venus probe, the 1959 Luniks, 

and the 1958 Sputnik 3 all carried three-electrode spherical ion traps 

(Fig. 13-55). Their principle of operation is essentially identical to that 

of the three-electrode planar probes just described (Ref. 13-25). On 

Lunik 2, about which we have some information, the outer spherical grid 

was biased at three levels during the flight: —10, —5, and 0 volts. A 

second, inner grid was planar and adjacent to the collector on Lunik 2, 

although in earlier models it was hemispherical and concentric with the 

outer grid. The current ranges of the Lunik-2 probe were 10~—!° to 5 X 

10-® amp for ions and 10—?° to 1.5 x 10—-1° amp for electrons. The 

threshold flux has been quoted as 2 X 107 particles/em?-sec. 

Fig. 13-54. Typical Faraday-cup, retarding-potential plasma probe. (Courtesy 
of the U.S. Air Force) 
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Fig. 13-55. Sketch and electrical diagram for the Lunik-2  three-electrode, 
spherical ion traps. (Ref. 13-26) 

13-5. Micrometeoroid Instrumentation 

The preceding three sections have dealt with the mutually interacting 
fields and particles that occupy interplanetary space. The fourth im- 
portant component of this regime is the micrometeoroid flux; composed of 
those miniscule bits of matter that the Earth intercepts at speeds between 
10 and 70 km/sec. These particles have essentially no interaction with 
the coexisting space radiation, plasma, and magnetic fields. No one yet 
knows how many of the micrometeoroids owe their origin to comet tails, 
the asteroid belt, or ejection by collision from satellite and planetary 
surfaces. Maps of the meteoroid distribution and chemical analysis will 
tell science much about the origin and evolution of the solar system. 
Micrometeoroids, with their capacity for spacecraft damage, present a 
possible hazard to manned space exploration. From this standpoint 
alone, it is desirable to understand them better. 

The micrometeoroid properties of importance to the scientist differ 
substantially from those that interest the engineer. The former is con- 
cerned with a description of nature, the latter with the effects of nature. 
The following list of parameters illustrates this division of interest: 

Scientific Parameters Engineering Parameters 
Scalar flux Composition Scalar flux 
Direction Structure Direction 
Velocity Charge Penetrating ability 
Size Radioactivity Hole size 

Momentum 
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What micrometeoroid interactions with sensors might measure the 

scientific parameters just listed? A meteoroid will impact the spacecraft 

sensor at such a high velocity that heat evolution, ionization, shock waves, 

sound, light, and vaporization will result. These physical phenomena form 

the basis for the surprising variety of micrometeoroid detectors listed in 

Tables 13-7 and 13-8. Note that none employ magnetic or electrostatic 

fields to maneuver the meteroids; their effects are too slight. The 

abundance of instruments on the lists comes from the diversity of in- 

teractions between micrometeoroids and matter. In contrast, the pro- 

fusion of different radiation instruments stems from combinations of a 

few basic detectors. Most of the micrometeoroid interactions, instead 

of revealing fundamental properties like mass and velocity, yield 

the derived quantities of momentum and energy. This is a serious de- 

ficiency when it comes to interpreting data. As with most fluxes, where 

the number of events recorded depends upon the detector area pre- 

sented; telescopic arrangements of detectors and baffles can produce the 

directional information desired. 

The first micrometeoroid detectors listened to the sound waves gen- 

erated from impacts with spacecraft skins, and they measured the 

damaging effects on pressurized vessels and wire-wound grids. As we 

shall see, many ingenious schemes have followed, but the mainstay of 

space research is still the piezoelectric microphone and its close cousin, 

the piezoelectric ballistic pendulum. The most scientifically significant 

instrument developments today deal with the direct measurement of 

velocity through time-of-flight detectors. 

Besides being sensitive over a large area, the micrometeoroid detector 

must, like all space instruments, be rugged, reliable, light-weight, and 

draw little power. The most serious interface of the sound-sensitive de- 

tectors is with spacecraft internal noise (relays, etc.). Detectors using 

scintillators and photosensitive elements may also be triggered by 

space radiation and sunlight. Shields and covers are required if dis- 

crimination is not feasible. All micrometeoroid sensors compete with other 

scientific instrumentation for solid angle. 

Calibration of micrometeoroid sensors has proven to be a major prob- 

lem, because terrestrial facilities cannot duplicate the extreme micro- 

meteoroid velocities. Light-gas guns and explosive devices can produce 

fragments of matter in the lower end of the velocity spectrum. Electro- 

static accelerators of charged dust particles are beginning to invade the 

middle range. As things stand now, we do not know precisely what our 

micrometeoroid detectors actually measure in space. The historical cali- 

bration technique of dropping glass beads on piezoelectric microphones 

(see page 367) was necessary and reassuring, but possibly misleading. 
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Happily, the calibration problem promises to be solved within the next 

few years. 

Piezoelectric Microphones. Many scientific satellites and most space 

probes have included a micrometeoroid microphone in their inventories 

of instruments. A thin metal plate with a small piezoelectric crystal 

bonded to it makes a simple, rugged, and esthetically appealing space 

instrument (Fig. 13-56). Some questions, however, must be asked about 

MICROPHONE TRANSDUCER 
PLATE 

GROMMETS 

THREADED ROD 

TRANSISTOR LOAD 

Fig. 13-56. Sketch of the Pioneer-6 microphone-type micrometeoroid detector. 

such an instrument. What properties of the meteoroid are actually 

measured? How is the detection of internal spacecraft mechanical noise 

avoided? How can the microphone be calibrated? 

Consider what happens when a minute bit of matter weighing perhaps 

10-12 ¢g impacts a metal sheet at 50 km/sec. Some of the micrometeoroid’s 

kinetic energy obviously goes into physically damaging the plate (pit- 

ting). This destructive effect has spawned a whole series of other detec- 

tors, described later in this section. Another part of the energy is trans- 

formed into elastic vibrations, or sound waves, in the plate. The waves 

propagate outward from the impact point and are distorted by and re- 

flected from plate mountings and edges. The sonic energy of the waves 

can be coupled to a piezoelectric crystal (made, say, of ammonium 

phosphate), which will produce an electrical “ringing” signal, an ex- 

ponentially damped wave train at the characteristic frequency of the 

plate-crystal assembly. By shaping and bending the plate, perhaps even 

serrating its edges, wave distortion can be minimized and the entire plate 

made of relatively uniform impact sensitivity. By decoupling the plate 

from the spacecraft proper with absorber mountings, internal noise due 

to solenoids, relays, servo motors, etc., can be attenuated by as much 

as 80-100 db. 
Noise interference can also be reduced considerably by using sensor 

characteristic frequencies well above the interfering frequencies. It is 

customary, for example, to tune the stages amplifying the sensor signals 

to 100 ke. 
Early sounding rockets and satellites often attached a piezoelectric 

crystal transducer directly to the vehicle skin and counted the signals 

received. This procedure had the advantages of simplicity and large de- 
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tector areas, but the elastic waves were considerably distorted by the 
skin structure and internal noise. Understandably, sensor sensitivity 
varied with impact location. Today, the separate impact plate is the ac- 
cepted approach. 

The voltage peaks produced by the piezoelectric crystals are roughly 
proportional to the perpendicular component of the impacting particle’s 
momentum at velocities below 10 km/sec when the crystal is compressed 
along one of its axes. At actual meteoroid velocities, 10 to 70 km/sec 
relative to the Earth, the relationship is confused. Some results show 
that the signai amplitude is proportional to the particle’s energy rather 
than momentum. Other data indicate proportionality to (momentum)?!*, 
Until electrostatic accelerators of charged dust (similar to those used in 
nuclear research) thoroughly explore the high-velocity part of the spec- 

Fig. 13-57. Rear view of the Mariner-2, microphone-type micrometeoroid de- 
tector. (Ref. 13-59) 
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trum, microphone momentum data will be questionable, though impact 

frequency data are not affected. 

Piezoelectric microphones are commonly calibrated by dropping small 

glass beads a few hundred microns in diameter onto a plate from a height 

of a few centimeters. Signal amplitudes can then be related to the known 

momenta of the dropped beads. Spacecraft instruments sometimes employ 

piezoelectric transducers in reverse for in-flight calibration. That is, an 

electrical calibrating signal will stimulate a separate piezoelectric crystal 

to produce a known mechanical impulse to the plate, which is then picked 

up by the regular crystal sensor. 

All of the interplanetary probes have carried piezoelectric instru- 

ments, though the first IMP satellite did not. Pioneer 5, Mariner 2, and 

Mariner 4 used the more or less conventional piezoelectric microphones. 

V. Rogallo, of NASA’s Ames Research Center, has invented a micro- 

meteoroid detector using the piezoelectric crystal in a bending mode, 

making the instrument effectively a ballistic pendulum rather than a 

microphone. The following descriptions of the specific instruments will 

show the trend toward multidetector instruments. 

Pioneer 5 employed a curved aluminum plate, 0.038 m? in area, 

mounted to the spacecraft at six points by rubber grommets (Fig. 13-56). 

Only two pulse-height levels were analyzed. These corresponded to 

momenta of 1 x 10-* and 0.54 x 10-2 dyne-sec. Table 12-2 presents 

weight- and power-requirement data for this and other probe instru- 

mentation. 
The Mariner-2 micrometeoroid detector was generally similar to that 

CRYSTAL TRANSDUCER 

AC 
AMPLIFIER 
20DB 

INHIBIT 

RESET TO DCS TOLDCS 

INHIBIT 

Fig. 13-58. Block diagram of the Mariner-2 micrometeoroid experiment. (Ref. 

13-59) 
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on Pioneer 5. A 0.035-m? magnesium plate (14 X 25 em) was bonded to 

a crystal whose output fed amplifiers tuned to 100 ke (Figs. 13-57 and 

13-58). Again there were two pulse-height channels. The threshold sen- 
sitivity for the lower channel varied from 0.9 to 1.1 X 10-4 dyne-sec 
over 99% of the exposed area of the plate. The detector was so mounted 
on the Mariner-2 spacecraft that it pointed forward, in the direction of 
motion, during the first part of the flight and backward during the last 
part. It was hoped that a crude idea of the relative magnitudes of the 
normal and retrograde meteoroid fluxes could be gained by such an ar- 
rangement. Unfortunately, the meteoroid flux turned out to be so low 
that only two impacts were recorded during the entire flight to Venus, 
and no statistics are available. 

The Mariner-4 instrument is a still more sophisticated microphone 
detector. The basic sensor is an aluminum impact plate 0.076-cm thick, 
with an area of 0.04 m?. The advance over the Mariner-2 instrument was 
in the use of 5000A layers of SiO, dielectric attached to both faces of the 
aluminum impact plate. The dielectric then received an evaporated layer 
of aluminum film to form two capicitors, back to back. (See the later 
description of capacitor detectors.) Micrometeoroid penetrations of the 
capacitors cause transient electrical shorting. The electrical signals thus 
generated indicated not only the side of the plate that was struck but 
also the total hits down to a threshold of about 10-6 dyne-sec, an order 
of magnitude lower than that of the microphone. The. output of the lead- 

DIRECT 3 BITS 
FILM 

THRESHOLD 

RETRO MIKE- 

sS oR | rac ae 
THRESHOLD ae E> | H HOL 

OR =3 
OSE +DAS MIKE CIRCUITS >] 

a FIRST 23 MIKE AMP MIT 
AND PHA ENABLE 

ies Ne 

CALIB RESET 
XTAL 

CALIBRATION 

CIRCUITS 

CALIB(DAS) 

CALIB(OSE) 

READOUT 

(DAS) 
READOUT 

CIRCUITS 
READOUT 

(OSE) 

Fig. 13-59. Block diagram of the Mariner-4 microphone-type micrometeoroid 
experiment. Direction information is derived from the films covering the impact 

plate. (NASA drawing) 
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zirconate piezoelectric crystal was fed through amplifiers tuned to 100 
ke and then pulse-height-analyzed (Fig. 13-59). Mariner 4 had an in- 
flight calibration scheme consisting of a separate crystal transducer 
bonded to the impact plate. When triggered by command, the crystal 
alternately produced two mechanical signals corresponding to known 
momentum levels. The microphone sensitivity was about 10-5 dyne-sec. 

The capacitor could detect masses as low as 10-18 g with velocities of 
greater than 1.8 km/sec. 

Piezoelectric Ballistic Pendulums. The piezoelectric microphone just 

described uses the crystal detector in its acoustic mode; that is, the 

vibrations are perpendicular to the bonded axis. The piezoelectric effect 

is also observed when crystals are suddenly flexed or bent by shear 

forces. An impact plate, mounted as shown in Fig. 13-60, will transmit 

shear forces to the crystal when struck by a meteoroid. In effect, we have 

a ballistic pendulum (Fig. 13-61). Experiments have shown that such a 

mounting produces electrical signals that are more nearly proportional 

to the momentum of the impacting particle. Furthermore, the signals are 

proportional to that component of momentum perpendicular to the plane 

of the impact plate. The sensitivity threshold of the ballistic pendulum 

is estimated to be as low as 10~® dyne-sec, so low that spacecraft noise 

and solar pressure fluctuations due to the spacecraft’s spin are limiting 

conditions. Such characteristics, high sensitivity and momentum pro- 

portionality, make the piezoelectric ballistic pendulum a welcome addi- 

tion to the family of micrometeoroid detectors. 

POWER CONNECTOR TELEMETRY 
CONNECTOR 

DETECTOR HOUSING 

ELECTRONICS 

DUMMY - TARGET 
COUNTERWEIGHT 

MOUNTING PLATE 

PIEZOELECTRIC 
CERAMIC BEAM 

PARTICLE-COLLECTOR ZED MYLER 

SURFACE 

CDS SURFACE 

Fig. 13-60. Sketch of the Ames Research Center ballistic-pendulum micro- 
meteoroid detector. (NASA drawing) 



370 SCIENTIFIC INSTRUMENTS 

‘ 
| INCHES ' 

Fig. 13-61. Prototype of the Ames Research Center ballistie-pendulum micro- 
meteoroid detector. The sounding board is mounted on piezoelectric beams. 

(NASA photograph) 

Thin-Film Capacitor Detectors. If a thin layer of dielectric is pierced 
by a high-velocity micrometeoroid, the trail of ionization and disruption 
creates a temporary conduction path. By evaporating a thin metallic coat 
on the side of the dielectric facing the environment, and bonding the 
other side to a metal plate or perhaps another evaporated metal film, a 
capacitor detector can be built. This detector will discharge the con- 
denser and generate a signal every time the dielectric is breached. After 
the event, the ions will recombine and the condenser can be recharged 
for another event. In practice, capacitor detectors are made by spraying 
a layer of alumina (Al,.O3) on a metal plate and then coating it with 
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aluminum. Or a detector relatively transparent to micrometcoroids can 
be made by aluminizing both sides of a thin Mylar plastic film. Two 
such film-like detectors can then be used to signal the flight of a 
micrometeoroid over a fixed course in time-of-flight experiments discussed 

later. The capacitor detector, of course, provides event information only 

and says nothing about the micrometeoroid properties themselves. It is 

planned to cover large areas (hundreds of square meters) of spacecraft 

skin with an aluminized Mylar capacitor detector in future engineering 
studies. 

Inght-Flash Detectors. When a high velocity micrometeoroid hits a 

scintillator crystal, a great deal of energy is released in the small volume 

around the point of impact. The heat, shock waves, and ionization cause 

the crystal to emit a flash of light, just as it does when penetrated by 

lonizing radiation (See Sec. 13-3.). The amplitude of the light pulse is 

proportional to the amount of energy imparted to the crystal. The pho- 

tons from the event are converted into an electrical signal by a photo- 

multiplier tube adjacent to the scintillator (Fig. 13-62). A pulse-height 

MICROMETEOROID PATH 

VEHICLE SKIN 

ALUMINIZED SURFACE 
8x 107& CM THICK 

ALUMINIZED 
LUCITE CONE 
(LIGHT PIPE) 

PHOTOMULTIPLIER 
TUBE 

Fig. 13-62. Schematic of a light-flash micrometeoroid detector. (Ref. 13-22) 

analyzer following the photomultiplier tube will sort the impacts out 

according to the amplitudes of the light flashes, which in turn can be 

related to the particle energy through preflight calibration. The light- 

flash detector is also sensitive to penetrating radiation, but such signals 

can be discriminated against by guard counters, like those used in radia- 

tion detectors. Some crystals, notably cadmium sulfide, are also photo- 
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conductive, necessitating an opaque covering. As a family, light-flash 
detectors are extremely sensitive, probably the most sensitive of all 
micrometeoroid detectors. Thresholds are as low as 10-14 g at 2 km/sec 
or, equivalently, 2 x 10-1! dyne-sec. The sensor signal is proportional 
to energy rather than momentum, which brings forward an interesting 
possibility. A combination instrument using a momentum-sensitive micro- 
phone and an energy-sensitive light-flash detector can, though simul- 
taneous measurements, separate the mass and velocity parameters. 

Light-flash detectors have been used on Ranger 1 and Explorer 8, but 
not on any interplanetary probes to date. 

Pressurized Cells. Here is a very straightforward type of micro- 
meteoroid detector. A particle penetrates a pressurized vessel, usually a 
cylinder; the gas inside escapes; and a pressure switch sends an electrical 
signal to the communication subsystem. The cell is useless after one 
puncture, and information about the meteoroid itself is limited to the 
knowledge that a certain thickness of metal has been penetrated. Pres- 
surized-cell data are therefore of primary interest to spacecraft designers. 
Cells with different wall thicknesses can, of course, provide crude size- 
and-velocity data if reliable terrestrial calibration is available. It has also 
been proposed that the rate at which gas escapes from a punctured cell 
measures the hole size and, indirectly, the micrometeoroid size. Here, 
again, calibration is difficult, because hole size is a complex function of 
particle energy, mass, size, and possibly shape. Furthermore, the rate of 
pressure loss would be a parameter difficult to measure and telemeter. 
Finally, the walls of the pressure cells that are commonly used are very 
thin (25-100 4), and they must be well-protected during the spacecraft 
launching. 

Vanguard 3 carried 0.162 m2 of exposed pressure-cell surface in the 

x 17.8CM >| 
0.081CM-THICK 

MELAMINE LAMINATE | 

: 300 2 
Pt RESISTOR 

100 Q 
0,005 OR 0.008CM-DIAMETER THERMISTOR 

ENAMELED COPPER 
COPPER TERMINAL WIRE WINDING 

Fig. 13-63. Pressurized cylinders used on Explorer 16 for micrometeoroid 
puncture detection. (Ref. 13-27) 
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form of two cylinders with 0.066-em magnesium walls. The major use of 
pressure cells to date was on Explorer 16, the Micrometeoroid Satellite. 
Here, 160 beryllium-copper cylinders were mounted around the final 
stage rocket. Each cell was filled with helium and included a pressure- 
sensitive switch (Fig. 13-63). Three different wall thicknesses, 25, 51, and 
127 » (0.001, 0.002, 0.005 in.), were used. Altogether, the elmer eXx- 
posed 0.156 ae of area to the environment (Ref. 13-27). 

Wire-Grid Detectors. The destructive properties of micrometeoroids 
are put to good use in the wire-grid sensors. The usual form taken is that 
of enamel-wire-wound cards electrically connected in parallel (Fig. 13- 
64). A micrometeoroid large enough to sever a wire removes the struck 

TAB FOR ELECTRICAL 

CONNECTION 

0.008-0.015 CM STAINLESS STEEL | 

0.00025 MYLAR 

ae 

GRID, 0.00023 CM GOLD 

Fig. 13-64. Wire-grid detectors carried on Explorer 16. (Ref. 13-27) 

card from the circuit and changes the over-all electrical resistance. This 
kind of event is convenient to telemeter. But just what does a severed 
wire mean in terms of micrometeoroid properties? The effect depends 
upon the particle’s size and energy as well as the diameter and composi- 
tion of the broken wire. Low-velocity calibration experiments have 
indicated that micrometeoroids may break wires twice their own di- 
ameter, but the effects of velocity and wire composition are still vague. 
At the least, a severed wire signals an event; at the best, there is a crude 
measure of the micrometeoroid’s destructive properties. Although wire- 
wound cards are light and simple, they are limited to one event apiece, 
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and even that event yields little information about mass, velocity, and 

direction. The cards also draw electrical power until a wire is broken. 

The first Explorer satellites carried wire grids. The Micrometeoroid 

Satellite (Explorer 16) used 46 cards like those sketched in Fig. 13-65 and 

PINCH-OFF TUBE 

TEST MATERIAL 

— >| 371CM — 

MICROSWITCH SWITCH-ACTUATION ADJUSTMENT CAM 

Fig. 13-65. Special wire-grid detector carried on Explorers 13 and 16 (Refs. 
13-27 and 13-37) 

also carried a more refined detector based on the same principles of 
operation. Thin grids of conducting gold were deposited on the bottoms 
of stainless-steel sheets of different thicknesses. A particle penetrating the 
steel sheet would almost invariably break one of the current channels 
underneath. Much better engineering penetration data can be recorded 
in this way (as was the intent) but little is revealed about the intrinsic 
properties of the bombarding particle. 

Iight-Transmission Erosion Detector. The destructive properties of 
micrometeoroids are used for measurements in still another way. Holes 
made by impacts on an opaque film will transmit light in proportion 
to the collective area of the holes. Hole area can be related empirically 
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to micrometeoroid diameter on a hypervelocity particle range, but, as 
usual, the adequacy of velocity simulation is a problem. Either a photo- 
multiplier tube or a photoconductive cell (CdS) can be used as the hght 
detector, the latter being simpler and more rugged but not as sensitive. 
Holes as small as one and two microns in diameter can be detected. Like 
most sensors depending upon destructive effects, this type provides only 
meager information about the meteoroid mass, velocity, and direction. 

Light-transmission experiments have flown on Explorers 7, 8, and 16. 
The Explorer-16 cadmium-cell detector (Fig. 13-66) is perhaps typical 

MOUNTING 
FRAME 

a ENM 

‘= eae eae 

THERMISTOR 

CADMIUM-SULFIDE CELL’ ALUMINIZED MYLAR 0.00063 CM THICK 

Fig. 13-66. The Explorer-16 light-transmission micrometeoroid detector. Re- 
sistance of the CdS cell drops as sunlight passes through holes in the opaque 

covering. (Ref. 13-27) 

of the light-transmission approach. Two such cells, with a total effective 

area of 48 cm’, were deployed on the satellite surface. Explorer 8, in 

contrast, adopted the photomultipher-tube approach. Approximately 

1000A of aluminum were evaporated onto the face of a commercial 

photomultipher tube. Terrestrial calibration indicated that particles as 

small as 10~18 g would generate usable signals. 

Miscellaneous Detectors. Micrometeoroid-detector concepts are legion. 

Some of the lesser concepts listed in the following table are only ideas; 

some are in the development stage; some have been tried only to be 

discarded (Table 13-8). 

Time-of-Flight Measurements. Since the micrometeoroid velocity is 

not directly related to the parameters actually méasured by most detec- 

tors, there has been considerable thinking done about time-of-flight ex- 

periments. The average micrometeoroid travels at about 30 km/sec. If 

there is a distance of 10 em between two event counters, the associated 

electrical circuits will have to measure times on the order of two micro- 

seconds, an easy feat for today’s electronics. The first event detector must 

be “transparent” and capable of repeated use. Included in this category 

are the capacitor detector, the plasma detector, the charge-flow detector, 
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DIRECTION OF 
PARTICLE 
MOTION 

== 100 
= (SIGNAL LOAD 

RESISTOR) 

POS PIPS 
NEG PIPS 

BLACK —L 

BLACK —L 

PUESE OUTPUT POWER-SUPPLY 
(SIGNAL) VOLTAGES TO RASTER (1000 V) 
SCOPE 

Fig. 138-67. Circuit diagram for a micrometeoroid time-of-flight experiment 
using capacitor-type detectors as switches. (Ref. 13-22) 

and the scattered-light detector. Several combinations of sensors are now 

being tested in the laboratory. An all-capacitor experiment is illustrated 

in Fig. 13-67. No spacecraft have carried time-of-flight experiments as 

yet. 

13-6. Miscellaneous Experiments in Interplanetary Space 

Space probes, by virtue of their great distance from Earth, can help 

measure more accurate values for the size of the solar system. Space 

probes are also well out of the gravitational well created by the Earth’s 

field. They are therefore capable of aiding in experiments designed to 

test the Special and General Theories of Relativity. Finally, the in- 

tegrated electron density between the Earth and a deep-space probe is 
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so large that it alters the transmission of radio waves of different fre- 
quencies by measurable amounts. In this section, the bases for these 
three kinds of experiments will be discussed. 

Radio-Propagation Experiments. Scientists at Stanford University have 
designed a radio-propagation experiment using the Pioneer-6 deep-space 
probe. The primary objective is the measurement of the integrated elec- 
tron density between the Earth and the probe and its variations with 
time. Secondary goals include a search for postulated anisotropies in 
radio propagation through the solar wind and diffraction effects occurring 
when the probe is occulted by the Moon. 

The experiment will employ signals transmitted by the Stanford 46- 
meter, steerable antenna. Two carrier signals will be transmitted, one at 
50 Me and another at 425 Me. Both signals will be sine-wave modulated 
at frequencies near 7.7 and 8.7 ke. The space probe will receive the two 
signals on simple dipole antennas set at an angle to the spacecraft spin 
axis. The probe equipment will count the number of cycles difference be- 
tween the 50-M¢e carrier and the corresponding subharmonic of the 425-Me 
carrier and relay this information back to Earth. A difference of one 
cycle, for example, implies a change of 4 x 1014 electrons/m? over the 
transmission path. From the measurement of the phase difference be- 
tween the modulation envelopes of the carriers, the total electron content 
over the transmission path can be computed. Variations of the integrated 
electron content may yield more insight into large-seale plasma motion 
in the solar system, particularly when they are coordinated with local 
measurements made on one or more spacecraft by plasma probes. 

The polarization effects of electrons traveling near the speed of light 
in outer space can also be measured with the basic Pioneer-6 equipment. 
If circularly polarized radiowaves are transmitted from Earth, they will 
be changed into elliptically polarized waves by the high-speed electrons 
in space. The spinning spacecraft antennas could then measure the am- 
plitudes of the major and minor axes of polarization. (See Table 12-2 
for power requirements and weight of the Pioneer-6 propagation experi- 
ment.) 

Experiments in Relativity and Gravitation. Atomic clocks—like the 
rubidium-vapor frequency standards—could be placed on deep-space 
probes and flown out of the Earth’s gravitational field. If the gravitational 
potential at the probe’s position in space and its velocity are known, the 
General Theory of Relativity can be checked (Ref. 3-7). The theory pre- 
dicts a relative frequency shift of 

No 8 | 20 es ay Flee 
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where ff = the clock frequency 

= the local gravitational potential at the probe 
go = the gravitational potential at the Earth’s surface 
c = the velocity of light. 

I 

Without doubt, highly accurate clocks could be made for probe flights, 
but the same experiments could be carried out more easily on an Earth 
satellite. 

Measuring the Size of the Solar System. Radio tracking of Mariner 2 

has already provided data for further assessment of the Astronomical 

Unit (A.U.). Tracking results have generally confirmed radar-ranging 

data (Ref. 13-3). Both techniques yield values for the A.U. which are 

so different from the value determined by classical astronomy—they are 

different by as much as 75,000 km—that a new approach aimed at re- 

solving the disparity is desirable. Kocher and Jamison have described a 

deep-space triangulation probe to fulfill this need (Ref. 13-33). 

The proposed triangulation experiment requires that a probe be 

launched into an orbit around the Sun. Referring to the Earth-Sun-probe 

triangle (Fig. 13-68), the distance to the probe, dz, as measured in A.U., 

can be found from: 

sin B 

sin (a + 8) 

where the distances and angles are defined in Fig. 13-68. Next, the 

same distance, dz, can be obtained by radio measurements, from ds 

(km) = ct/2, where t = the round-trip time for the radio signal. A com- 

parison of the two values for ds, measured in A.U. in one case and kilo- 

meters in the other, but with the same basic experiment, should yield 

some insight into the present problem. 

The measurement of d. in kilometers by radio techniques requires 

only a transponder aboard the probe. To find dz in A.U., two angles, 

dz (A.U.) = dh 

PROBE 

SUN EARTH 

Fig. 13-68. Spatial configuration and definition of symbols for the triangulation- 

probe experiment.(Ref. 13-33) 
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a and 8, and the distance d,; must be found in A.U. The ephemeris value 
of d; is given to seven significant figures on a daily basis. The angle « 
can be measured by photographing the probe against the stellar back- 
ground with conventional astronomical instruments. Flat sheets of alu- 
minized plastic two to three meters on a side are suggested to en- 
hance the visibility of the probe. The angle 8 would be determined by 
installing a sensor on the probe that would measure the coordinates of 
the Sun relative to the stellar background. By measuring the direction, 
relative to the spacecraft, of the Sun and several stars, the longitude of 
the spacecraft could be found. Given the emphemeris value of the Earth 
at the same instant, @ can be found. 



Chapter 14 

INSTRUMENTS FOR MEASURING 

PLANETARY ATMOSPHERES 

14-1. Prologue 

Most of the solar-system planets have atmospheres that can be de- 

tected from Earth. Even the Moon and Mercury apparently still cling 

to small residual atmospheres. Although solar system atmospheres have 

long been studied with Earth-based optical instruments—telescopes, pho- 

tometers, spectrometers—controversy persists concerning even the closest 

planets. With the advent of space probes, experiments become possible 

close to the other planets and, in the more distant future, from within 

and under their atmospheres. Not only can spacecraft carry instruments 

to observe details unresolvable on Earth, but remotely controlled experi- 

ments can be performed with actual samples of the atmospheres in 

question. In Table 14-1, the many suggested spacecraft atmospheric 

instruments have been classified into five groups, according to the physi- 

cal technique used. The classification is crude, but some sorting out is 

desirable in the midst of such diversity. 

Atmospheric analysis with optical instruments has been well developed 

during the centuries of observational astronomy. Instruments employing 

atmospheric sampling have had over two decades of development in con- 

junction with sounding rockets and satellites. Despite this venerable 

history, the reader will find that little hardware suitable for probe use is 

available. The more severe limitations on reliability, weight, and power 

consumption, cause probe atmospheric instruments to lag behind their 

counterparts in the interplanetary medium. Furthermore, atmospheric in- 

struments do not receive the developmental benefits of the strong lunar 

program, like the surface instruments introduced in the next chapter. 

381 
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14-2. Atmospheric Properties by Analysis 
of Electromagnetic Radiation 

Until the advent of space probes and solar-system-spanning radar, 
scientists were limited to remote, passive, electromagnetic studies of the 
planets. The power of conventional astronomy is evident from the im- 
mense fund of knowledge that has accumulated over the centuries. (See 
summarization in Chap. 3.) Probes have made it possible to place instru- 
ments much closer to and, on occasion, actually within the atmospheres 
of interest. Classical astronomy is not at all superseded by close space- 
craft reconnaissance. It makes little sense to use expensive probes when 
equivalent experiments can be performed from the ground or an Earth 
satellite. Proximity, however, does enlarge the planetary disk to the point 
where new details and phenomena become measurable (Ref. 14-11). 
The placement of instruments within, beneath, and behind a planetary 
atmosphere permits scientists to carry out emission, reflection, and trans- 
mission experiments using the Sun or the planetary surface itself as a 
radiation source. Many of the phenomena expected to be observed from 
probes (Table 14-2) cannot be seen well from the Earth even with the 
best telescopes. Some cannot be seen at all. From the analysis of ab- 
sorption spectra, emission spectra, and polarization, details of atmos- 
pheric structure and comparison can be deduced. Active electromagnetic 
reconnaissance with onboard transmitters, described in Sec. 14-4, will 
yield even more information. Lasers offer similar opportunities in the 
shorter wavelengths, but little work has been done here. 

There are three basic types of space-probe instruments used in un- 
raveling this mixture: 

1. Radiometers and photometers, which measure electromagnetic fluxes 
over a few broad spectral areas and/or at several narrow lines in the 
spectrum. There is no physical dispersion of the spectrum with radi- 
ometers. Spectral resolution is accomplished by filters and other 
methods of tuning (Table 14-3). 

2. Spectrometers and spectrophotometers, which disperse electromag- 
netic radiation into a spectrum and then scan it with high resolu- 
tion. The properties of dispersion, spectrum scanning, and high 
resolution distinguish spectrometers from photometers. Interfero- 
metric techniques are sometimes used with spectrometers, 

3. Polarimeters, which measure the amount of polarization that has 
been introduced into a beam of radiation in its passage from source 
to detector. 

All probe electromagnetic instruments begin with a lens, mirror, or 
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other flux concentrator that gathers and focuses electromagnetic energy. 
They all end with a radiation detector that converts the electromagnetic 
radiation into electrical signals essential for telemetering. In between 
may lie prisms, analyzers, filters, and other optical devices. Such “optical” 
instruments may change their character radically with wavelength. 
Glass, for example, passes only a narrow portion of the spectrum, and 
the sensitivity of detectors varies greatly from one part of the spectrum 
to another. Most optical instruments are static, but others are burdened 
with vibrating reeds and scanning motors. Obviously, there is no typical 
instrument. 

The major interface between the optical instrument and the remainder 
of the spacecraft is spatial in character. Optical instruments must be able 
to see their target and gather enough of its light to make good measure- 
ments. The field of view needed may vary from a small fraction to 
several steradians. Electromagnetic observations are often, but not al- 
ways, directional, which means that the links between the attitude- 
control and guidance-and-control subsystems are also important. 

Radiometers and Photometers. When integrated flux measurements are 
desired over one or more broad portions of the spectrum, or perhaps a 
few spectral lines, a radiometer or photometer is the appropriate instru- 
ment. The term “radiometer” is generally applied at the microwave and 
infrared ends of the spectrum, while “photometer” is reserved for the 
shorter wavelengths. Usage is not firm, however. Radiometers and pho- 
tometers perform the same functions. They both collect radiation, select 
spectral lines and band-passes, and detect the transmitted fluxes. But 
they generally employ different components, as shown in Table 14-3. 

TABLE 14-3. RADIOMETER AND PHOTOMETER COMPONENTS 

Common 
Spectral Region Collectors Selectors Detectors 
Microwave Dish antenna Tuned dish and circuits Antenna diode, therm- 

istor, or bolometer 
Infrared Dish, lens Filter, grating, interfer- Thermopiles, CdS, PbSe, 

ometer and other materials 
Visible Lens, mirror Filter, grating, prism, Photomultiplier, photo- 

interferometer cell 
Ultraviolet Lens, mirror Filter, grating, prism Photomultiplier 
X-ray* None Shields, radiation tele- Ionization chambers, 

scopes eUC; 

* Included for contrast, x-rays are not expected to be important in the analysis of the atmospheres of most solar-system planets. 
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Radiometers and photometers have long been used on balloons, sound- 

ing rockets, and satellites, especially the Tiros series of weather satellites. 

Microwave and infrared radiometers flew on Mariner 2, and an ultra- 

violet photometer was designed for Mariner 4. These specific instruments 

will be used below to illustrate general design principles. 

Beginning at the long-wavelength end of the spectrum, the Mariner-2 

microwave radiometer was tuned to 13.5 and 19 mm for the purpose of 

observing limb brightening or darkening during the 1962 Venus encounter. 

Limb brightening would have inferred an ionospheric origin for the 

600°K temperatures that had been observed from the Earth, since more 

of the ionosphere would have been seen at the planet’s edges. In actuality, 

Fig. 14-1. The Mariner-2 microwave radiometer-dish and calibrating-horn an- 

tennas. (Courtesy of the Jet Propulsion Laboratory) 
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limb darkening was detected, indicating that the high temperatures 
probably originate on the planet’s surface. These data support the green- 
house model of the Venusian atmosphere. When the hot planet surface 
was no longer in the radiometer’s field of view, the detector signaled a 
darkening effect. 

A solid, aluminum, parabolic dish 48.5 em in diameter was used on 
Mariner 2 (Fig. 14-1). Its field of view was 2.2° and 2.5° in half angle 
for the 13.5- and 19-mm channels respectively. The ridged surface seen 
in the photograph diffuses infrared radiation without defocusing the 
microwaves. Infrared heating of the radiometer is minimized in this 
way. Ten hours prior to the Venus encounter, the whole dish was driven 
by a scanning motor in a search mode at 1°/sec. When the limb of the 
planet was acquired, the scan rate was reduced to 0.1° /sec. 

The 13.5- and 19-mm signals were fed simultaneously from the an- 
tenna through waveguides to the Calibration Directional Coupler shown 
in Fig. 14-2. Radiometer calibration was achieved by making cold-space 
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Fig. 14-2. Block diagram for the Mariner-2 microwave radiometer experiment. 
(Ref. 13-59) 

measurements with two horn-type antennas (Fig. 14-1), which were kept 
pointed away from the Sun and Venus. A noise discharge tube also pro- 
vided calibrating signal equivalent to approximately 350°K. Radiometers 
in which reference signal sources are switched in and out of the main 
channels are called Dicke radiometers, after R. H. Dicke. The ferrite 
switches used for this purpose on Mariner 2 had to be shielded electri- 
cally and magnetically because of their interference with the rest of the 
spacecraft. Source and calibration signals were both fed through a crys- 
tal video receiver instead of the conventional and more sensitive super- 
heterodyne receiver. Weight and power consumption restrictions dictated 
this choice. (See Table 12-2, page 286.) 
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A modified version of the Mariner-2 radiometer was developed at the 

Jet Propulsion Laboratory for the canceled 1964 Venus flyby (Ref. 

14-1). This instrument was to operate with channels at 8.5 and 33 

mm. Crystal video tuned-radio-frequency receivers were to be used on 

the two channels respectively. Another important difference was the use 

of a satin, infrared-diffusing antenna surface to replace the Mariner-2 

steps, which would have had to be unreasonably small to avoid compro- 

mising focusing on the 8.5-mm channel. 

In the infrared region of the spectrum, the microwave plumbing and 

radio-frequency amplifiers are replaced by special lenses, solid state de- 

tectors, and mirrors. Again, a Mariner-2 instrument is described as rep- 

resentative of the class. 

Instead of a dish antenna, the Mariner-2 infrared radiometer employed 

a 3.2-cm diameter, germanium objective lens with a focal length of 7.8 

em (Ref. 13-59). The field of view was nominally a square 1.2 degrees 

on a side. The entire radiometer assembly was rigidly attached to the 

microwave-dish structure, with both radiometer axes parallel. Both 

scanned Venus together. 
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Fig. 14-3. Component arrangement for the Mariner-2 infrared radiometer. (Ref. 

13-59) 

The infrared radiation beam was chopped twenty times a second by a 

rotating disk, which alternately exposed the detector to the planet and, 

for reference purposes, free space (Figs. 14-3 and 14-4). After chopping, 

the beam was split into two perpendicular components by a dichroic filter 

or “beam splitter.” (Dichroic materials split randomly polarized light 



390 SCIENTIFIC INSTRUMENTS 

Fig. 14-4. Mariner-2 infrared radiometer with cover plate removed. Toothed 
chopper wheel is seen end on. (Courtesy of the Jet Propulsion Laboratory) 

into two polarized components at right angles.) Interference filters with 
the characteristics shown in Fig. 14-5 defined the two radiometer chan- 
nels. The infrared detector consisted of two uncooled, thermistor bolome- 
ters immersed in hemispheric germanium lenses. A preamplifier, logarith- 
mic amplifier, and synchronous demodulator followed each detector. (See 
block diagram, Fig. 14-6. See Table 12-2 for power requirements and 
mass.) 

In addition to terrestrial calibration with a reference blackbody (Ref. 
14-8), the radiometer also viewed a reference thermal calibration plate 
with a telemetered temperature at the end of each sean. 
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In a sense, the Mariner-2 infrared radiometer was parasitic to the 
microwave experiment. Even the experimental objectives were largely 
redundant, a not undesirable feature in space research. It was hoped that 
the two infrared channels would reveal something about the cloud struc- 
ture of Venus. One channel was centered on the 10.3-, CO2 absorption 

band, and the other on the comparatively absorption-free region around 

8.4 ». The theory was that the Venusian surface and lower atmosphere 

should be visible at 8.4 » but would be obscured by CO. (whose presence 

was already established) at 10.3 ». No breaks in the cloud cover were 

observed during planetary encounter. 

Other infrared radiometers have been built for satellites. Tiros 2, for 

instance, carried a five-channel unit. See also Fig. 14-7 for the Mariner-3 

three-channel radiometer. Most such radiometers closely resemble the 

Mariner-2 instrument. A particularly simple, unchopped, low resolution 

radiometer has been described by Hanel (Ref. 14-17). Such a device 

would view large areas of a planet and might be used in radiation bal- 

ance experiments. The Suomi radiometer (after V. E. Suomi) is also of 

general interest. It consists of four spherical collectors, two coated with 

materials with different absorptivities and the other two covered by sun- 

shades. Used on a satellite, the Suomi radiometer carries out radiation- 

balance experiments. 

TRANSMISSION 

il 
75 8.0 8.5 9.0 9.5 

WAVELENGTH, (2) 

Fig. 14-5. Transmission characteristics of the two filters used in the Mariner-2 
infrared radiometer. (Ref. 13-59) 
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Planetary photometery (and spectrometry, too) in the visible range 

of the spectrum is usually done more conveniently and economically 

from the Earth’s surface, since the atmosphere offers little hindrance at 

these wavelengths. 

LOGARITHMIC CALIBRATION 
CHOPPED COMPRESSION DEMODULATOR 
SIGNAL CIRCUIT CIRCUIT 
FROM 

DETECTOR 84y 
84u SYNCHRONOUS phe TRANSISTOR OPERATIONAL DEMODULATOR OUTPUT OUTPUT pact 

PREAMPLIFIER AMPLIFIER AND LOW SELECTOR DRIVER WORD 
PASS FILTER NO.17 

REFERENCE SIGNAL OS 
FROM PHOTO- 
DIODE PICKUP | SYNCHRONOUS ELECTRONICS { 2 VDE 

AMPLIFIER CIRCUITS 
AND DRIVER 

CHOPPED 26 V RMS 400 CPS <—_——_____< SIGNAL TO CHOPPER 
MOTOR DETECTOR 10.4 p 

SYNCHRONOUS oes TRANSISTOR OPERATIONAL DEMODULATOR OUTPUT OUTPUT UT eure 
PREAMPLIFIER AMPLIFIER AND LOW SELECTOR DRIVER WORD PASS FILTER 

NO.19 

LOGARITHMIC CALIBRATION 
COMPRESSION DEMODULATOR 

FROM THERMISTOR CIRCUIT CIRCUIT MOUNTED 
NEAR DETECTORS 

HOUSING HOUSING TEMPERTURE, TEMPERATURE OUTPUT SENSOR AMPLIFIER WORD 
NO.10 

CALIBRATION CALIBRATION PLATE PLATE, TEMPERATURE OUTPUT SENSOR AMPLIFIER WORD 
NO.20 

FROM SENSISTOR 
MOUNTED ON 

CALIBRATION PLATE 

Fig. 14-6. Block diagram for the Mariner-2 infrared radiometer experiment. 
(Ref. 14-8) 

Moving into the ultraviolet region, photometers have been proposed 
for use on entry vehicles for the measurement of H20, O, Os, Oz, and Ne 
densities as functions of altitude by observing the absorption of the solar 
Lyman a, 8, and y lines of hydrogen (1215A, 1026A, and 972A) and the 
He I and II lines (584A and 304A). (See also the block diagram, Fig. 
14-8, of the Mariner-3 photometer.) The proposed instrument would ac- 
tually consist of five ganged ultraviolet radiometers, each with its own 
lens, interference filter, and detector. Each of the units would resemble 
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ee 

Fig. 14-7. The Mariner-3, three-channel ultraviolet radiometer. (Courtesy of the 
Jet Propulsion Laboratory) 

that shown in Fig. 14-9. Together, they would have a mass of only 0.8 

kg and consume about 1.5 watts. 

Photometers become even more versatile when a continuously or dis- 

eretely graded filter wheel rotates in the path of the light beam. A spec- 

trum is obtained in this way without using a dispersive element. Such 

instruments are called filter spectrometers. 

The ultraviolet photometer built for but not flown on the Mariner-3 

probe used a signal substraction technique to isolate the spectral ranges of 

interest. Three 18-stage photomultiplier tubes (A, B, and C) viewed the 

planet’s image through the following filters: 

Atmospheric 

Tube Filter Bandpass Component Measured 

A lithium fluoride 1050-1800A 

B calcium fluoride 1250-1800A 

C barium fluoride 1400-1800A 

A-B 1050-1250A atomic hydrogen (1215A) 

-C 1250-1400A atomic oxygen (1300A) & > 
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By electrically subtracting the signals from the appropriate photomulti- 

plier tubes, the emission lines and thus the densities of atomic hydrogen 

and oxygen could be measured. 

Tube A had a field of view with a 1.25° half angle. B and C would see 
the planet through cones with 0.5° half angles. The instrument as a whole 
was capable of detecting 1.3 x 10-4 erg/cm?-sec-steradian at 1216A. As 
Fig. 14-7 indicates, the Mariner-3 experimental equipment was particu- 
larly simple, with no moving parts. Tube outputs were fed through am- 
plifiers into an analog-to-digital converter (ADC), as shown in the block 
diagram (Fig. 14-8). The whole photometer would have been mounted on 
the planetary-scan system. 

In-flight calibration of the photometer would have been accomplished 
by injecting a standardized calibration current into the input amplifier 
at every sixteenth data frame to check amplifier gain. Eight frames later, 
the drift offset of the instrument would have been automatically pheded 

One constraint applied by the instrument to the attitude-control pro- 
gram was that the photometer axis was not permitted to point within 10° 
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Fig. 14-8. Block diagram of the Mariner-3 ultraviolet photometer. (NASA 
drawing) 



INSTRUMENTS FOR MEASURING PLANETARY ATMOSPHERES 395 

=1.5CM 

OPALESCENT 
DIFFUSING 
HEMISPHERE 

REFLECTIVE 
SURFACE 

REFLECTIVE 
CONICAL 
SURFACE 

PHOTOMULTIPLIER 
ETECTOR 

TO ELECTRONICS 

Fig. 14-9. Sketch of a simple ultraviolet radiometer with a field of view of 27 
steradians. (Ref. 14-15) 

of the Sun. Otherwise, the detectors would have been damaged. The final 

mass of the Mariner-3 photometer was 2.5 kg. It consumed an average 

of 1.0 watts. 

Spectrometers and Spectrophotometers. Spectroscopes use prisms and 

gratings to disperse the electromagnetic spectrum into its emission and 

absorption lines, which, when analyzed, can reveal a great deal more 

about a planetary atmosphere than the rather limited photometers just 

described. With the dispersion of the spectrum, some component of the 

instrument must be mechanically driven so that a detector can scan the 

wavelengths of interest. Terrestrial spectrometers perform this feat stat- 

ically with a long film strip. In space, where electrical signals are the 

only medium of exchange, either the detector must move or, more con- 

veniently, an optical element must be rotated to sweep the spectrum past 

a single detector. 

The basic functions performed by a spectrometer are light-gathering, 

focusing and collimation, spectrum dispersion, detection, and spectrum 

scanning (see Fig. 14-10). The dispersion element replaces the filters 

used on photometers. There is a great variety of possible arrangements 

of components. Spacecraft weight and volume restrictions usually dic- 

tate “folded” instruments, in which the light is reflected back and forth 

from components housed in a small volume rather than strung out lin- 

early. Spectrometers are well-established balloon, rocket, and satellite 

instruments, but they have yet to fly on deep-space probes. 

Again it is helpful to divide the instruments into infrared and ultra- 

violet types. 
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Fig. 14-10. Laboratory setup for an infrared interferometer spectrometer. (Ref. 
14-6) 

Infrared radiation generally has high penetrating power in atmos- 
pheres. Infrared spectrometers can therefore be put to use in thermally 
mapping a planet’s surface. In addition, these instruments can detect the 
Sinton bands, between 5 and 16 p,, that are indicative of organic mole- 
cules on the surface. Infrared radiation also reveals details of atmos- 
pheric structure and composition. For example, carbon dioxide and water 
have emission bands at 2.7 and 4.3 pn, respectively. Many other emission 
and absorption bands exist in the infrared ragion, so that an infrared 
spectroscope is a good diagnostic tool in atmospheric research (Ref. 14-11). 

An infrared spectrometer proposed by the Jet Propulsion Laboratory 
for Mariner 2 and the now-canceled Mars 1966 flyby is diagrammed in 
Fig. 14-11. Light is first collected by a large concave mirror, then re- 
flected off a convex mirror through the entrance slit and on to a mono- 
chromator mirror. From here, the light is reflected to the ruled erating 
where it is dispersed. Ultimately the beam is split into two parts and 
directed into two cooled detectors. The multiple mirrors and compact, 
“folded” arrangement cf components are typical ef the Ebert spectrome- 
ter configuration. A tuning-fork-driven chopper at the entrance slit pro- 
vides the detectors with a modulated light beam for easy amplification. 
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Fig. 14-11. Diagram of an infrared spectrometer suitable for use on a Mars 
flyby. (JPL drawing) 

The light signal eventually reaching the detectors is given by: 

FE) = N)eA, os on 

where ) = the light flux (watts/cm?) 

N, = the spectral radiance of the source (watts/cm?-y-ster). 

= the instrument optical efficiency. (Including chopper and es 

beam splitting, e = about 0.2 for an instrument of this 

type.) 
A, = the slit area illuminated (cm?) 

A, = the grating area illuminated (cm?) 

F = the focal length of the monochromator mirror (cm) 

6\ = the spectral bandpass () 

The spectral dispersion is described by the familiar grating equation: 

d (sin 2 + sin 0) = md 

where d = the distance between the grating lines (em) 

7 = the angle of incidence 
6 = the angle of reflection 

m = the order of the spectrum 

) = the wavelength (cm). 
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The grating in Fig. 14-11 is rocked, so that the detectors will scan the 

desired infrared portion of the spectrum every 60 seconds. Each scan 

produces about 400 bits of data. In the JPL spectrometer, the 2-6 » re- 

gion is of the greatest interest, leading to the choice of lead sulfide and 

lead selenide as the materials offering the best compromise between sen- 

sitivity and easy cooling. Lead sulfide has the higher sensitivity in the 

1-3 » range, but this drops rapidly at longer wavelengths. The sensitivity 

of lead selenide rises to a peak between 3 and 6 u. In actual usage, the 

spectrometer would probably include a reference source of radiation like 

that in the Mariner-2 infrared radiometer. The instrument just described 

could probably be built at less than 10 kg and would consume about 5 

watts of power. 

An interferometer may replace the grating in the infrared spectrome- 

ter. Instead of dispersing the spectrum iaterally, the interferometer acts 

somewhat like a variable filter. In essence, this device splits the light 

beam into two parts and recombines them after they have traveled 

slightly different distances. If the difference in distance traveled is an 

integral number of wavelengths, there will be no interference. Otherwise, 

there will be some cancellation. The linear movement of one of the in- 

terferometer mirrors changes the tuning of the instrument and permits 
the detector to see different parts of the spectrum. Manchester Univer- 
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Fig. 14-12. Sketch of a typical rocket-borne ultraviolet spectrometer. (Courtesy 
of Perkin-Elmer Corp.) 
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sity, in England, has been experimenting with this type of infrared spec- 

trometer (Ref. 14-6). 

The ultraviolet spectrometer was one of the first sounding-rocket in- 

struments. Its purpose, when it first flew in the late 1940’s, was the 

measurement of the solar spectrum in the far ultraviolet, where the 

Earth’s atmosphere is opaque. Figures 14-12 and 14-13 show a recent 

instrument built for the Aerobee-Hi rocket by Perkin-Elmer Corp. More 

advanced units of this type will be used on astronomical satellites 

(OAO’s). No ultraviolet spectrometers are being developed for probe 

flights at present. 

Fig. 14-13. The ultraviolet spectrometer of Fig. 14-12 mounted in an Aerobee-Hi 

nose. (Courtesy of Perkin-Elmer Corp.) 
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Ultraviolet light is readily absorbed by O, Oz, and O3 in an atmosphere. 

A spectrometer on an entry vehicle could measure the densities of these 

and other constituents from their absorption lines and bands in the ultra- 
violet region. A flyby probe carrying an ultraviolet spectrometer could de- 
tect resonance radiation from elements like Ar (1048A), N (1200A), O 
(1215A), and C (1657A). Chemiluminescence and fluorescence in the up- 
per atmosphere of a planet could also be studied. 

The ultraviolet spectrometer of Fig. 14-13 is characteristic of modern 
rocket instruments of this type. It scans the first-order spectrum from 
1750-3200A at 24A/sec and the second-order spectrum from 875-1600A 
at 12A/sec. The Ebert spectrometer configuration is again used because 
of its compact nature. In addition to the analyzer section, the spectrom- 
eter includes an optical pointing system with a photocell connected to 
the attitude-control subsystem. The first-order spectrum is detected by 
a photomultiplier tube, the second-order spectrum by a photocell with 
a copper oxide cathode. Both detectors are located behind the grating in 
Fig. 14-13. The instrument’s mass is approximately 46 kg; this could 
probably be reduced significantly for probe use. 

Polarimeters. It is well known that small particles and gases in the 
Harth’s atmosphere scatter and polarize sunlight. Presumably, the same 
thing happens in the atmospheres of some of the other planets. A probe 
carrying a polarimeter could telemeter data from which particle sizes and 
distribution might be computed. 
A polarimeter would consist simply of a lens, a rotating analyzer (a 

polarizing filter that passes only that light which has its plane of polari- 
zation parallel to that of the filter), filters, and a light detector. Basically 
it is a photometer with an analyzer added. Besides transmitting the 
detector signal back to Earth, the telemetry includes the analyzer angle, 
the identity of the filter used, and the direction of the instrument optical 
axis. There are no space-probe polarimeters under development at 
present. 

14-3, Atmospheric Properties by Sample Analysis 

The space-probe instruments introduced in this section collect samples 
of the unknown atmosphere and measure directly parameters like com- 
position and density. The sampling process logically divides these in- 
struments from those described in the preceding section, which employ 
passive, optical techniques to determine gas properties indirectly from 
electromagnetic emission, scattering, and transmission evidence. Atmos- 
pheric sample collection and analysis is a common terrestrial research 
technique. Thus, it is not surprising to find terrestrial analogs for many 
of the instruments in this class. Modifications have to be made before 
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use in space, of course, but substantial funds of instrument knowhow 
already exist. 

The collection and processing of gas samples almost always necessi- 

tates valves, pumps, and other plumbing fixtures. The disadvantage in 

sampler complexity is counterbalanced by the precision, lack of ambigu- 

ity, and the ability to sample directly at various altitudes. Mass spec- 

trometers and gas chromatographs usually produce electrical signals 

directly, but substitute indicators have to be developed for the common 

volumetric and colorimetric indicators of conventional chemical analysis. 

There are few other generalizations applicable to sampling instruments. 

Their operation depends upon the atomic mass differences, nuclear cross 

sections, varying sorptive properties, and specific chemical characteris- 

tics like those listed in Table 14-4. Other atmospheric constituents, aero- 

sols and other small particles, can be seen by remote microscopy. This 

class of instruments is closely associated with life detection and is cov- 

ered in Chap. 16. 

Mass Spectrometers. Mass spectrometers separate atoms and molecules 

possessing differing masses by applying an equal accelerating force to all. 

As a consequence, the lighter particles acquire more speed in a given time 

and draw away from their heavier companions. The accelerating force 

may either be applied perpendicular to the particles’ direction of motion, 

so that the different masses fan out in a spectrum, or it may be parallel 

causing like particles to clump together, but not alter their direction of 

flight (Fig. 14-14). In all mass spectrometers there is a mass scale, which 
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Fig. 14-14. Transverse electrostatic and magnetic forces cause spatial dispersion ; 
longitudinal forces cause segregation by mass number. 

is usually made directly proportional to mass. Distance and time of ar- 

rival are the mass scales in the simple situations shown in Fig. 14-14. 

The application of equal accelerating forces to the different atoms in 

the sample is easily accomplished by ionizing the particles singly. The 

presence of electrical charge also provides a means of particle flux meas- 

urement. Both electrostatic and magnetic forces, Fe =qQH and Fn = 
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qv x B, are linear in the charge, q, and the applied fields, EH and B. 
Electrostatic and magnetic analysis both imply precollimated beams of 
ions, while magnetic separation has the added condition of equal ion 
velocity. 

From these simple considerations, the major components of a mass 
spectrometer must be: 

1. An ionization mechanism, if the population is not already ionized. 

In this case, we have a neutral gas spectrometer. 

2. Collimators, focusing devices, and velocity filters, as needed by the 

mass-dispersion scheme adopted. 

3. A mass-dispersion mechanism, such as the magnetic and electro- 

static fields just mentioned. More complicated combinations of static 

and time-varying fields are presented later. 

4. An electric current detector to measure the flow of charged particles 

meeting the mass-separation criteria. 

5. Logie circuitry to make time-of-flight measurements, scan spatially 

separated detectors, and synchronize the various parts of the instru- 

ment. 

6. An analog-digital (AD) converter to feed the words in the proper 

format to the communication subsystem. 

All instruments disturb the parameters they measure, and mass spec- 

trometers are no exception. Instrument surfaces, for example, encourage 

ion recombination. A hot filament emitting ionizing electrons may cause 

hot-surface chemical reactions. Filaments are usually located away from 

the main gas stream for this reason. Electrostatic and aerodynamic dis- 

tortions, like those discussed for the H/q plasma probes (Sec. 13-4), 

also apply to the m/q mass spectrometers. 

Five different types of mass spectrometers have been proposed for use 

in satellites and space probes: 

Type 

Simple mass spectrometer 

Double-focusing mass spectrometer 

Quadrupole mass spectrometer 

Time-of-flight mass spectrometer 

Radio-frequency mass spectrometer 

Mass Dispersion Mechanism 

Magnetic field 

Electrostatic energy filter plus mag- 

netic field 

Radio-frequency field superimposed 

on static field (See discussion) 

Time of flight 

Resonant grid structure (See dis- 

cussion) 
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The first two spectrometers listed require the use of magnetic fields 

for ion separation. The strong fields set up throughout the spacecraft by 

such magnetic-dispersion instruments usually preclude their use on space- 

craft carrying magnetometers, a fact implying that they will not be used 

on space probes in the near future. 

The mass spectrometers destined for early probing of other planetary 

atmospheres will be analyzing relatively unknown mixtures of gases. 

Since present spectrographic measurements of the atmospheres of Mars 

and Venus are not viewed with high confidence, probe mass spectrome- 
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Fig. 14-15. Single- and double-focusing magnetic mass spectrometers carried on 
an Aerobee sounding rocket. (Courtesy of the University of Minnesota. (Ref. 

14-25) 
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ters must be built to bracket a wide range of masses and also be capable 

of operating over a broad range of pressures. They will certainly have 

to be more flexible than mass spectrometers used in the relatively well- 

known Earth atmosphere. 

Two instruments designed by the University of Minnesota group for 

the Aerobee series of sounding rockets are typical of the single- and dou- 

ble-focusing mass spectrometers that have been used near the Earth 

(Ref. 14-25). Shown mounted together for redundancy purposes in the 

Aerobee structure (Fig. 14-15), both employ permanent magnets to dis- 

perse ions of different masses laterally into a spectrum. At the same 

time, the magnetic field focuses ions in equal m/q groups through the 

correct exit slits. In both of the spectrometers shown, the neutral gas is 

ionized by electron bombardment and accelerated by grids through the 

entrance slits into the analyzer sections. The analyzer sections are evac- 

uated by a single sputter pump to ensure long mean free paths. After 

the rocket attains an altitude of about 100 km, cutter wheels remove the 

caps covering the recessed ion sources, exposing them directly to the 

space environment. Figure 14-15 shows a single ion collector and ampli- 

fier for each instrument. Spectrum scanning is accomplished by sweep- 

ing the ion accelerator grid voltage from 1000 down to 200 volts every 

two seconds. This corresponds to a mass sweep from 10 to 50 amu. The 

major difference between the two units is seen in the electrostatic ana- 

lyzer used before the magnetic-dispersion stage in the double-focusing 

spectrometer. As mentioned in Sec. 13-4, a curved-plate electrostatic ana- 

lyzer provides both energy filtering and spatial focusing. As a result, the 

double-focusing instrument is more precise; i.e., it has better mass reso- 

lution. 
A double-focusing mass spectrometer for satellite application has been 

designed at the NASA Goddard Space Flight Center (Ref. 14-33). One 

difference between the two double-focusing spectrometers shown in Figs. 

14-15 and 14-16 is in the latter’s use of an exposed rather than a re- 

cessed ion source. More significant, however, is the fixed tuning of the 

second instrument to masses of 4, 14, 16, 18, 28, and 32, corresponding 

to major components of the Harth’s atmosphere, He, N, O, H2O, Ne, and 

Oz. Six separate collectors are connected to a single electrometer tube, 

which is switched from one collector to another every eight seconds. The 

detector circuits can measure currents as low as 10~' amp, or, equiv- 

alently, partial pressures as low as 10-" mm Hg. Fixed tuning provides 

more precision than swept tuning, but it is inflexible and presumes prior 

knowledge of the atmosphere being studied. The mass’ of the instrument 

shown in Fig. 14-16 is approximately 5.5 kg, and it consumes an average 
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Fig. 14-16. A double-focusing mass spectrometer tuned to six mass components 
in the Earth’s atmosphere. (Ref. 14-33) . 

of 20 watts. Early space probes would find the magnetic field objection- 

able and the weight and power requirements high, but double-focusing 

mass spectrometers are hard to surpass for precision. 

Early-flight interest has shifted to the lighter, nonmagnetic instru- 

ments, like the quadrupole, time-of-flight, and radio-frequency mass 

spectrometers. Like the magnetic devices just described, all three are be- 
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ing developed for space use, but have not been used beyond the sound- 
ing-rocket stage yet. 

The quadrupole mass spectrometer, or Paul Massenfilter (after 

W. Paul, Ref. 14-26) has already flown on sounding rockets and prom- 

ises to be a rugged, lightweight piece of equipment (Ref. 14-31). In 

essence, it consists of four parallel, cylindrical electrodes arranged on a 

square pitch (Fig. 14-17). The usual ion source is followed by a grid, 

which accelerates the mixture of ions into the space running lengthwise 

between the four cylinder surfaces. The secret of mass separation is the 

superposition of a radio-frequency field on a steady direct-current field 

between electrodes. Such a combination of fields forces all except a select 

group of ions with a specific m/q ratio into unstable transverse trajec- 

tories, so that they eventually collide with the electrodes and are removed 

from the ion stream. The desired m/q group travels the full length of the 

spectrometer to become the detector current. By varying the DC and RF 

fields, the mass spectrum can be swept. 

F-FILAMENT, G-ACCELERATING GRID, 

C-GROUND PLANE, /-ION INLET PORT 

(DIAMETER =0.081 CM, AREA=5.1X107> CM® ) 

R- ANALYZER RODS, A- ION COLLECTOR 

H-4 BREATHER HOLES (TOTAL AREA=1.3 CM?) 

Fig. 14-17. Schematic of a quadrupole mass spectrometer. (Ref. 14-31) 



408 SCIENTIFIC INSTRUMENTS 

An accurate description of the m/q filtering action calls upon potential 

theory. The potential between the four electrodes, assuming electrodes 

of hyperbolic cross section is: 

Oe eal (2, y, 2,4) = (A + B cos ot) = 

The differential equations of motion for an ion in this space are: 

mit + 2q (A + B cos ot) rom 

: y my — 2q (A + B cos wt) - 7p, = 0 

mé = 0 

where ¢ = potential 

x,y, 2 = Cartesian coordinates, z-axis parallel to the cylinder axes 
t = time 

w = 2m X frequency 

A = the applied D.C. voltage 

B = the amplitude of the superimposed R.F. voltage 

R = one-half the distance between electrode surfaces. 

The approximation of hyperbolic electrodes by circular cylinders is ac- 
ceptable for this instrument. The above equations of motion can be trans- 
formed into Mathieu differential equations: 

Cx : 3 
dp? + (4 +26 cos 2p)x = 0 

2, 

a (a+ 20. cos 2p)y = 0 

where: p = wt/2 

a = 8¢A/mR* 

b = 4qB/mRu* 

Only for certain small ranges of a and b do the equations predict stable 
transverse ion trajectories. For a fixed a/b (note i/o = 2A/B)onlyea 
narrow m/q group can pass down the instrument’s axis without experi- 
encing unstable transverse oscillations and electrode collision. 

Scientists at NASA’s Ames Research Center have estimated that a 
quadrupole mass spectrometer suitable for a deep-space probe could be 
designed at 1.5 kg with an average power drain of 1 watt, assuming 
pulsed operation. Such a mass spectrometer has been proposed in con- 
nection with a curved-plate electrostatic analyzer (Sec. 13-4) to predict 
plasma species as well as energies. A photograph of a quadrupole mass 
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Fig. 14-18. A University of Michigan quadrupole mass spectrometer in a sound- 
ing-rocket configuration. (Courtesy of the University of Michigan) 

spectrometer built and flown in Nike-Cajun sounding rockets is shown 

in Fig. 14-18 (Ref. 14-30). Although no magnetic field forms in this 

type of spectrometer to overwhelm the spacecraft magnetometer, the 

R.F. field must be shielded to preclude disturbing other spacecraft sub- 

systems. 

In a time-of-flight mass spectrometer, neutral gas atoms are first ion- 

ized and then accelerated in discrete groups by a grid structure such as 

that shown in Fig. 14-19. Each ion receives the same kinetic-energy in- 

crement regardless of mass, so that its time of flight, ¢, down a drift tube 

of length Sis: 

ae Siaea 
[2gV/m]” 

The grid structure also helps to focus the ion beam. In the illustrated 
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Fig. 14-19. A time-of-flight mass spectrometer designed for spacecraft use. (Ref. 
14-23) 

Bendix Corporation instrument, the ions impinge on an electron multi- 
pher detector similar to the channel multiplier described in See. 13-3. 
The amplitudes and timing of the signals yield the environmental ion 
densities and identities. 

Superficially, the R.F. mass spectrometer, or Bennett tube, resembles the 
time-of-flight instrument. Ions of different masses are again separated by 
grid-produced, axial electrostatic fields (Fig. 14-20). The important dif- 
ference is the resonant condition set up in the R. F. spectrometer for ion 
groups with the desired m/q. Ions are drawn in from the environment or 
the ion source by a charged grid. A negative, low-frequency sawtooth 

DRAWING-IN GRID 

1ST. RF STAGE 

DRIFT SPACE 

2ND. RF STAGE 

RETARDING GRIDS 

ied iis COLLECTOR 

Fig. 14-20. Sketch of an R.F. mass spectrometer. 



INSTRUMENTS FOR MEASURING PLANETARY ATMOSPHERES 411 

voltage applied to grid #2 in Fig. 14-20 pulls bunches of these ions into 
the first R.F. stage. A R.F. field of several megacycles applied to grid 
#3 imparts kinetic energy to those ions which receive maximum accel- 

eration between grids #2 and #3 and which pass grid #3 at the instant 

of field reversal. Those ions that pass between grids #3 and #4 at the 

proper moment are accelerated down the drift tube. Ion sorting depends 

upon dynamic effects resulting from mass differences. Further filtering 

occurs farther down the tube. Ions are accepted by the second R.F. stage 

only if they take an integral number of cycles to clear the drift tube. 

The retarding grids, #8 and #9, act as another sieve, passing only those 

ions having a fixed m/q. R.F. mass spectrometers easily separate ions 

from 1 to 5 amu and can probably separate the spectrum from 1 to 45 

amu. Instruments like the one just described are being developed for the 

Eccentric Geophysical Observatory (EGO). 

Gas Chromatographs. A gas chromatograph will chemically separate 

and identify many of the different molecules present in an unknown 

planetary atmosphere. The action of this instrument depends upon the 

different adsorptive properties of special, chemically inert substances 

packed in columns in granular, fibrous, and other high-surface-area 

forms. The unknown gas, usually mixed with a carrier gas, is first 

forced into one end of the column. The different chemical species en- 

counter different resistances to their passage as a result of the selective, 

adsorptive qualities of the materials packed in the columns. As a function 

of time, then, the gas component encountering the least resistance will 

emerge from the other end of the column first. A procession of the dif- 

ALTERNATE 

Oo 10 20 TIME, SEC. 30 40 50 

SERIES COLUMN ARRANGEMENT 

Fig. 14-21. Series-column arrangement for a gas chromatograph for the analysis 
of the Martian atmosphere. (JPL drawing) 
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ferent gas constituents will follow, so that a detector sensitive to the 
thermal conductivity or some similar property of the column efflux will 
reveal a spectrum in time like the one shown in Fig. 15-12. Note that the 
order of march depends on adsorptive properties rather than chemical 
activity or physical parameters like mass. The time of emergence implies 
the identity of the component. The area under the detector response curve 
reveals relative concentration. Of course, a spacecraft gas chromatograph 
would first be calibrated in time and amplitude by a known mixture of 
gases resembling that expected at the target planet. 
The gas chromatograph today is a ubiquitous, highly refined industrial 

tool. It is accurate, reliable, versatile, in terms of detectable compounds, 
and possesses a wide dynamic range in terms of concentration. The re- 
sults at a fixed pressure and temperature can be predicted accurately for 
many combinations of column materials and gas samples. Furthermore, 
the basic instrument can also be used to study planetary surface compo- 
sition by analyzing the pyrolized gases from crustal materials. Chemicals 
associated with life are also susceptible to gas chromatography. In this 
section, only atmospheric analysis will be discussed, but chromatographs 
will reappear in Chaps. 15 and 16. 

The gas chromatograph of the terrestrial chemical laboratory must 
obviously be redesigned for space use. It must have the usual qualities 
of low weight, small size, reliability, ruggedness, and low power con- 
sumption. Both the instrument itself and the column materials must be 
sterilizable. The relatively high temperatures typical of gas chromato- 
graph operation, up to 400°K, must be maintained during operation in 
the atmosphere under investigation despite its heat transfer properties. 
If atmosphere analyses are to be made during entry into a planetary at- 
mosphere, chemical determinations must be made within minutes. For- 
tunately, the gas chromatograph can meet all of these requirements. 

In designing a gas chromatograph—say for a Mars probe mission—the 
chromatograph components would be: 

. A gas-sample collector. 

. A gas pump. 

. Enough columns to separate the expected gas components. 
A cycling system to permit several rapid analyses in sequence. 

. A sample of known gases for calibration. 
A detector with an output proportional to the concentration of the 
gas component emerging from the column. 

7. An accurate time scale. 
8. An analog-to-digital converter, 

QArkwnre 

A gas chromatograph proposed by the Jet Propulsion Laboratory for 
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a Mars mission will serve to illustrate typical design problems and their 

solutions. The Martian atmosphere probably contains COs, Ar, Ne, Os, 

and H2O vapor with a total pressure of just a few millibars. This infor- 

mation helps choose the column packing materials. An impact trajectory 

permits only a minute or so for the series of sample runs. Under this 

ground rule, three short runs at different altitudes were proposed for this 

instrument. 

PRESSURE 
REGULATOR 

CARRIER-GAS 
RESERVOIR 

TOGGLE LINK 

COLUMNS 

DETECTOR 

INJECTOR 
VALVE 

DUMMY LOOP 

REFERENCE- 
GAS AMPULE 

(cmmss f SAMPLE LOOP 

SQUIB 
ACTUATOR BELLOWS SEAL 

SQUIB ACTUATORS 

CRITICAL 
ORIFICE 

VENTURI 
ATMOSPHERIC 
GAS PUMP 

EXHAUST SEAL 

Fig. 14-22. Components of a gas chromatograph for the analysis of the Martian 

atmosphere. Column detectors are described in the text. (JPL drawing) 

The JPL instrument (Fig. 14-22) would be quiescent until about two 

hours before planetary encounter. A chemical heat source would then 

bring the instrument up to an operating temperature of 333°K. A known 

gas sample would next calibrate the instrument. Upon entering the Mar- 
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tian atmosphere, a pyrotechnic squib will fire and actuate an injection 

valve. A bellows arrangement closes the inlet valve after a predeter- 

mined amount of gas has been collected. A pressurized, inert carrier gas 

moving past a Venturi throat establishes a pressure differential that pulls 

the gas sample-through the columns. Figure 14-22 indicates the extensive 

plumbing necessary for repeated sample collection and column back- 

SCIENTIFIC INSTRUMENTS 

flushing. 

The four columns and three detectors proposed for the Mars mission 

are shown in a series arrangement in Fig. 14-21. They are described in 

more detail below: 

Component Description Function 

Column A 0.95-cm diameter, 3.8-cm long, Reacts with water va- 

calcium-carbide filled por to generate acety- 

lene. 

Column B 0.16-cem diameter, 244-cm long, Separates sample into 

40% Dow Corning 550 silicone composite peak, COs, 

oil on 70-80 mesh acid, base and acetylene. 

washed and silanized diatoma- 

ceous earth 

Detector 1 Cross-section detector (see later Detectscomposite peak, 

discussion) COs, and acetylene. 

Column C 0.16-cm diameter, 23-cm long, 70- First section delays 

80 mesh, acid, base washed and entry of composite 

silanized diatomaceous earth. peak into molecular 

Plus 0.16-cm-diameter, 23-cm- 

long column with 70-80 mesh 

activated molecular sieve 5A 

sieve 5A column until 

CO, and acetylene are 

detected. Second sec- 

tion separates No from 

Ar aE Oo. 

Detector 2 Cross-section detector Detects No and 

Ar 1 Os. 

Column D 0.16-cm diameter, 23-cm long 70- Delays detection of Oz 

80 mesh, acid, base washed and_ until Ne is detected by 

silanized diatomaceous earth detector 2. 

Detector 3 Electron-capture detector (see Detects Os. 

later discussion ) 

Note that column A is needed to generate acetylene from water vapor, 

which would otherwise have to be retained in the columns for excessive 
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lengths of time in order to be detected. The kind of spectrum expected 
from this gas chromatograph is shown in Fig. 15-12. 

The cross-section detectors listed above are small-volume, ionization- 
cross-section detectors. They are simply small ionization chambers in 
which the gas being sampled is ionized by a radioactive source (say, 
Sr°°). The current measured is a function of the sum of the ionization 
cross sections of the molecules present and thus a measure of the sample 
concentration. 

The electron-capture detector is also an ionization chamber using a ra- 
dioactive source for gas ionization. Its potential, however, is kept just 
sufficient to collect all of the free electrons produced in the carrier gas. 
This type of detector responds only to electronegative gases, like oxygen. 

A complete gas chromatograph spectrum entails the transmission of 

a great deal of information back to Earth. The bandwidth or number of 

bits may be reduced considerably merely by telemetering the timing and 

amplitudes of the peaks, though quantitative precision will naturally be 

lost since the resulting spectral curve is only an approximation. 

JPL has estimated that the mass of the gas chromatograph just de- 

scribed should not exceed 2.2 kg and will draw no more than 4 watts 

during its three cycles of operation. 

Simple-Composition Instruments. The mass spectrometers and gas 

chromatograph just presented are spectral instruments; that is, they 

analyze wide ranges of molecular masses and chemical species. Per- 

formance like this almost invariably leads to instrument complexity 

(Figs. 14-16 and 14-22). The so-called simple-composition instruments 

form a class of less complex but more restricted instruments for plane- 

tary atmospheric measurements. The classifying properties of simplicity 

and the ability to analyze the composition of a gas can conceivably in- 

clude a great variety of instruments; however, only a few are under 

active consideration and only the following two are treated here: 

The Rutherford experiment 

Kryptonate analyzers 

The Rutherford experiment detects nitrogen-14, the major isotope of 

nitrogen expected in planetary atmospheres, by observing the protons 

created by alpha particle bombardment (Ref. 14-22). The Rutherford 

reaction, first observed by E. Rutherford in 1919, is: 

7A ene Oa FY 

Since other atmospheric isotopes, like C1!#, 018, and Ar?®, are stable under 

bombardment by alphas in the 6-Mev range, a Rutherford (a, p) experi- 

ment would be specific for N'*. The experiment would consist of an 
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alpha source, say Cm?4? emitting 6.1-Mev alphas, and a counter sensi- 

tive to protons between 2 and 4 Mev (Fig. 14-23). Tests at JPL, where 

such an instrument is being studied, show characteristic proton energy 

spectra that, in the case of the Earth’s atmosphere, yielded 80 + 2% 

for the percentage of No. 

(a, p) ALPHAS 
REACTION 

PLANETARY 
ATMOSPHERE 

SCATTERING 
REACTION 

PROTON 
DETECTOR ALPHA 

DETECTOR 

Cm*** ALPHA SOURCE 

Fig. 14-23. Possible experiment configuration for the Rutherford experiment 
used to detect the presence of simple gases. (Ref. 15-2) 

A detector to count scattered alpha particles can logically be included 

with the N!4 analyzer. If an alpha source and an alpha detector are ar- 

ranged as shown in Fig. 14-23, the concentrations of C?” (presumably 

in COs) and Ar*® can be measured simultaneously with the (a, 7) 

determination of N14. 

Coulomb back-scattering at 180° (also called Rutherford scattering) 

is described by the following equation: 

A-— 4" 

where FE, = the energy of the back-scattered alpha 

Ey = the initial energy of the alpha 

A = the mass number of the target nucleus. 

By setting the instrument’s electronics to discriminate four alpha energy 

levels, C1? and Ar? can be analyzed and redundant N™ and O1* measure- 

ments made. The Rutherford experiment is similar in concept to the one 

proposed for crustal analysis from the Surveyor lunar soft landing vehicle 

by A. Turkevich at the University of Chicago (See Sec. 15-3). The 

Surveyor alpha-scattering experiment will be seen to be much farther 

along in development. 

The kryptonate simple-composition detector works on an entirely dif- 

ferent principle, but again it is simple and specific in its analyzing 

capabilities. Kryptonates are materials in which krypton has been stably 
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incorporated by electrostatic bombardment or perfusion at high tempera- 

tures and pressures (Ref. 14-9). If the krypton trapped in a solid is 

radioactive Kr®> (half life = 10.4 years, 0.67-Mev betas), a radiation 

detector will give a reading proportional to the amount of solid present, 

assuming a uniform distribution of Kr%>. If the constituents of the 

planetary atmosphere under investigation react with the surface of the 

kryptonated solid and release the bound Kr*®, the rate of reduction in the 

radiation level will be a measure of the reaction rate. Reaction rates are 

highly specific for different combinations of gas and solid. Gases like 

ozone, sulfur dioxide, hydrogen sulfide, and water vapor have been ana- 

lyzed terrestrially by such methods. Of course, reaction rates also vary 

with temperature and pressure, but presumably these data would be 

known from associated experiments. Kryptonate analyzers are under 

study by JPL, Parametrics, Inc., and other organizations. 

A third simple-composition under active development employs chemi- 

luminescence to indicate the presence of specific atmospheric constituents. 

Ram Spectrometers. When a spacecraft enters a planetary atmosphere 

without rocket braking, speeds are so great that an incandescent layer 

of gases, at temperatures as high as 7000°K, forms around the nose 

cone. The radiation emitted from the hot gas can be analyzed by a 

spacecraft ram spectrometer to reveal the atmospheric composition. Since 

atmospheric samples are collected and processed, in a sense, this instru- 

ment is introduced here rather than placed along with the passive optical 

instruments in Sec. 14-2. 

NASA’s Ames Research Center has proposed a ram spectrometer for 

Martian entry vehicles. Terrestrial experiments using small models 

launched by light gas guns in test atmospheres containing CO, and Ne 

revealed strong cyanogen (CN) bands. Numerous other bands, indicative 

of NO, Cs, H2O, and other compounds, could also be detected with this 

kind of spectral analysis. The ram spectrometer would be a logical 

experiment to carry aboard experimental entry vehicles like the drag 

bodies covered in Sec. 14-6. The spectroscopic experiments described 

above could also be carried out by a landing vehicle using a small heat 

source, in the manner of conventional spectroscopy. 

Alpha and Gamma Densitometers. The fraction of radiation back- 

scattered from a gas being bombarded with particles and photons from 

a radioactive source is proportional to the total scattering cross section 

of the gas. Scattering cross sections vary from element to element, so 

that a knowledge of atmospheric composition is necessary before data 

from nuclear back-scatter densitometers can be properly interpreted. 

Back-scatter data from the alpha-scattering experiment in the Ruther- 

ford simple-composition detector would suffice for crude density calcula- 
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tions. An alpha densitometer would have a component arrangement 

similar to that shown in Fig. 14-23. Gamma back-scattering might also 

be used, but gamma rays are much more penetrating than alpha particles, 

and signals would be weaker. Generally, the embryonic research programs 

existing in this area favor alpha scattering. 

Acoustic Transmission Line. (Speed-of-Sound Experiments). If the 

speed of sound can be measured in a gas sample at a known temperature, 

7 (see Fig. 14-24), the mean molecular weight, M, the density, p, 

TRANSDUCER 

GENERATOR 
4KC 

TEST: TUBE 

MICRO- 
PHONE 1 

AMPLIFIER 

MICRO- 
PHONE 2 

AMPLIFIER 

AMPLITUDE PHASE 
COMPARATOR COMPARATOR 

(pc) (¢) 

Fig. 14-24. Block diagram for an atmospheric speed-of-sound experiment. (Ref. 
14-16) 

and the mean specific heat ratio, y = cp/Cy, can be determined (Ref. 

14-15). The pertinent equation is: 

C? = ¥RT/M 

where C = the velocity of sound in the gas (m/sec) 

R = the Universal Gas Constant = 8.31 joules/°K-mole. 

In an actual experiment, the unknown atmosphere would be brought 

into a long, spirally coiled tube (Fig. 14-25). The ratio 7/M would be 

determined by measuring C in the thermostatically controlled transmission 

line. Next, the acoustical impedance, Z = pC, would be determined in the 

same apparatus to fix the density, p, at the tube temperature. A knowledge 

of the ambient temperature—say, from a resistance thermometer—would 

yield ambient density by inverse sealing. Finally, with density and tem- 

perature known, the ideal gas law gives the mean molecular mass, if 

ambient pressure is known from other instruments: 

M = pRT/P. 
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A speed-of-sound experiment for use on the surface of Mars has been 

proposed by NASA’s Goddard Space Flight Center. A spiral tube one 

meter long with an inner diameter of 0.5 cm admits the atmosphere and 

raises it to the controlled temperature, 7 (Figs. 14-24 and 14-25). At one 

Fig. 14-25. Laboratory speed-of-sound instrument. (NASA photograph) 

end of the tube, an acoustic generator produces sound energy at approxi- 

mately 4000 cycles. Two identical condenser microphones are mounted 

on the tube wall, separated by approximately nine wavelengths. The tube 

itself is terminated by a damping material to preclude the formation 

of standing waves. 

The phase shift of the sound waves, as measured by the two micro- 

phones and phase comparator, is a function of the wavelength only. Since 

C' = frequency X wavelength, the speed of sound can be computed. The 

acoustic impedance can be measured by the same microphones. The me- 

chanical and acoustical impedances of the sound generator can be selected 

so that the velocity of the diaphragm is practically independent of the 

acoustic radiation impedance of the tube. The sound pressure in the tube, 

as recorded by the microphones, is then proportional to the acoustic 

impedance of the gas. In this way, assuming that data on ambient pres- 
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sure and temperature are available from other experiments, a speed-of- 

sound experiment can measure density and mean molecular weight. 

14-4. Ionospheric Instruments 

The structures and compositions of planetary ionospheres not only 

reveal the chemical and physical processes occurring under the stimulation 

of solar radiation but also provide significant information on the neutral 

compositions of the atmospheres. Historically, the neutral composition 

and dynamics of the Earth’s upper atmosphere were first inferred from 

ionospheric electromagnetic soundings. The ionospheres of the other 

planets should be no less revealing. 

Ionospheric instruments, with the exception of the Langmuir and cer- 

tain other probes, rely upon electromagnetic apparatus. While the neutral 

atmosphere and, to a lesser extent, the ionospheres can be analyzed by 

observing the effects on electromagnetic radiation generated by the Sun 

and planets, artificial radio sources on the space probes or back on Earth 

form the foundation of ionospheric research. Transmitters and receivers 

must be immersed in, placed beneath, and carried around behind the 

ionospheres, because no satisfactory natural sources of radiowaves exist 

in these locations. 

The Langmuir probe and some specific ionospheric experiments that 

have been suggested will now be discussed. 

Langmuir Probe. This instrument consists of a small cylindrical rod 

(probe) projecting from and insulated from the spacecraft skin. When 

a signal with alternating polarity is applied between the probe and the 

skin, electrons and ions in the ionosphere will flow and be collected. The 

volt-ampere characteristics of the Langmuir probe in the presence of the 

plasma reveal both electron density and electron temperature. Typical 

mass: 1.3 kg. Power consumption: 3 watts. (See Sec. 13.4 for other plasma 
probes. ) 

Bottomside Sounders. The classical terrestrial ionospheric experiments 

began with skyward-poiuting, ground-based transmitters, or, as they are 

now rather facetiously called, bottomside sounders. When a beam of radio 

waves 1s projected upwards, it encounters a region of high electron density 

and is refracted. At some critical combination of charge density (104 

to 10° electrons/em* in the Earth’s ionosphere) and frequency (1 to 

10 Mc) the beam is refracted 180° (reflection) and an echo is observed. 

By sweeping the frequency band, the ionospheric electron density can be 

plotted. The altitude of reflection can be introduced by pulsing the trans- 
mitter and timing the echos. A miniaturized sounder of this type for use 
on a Mars lander would probably have a mass around 25 ke and draw 
25 watts of power when in use. Obviously, bottomside sounders are 
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heavy and represent substantial power sinks. For this reason, they do 

not enjoy a high priority on landing-vehicle instrument lists. 

Topside Sounders. Electromagnetic soundings by flyby probes will al- 

most certainly precede ionospheric experiments from landers. The Mariner 

class of probes, in fact, could carry such equipment. 

A topside sounder would probably consist of a single dipole antenna 

that would beam radio energy at the target planet during the brief 

period of encounter. Flattau and Donegan have published the following 

specifications for such an instrument: 

TABLE 14-5. CHARACTERISTICS OF A PLANETARY-PROBE TOPSIDE SOUNDER*™ 

Signal Power at 
Sounding Radiated Generated R.F. Receiver Terminals 

Planet Freq.(Mc) Power (watts) Power (watts) Maz. (dbm) Maz. (dbm) 

Mars 1.0 20.0 224.00 —98.7 —73.2 
2.0 16.0 35.0 —98.7 —73.2 
5.0 Pg 15.5 —105.7 —79.9 

Venus 4.5 4.5 79 —105.7 —81.6 
6.0 40 5.6 —107.7 —83.6 
9.0 3.6 45 —111.2 —87.1 

Maximum sounding range: 40,000 km 

Minimum sounding range: 8,000 km 

Sounding duration: Three frequencies sequenced, 8-see sounding time 
at each frequency 

Receiver: Superheterodyne with one stage of tuned R.F. 
amplification 

Mass: 11.6 ke 

Power Consumption: Transmitter power supplied by separate battery. 
One watt from spacecraft power supply contin- 

uously. 

* Ref. 14-138. 

Bistatic Radar. A bistatic radar system (one which places a separate 

receiver near the target) promises to produce much the same kind of 

ionospheric data as the topside sounder, without the necessity of carrying 

a transmitter on the probe itself. In such an experiment, a powerful 

(~1 Mw), Earth-based radar transmitter sends pulses of electromag- 

netic energy toward the target planet. A spacecraft near the planet re- 

ceives two signals: a direct signal from the transmitter and one refracted 

through the planetary ionosphere and therefore delayed in time. The 

probe needs only to compute the time delay and telemeter this informa- 

tion back to Earth, where electron-density calculations can be made. A 

practical study of another planet’s ionosphere would entail the use of a 
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whole range of frequencies. The approximate mass of the probe portion of 

a bistatic radar system would be 2 to 3 kg, with a power requirement 

of 2' watts. An added benefit of the bistatic radar is its ability to make 

planetary-terrain studies with higher frequencies as well as the radio- 

propagation experiments mentioned in Chapter 13. 

Limb-Diffraction Experiments. When a circular disk is illuminated by 

electromagnetic waves from a distant source, a detector placed behind 

the disk will record the classical Fresnel-diffraction pattern. Surprisingly, 

Fresnel diffraction results in a bright spot at the center of the circular 

shadow. In laboratory experiments the bright spot, which is almost as 

bright as if no disk were there, is surrounded by a series of light and 

dark rings (Ref. 14-20). Radio waves emanating from a powerful trans- 

mitter on the Earth and a planet with a probe-based receiver behind it 

take the place of the usual laboratory light source, penny, and screen. 

The probe passing through the planet’s shadow will be able to discern 

the Fresnel pattern as fluctuations in the signal strength of the Earth- 

based transmitter, though the pattern will probably not be sharp enough 

to show the central bright spot. Such a diffraction pattern would exist 

in the absence of a planetary atmosphere. If, however, the planet is sur- 

rounded by an atmosphere, the radio waves will also be refracted and 

distortion of the Fresnel pattern will result. In effect, the Fresnel rings 

will be stretched, because the radio waves will be bent away from the 

planet by electrons in its ionosphere. The amount of stretch in the diffrac- 

tion pattern at various frequencies can be related tu ionospheric and 

atmospheric properties. The limb-diffraction technique is so sensitive that 

the radio-propagation experiment on the Pioneer-6 deep-space probe is 

expected to detect the Moon’s residual atmosphere as it passes behind 

the disk. A similar experiment was carried on Mariner 4. 

Eshelman and Fjeldbo, at Stanford University, proposed a Martian 

limb-diffraction experiment for the now-canceled 1966 Mariner flyby. 

One goal of the experiment would have been the measurement of the 

stretching of the Fresnel diffraction pattern at the 2300-Mc frequency of 

the communication subsystem. The spacecraft portion of the experiment 

would have consisted of a receiver tuned to the Earth-based transmitter. 

The spacecraft would have digitized and telemetered the fluctuations back 

to Earth. No mass and power-consumption data are available, but they 

should be similar to those given for the bistatic radar probe receiver. 

Sferics Detector. A very simple, broad-band receiver with a whip an- 

tenna could monitor sferics caused by electrical discharges (from light- 

ning) in an atmosphere. Such an instrument would record the number 

and intensities of the discharges. This is a low priority experiment, how- 

ever. Estimated mass: 1.5 kg. Power consumption: 2 watts. 
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14-5. Meteorological Instruments 

Even though the gross features of the other planetary atmospheres 

are still being debated, speculation concerning meteorological instru- 

ments to measure temperature, pressure, and wind velocity and direction 

are not entirely frivolous. In general, the most rugged and reliable 

instruments would be counterparts of those that have been developed 

for remote weather stations on Earth. Probe instruments, as always, 

should provide electrical and, if possible, digital signals. No meteorolog- 

ical instruments specifically tailored for planetary landings are being 

developed, but the characteristics shown in Table 14-6 should be rep- 

resentative. 

14-6. Atmospheric Properties 

from Drag-Body Experiments 

The next logical step beyond the simple planetary flyby probe is the 

atmospheric entry vehicle launched from a flyby probe. Such a vehicle 

would descend ballistically through the planet’s atmosphere, making 

measurements until the moment it is destroyed by surface impact. Meas- 

ured data would be radioed back to the parent probe during descent for 

retransmission to Earth. 

In the short transit time through the atmosphere (just a minute or so 

in the case of Mars) a surprisingly rich harvest of information may be 

gathered. The ram spectrometer described in Sec. 14-3 represents one 

type of instrument that might be carried. Static- and ram-pressure gauges 

and temperature-indicating instruments similar to those introduced earlier 

in this chapter are also possibilities. In this section, the dynamic prop- 

erties of the entry vehicles and the derivation of atmospheric informa- 

tion from their motions will be covered. 

The most obvious dynamic effect is that of drag due to atmospheric 

resistance—thus the term “drag body” (Ref. 14-32). The instantaneous 

acceleration is a measure of atmospheric density: 

CopV7A dV SD pe 
2 dt 

_ 2dV/dt 

°= VCpA/m 
where Cp = the drag coefficient 

p = atmospheric density 

V = entry-vehicle velocity 

A = area 

m = entry-vehicle mass 

t = time. 
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The parameters Cp, A, and m will be known beforehand. The decelera- 

tion, —dV/dt, can be measured by accelerometers within the drag body 

and telemetered back to the parent probe. V in the density equation 

V 
would be obtained by integration: V=V, err dt, where V, is the 

calculable entry velocity of the drag body. 

As drag body encounters the atmosphere, it will begin to oscillate 

(pitch and yaw) with a frequency, f. The measurement of f by onboard 

gyroscopes leads to a knowledge of the specific heat ratio, y, where 

yY = Cp/Cy (Ref. 14-32). This oscillation frequency would be the same 

in all noble gases. In fact, it would be the same for all gases with equal 

specific-heat ratios. The fact that the frequency of oscillation is a sensi- 

tive function of y makes it possible to confirm or refute hypothesized 

planetary-atmosphere gas mixtures by comparing their calculated specific- 

heat ratios with those measured by drag bodies. 

NASA engineers have proposed both blunt, nearly spherical bodies and 

slender cylindrical shapes for the experiments described above. The 

blunt body suffers from communication blackout, due to the formation of 

a ram-heated plasma sheath during part of its descent. Data in this 

case would have to be stored and transmitted during the few seconds 

after the sheath disappears as the probe slows down in the lower atmos- 

phere, and before the transmitter is destroyed at impact. The slender 

TELEMETRY TRANSMITTER QUARTZ SEPARATOR 

GAGE ELECTRONICS ACCELEROMETERS 

RAM-PRESSURE GAGES STATIC-PRESSURE PLENUM 

STATIC-PRESSURE 
GAGES 

RAM TUBE 

HEAT SHIELD \< 

eT EN SAI 
SITS 

TELEMETRY ELECTRONICS aN 

BATTERIES ULTRAVIOLET 
PHOTOMETERS 

ULTRAVIOLET MAIN 
CONVERTER ULTRAVIOLET 

PHOTOME TERS 
LENGTH~1M 

AMPLIFIER DIAMETER~13 CM 
HIGH-VOLTAGE 

POWER 

Fig. 14-26. Sketch of a slender, cylindrical drag body for entry experiment in 

the Martian atmosphere. (NASA drawing) 
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vehicle does not have the communication problem, but it is more sensitive 

to perturbing forces. A sketch of the slender cylinder type of drag body 

proposed by Goddard Space Flight Ceater for the 1966 Mars flyby is 

shown in Fig. 14-26 as representative. This drag body would have a mass 

of around 14 kg, exclusive of the separation mechanism and any momen- 

tum equalizer projected in the other direction during launching from the 

parent probe. Battery-supplied power would amount to roughly 24 watts 

during the 60-sec penetration of the Martian atmosphere. The total 

amount of data that would be transmitted would be 60,000 bits for all of 

the experiments shown in Fig. 14-26. 

Analysis of data from all experiments should yield: 

1. Ambient pressure as a function of altitude. 

2. Ambient atmospheric density as a function of altitude. 

3. The ratio of specific heats as a function of altitude. 

4. Ambient temperature as a function of altitude. 



Chapter 15 

INSTRUMENTS FOR ANALYZING 

Ae NE ee GR Sus 

15-1. Prologue 

Many of the atmospheric instruments described in the preceding chapter 

may also be used for crustal analysis after obvious modifications. Some, 

like the gas chromatograph, merely require that gases be driven from 

the solid sample collected from the planet’s crust. Others, like the alpha- 

scattering experiment, need only be set down facing the crust instead of 

the atmosphere. The atmospheric- and crustal-instrument lists were com- 

pared in Table 14-1, page 382, to accentuate the similarities. The greatest 

divergence appears when macroscopic planetary phenomena, like weather 

and geological structure, are being probed. Instruments that measure 

microscopic properties—i.e., composition and density—have a great deal 

in common. 
Extraterrestrial geology should not differ too much from terrestrial 

geology; therefore, the scientific questions to be asked follow familiar 

lines. The geologist would first like to know the target planet’s surface 

features, texture, composition, and density. The physics-oriented instru- 

ments provide atomic and, by inference, molecular abundances in addi- 

tion to the density. They reveal little, however, about rock structure and 

the identities of the complex minerals. The petrographic microscope 

will actually reveal more of a rock’s gross features, such as grain size 

and erystal class, which are commonly used in field identification. For 

a thorough mineral study, the best instrument is an experienced geologist 

with a few simple tools. The same comment applies to structural geology. 

Seismometers, television, and the other instruments in Table 14-1 can 

only make scoping studies of a planet’s surface. Such instruments sup- 

427 
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plement the physics data with measurements of seismicity, geological age, 

engineering properties (hardness), and the surface structure within TV 

range. Radars can make planet-wide relief studies. Finaliy, geodetic 

satellites can grasp the over-all planetary shape, mass distribution, and 

elasticity. But none can really replace a trained, on-site geologist. 

What is the state of development for crustal instruments? Somewhat 

surprisingly, their general development is farther advanced than it is 

for their atmospheric counterparts, even though planetary landings will 

lag flybys by more than ten years. Part of the reason for this disparity 

is found in the advanced state of geophysical-instrument development 

for prospecting purposes. More important, though, is the strong current 

of fallout stemming from the intensive lunar program (Ranger and 

Surveyor). As the individual instruments are depicted, the extent of 

these benefits will become more obvious. 

15-2. Surface Properties by Remote Analysis 

of Electromagnetic Radiation 

One way to study a planetary surface without troublesome sampling 

is through analysis of the electromagnetic radiation it emits and reflects. 

Such analysis can be done remotely, even from a flyby spacecraft or 

orbiter. This convenience over direct sampling is counterbalanced, how- 

ever, by the lesser amount of information acquired and the greater 

difficulty in its interpretation. A perusal of Table 15-1 shows that these 

“remote” surface experiments fall into three categories: 

1. Infrared spectroscopy and photometry of the surface, using naturally 

emitted and reflected light. 

2. Television and photography of the surface, using naturally reflected 

visible light and emitted infrared radiation. 

3. Radar, to make topographic and electrical measurements of the 

surface with artificially created microwaves. 

Electromagnetic experiments, as one might expect, closely parallel the 

atmospheric radiation analyses of Chap. 14. The wavelengths used must, 

of course, be different in order to penetrate readily. the atmospheric 

absorption windows and the ionosphere. 

Since remote surface analysis by flybys may precede lander experi- 

ments by ten years, the development of appropriate electromagnetic 

instruments is being pushed rapidly. Still, in many respects they lag 

behind the surface-sampling instruments that have borrowed heavily 

from the Ranger and Surveyor programs. 

Infrared Spectrometers and Photometers. Spectrometry and photometry 

in the infrared have important applications in the remote measurement 
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of surface temperature, surface mineral composition, and the location 

of coexisting water-vapor concentrations and surface warmth that might 

indicate surface water and perhaps even life (microenvironments). The 

use of the infrared instruments in atmospheric study were introduced in 

Chap. 14, along with the basic operating principles of spectrometers and 

photometers. This general background will not be repeated here. 

A three-channel, planet-mapping, infrared spectrophotometer has been 

proposed by the University of California group for an early Mars flyby 

or orbiter. The photometer channels are at: 

1. 2.4u, just outside the water-vapor absorption band. 

2. The 2.6» water-vapor absorption band. 

3. The 8-12, thermal emission band of the Martian surface. 

The visible portion of the spectrum is also monitored. The mapping of 

the Martian surface through these radiation channels offers the following 

intriguing possibilities: 

1. The detection of microenvironments possibly conducive to life, where 

temperatures and water-vapor pressures are high. The intereompari- 

son of channels 1 and 2 with the visible spectrum could lead to 

inference of the water-vapor partial pressure. Since surface changes 

in reflectivity with wavelength might produce the same effects as the 

presence of water vapor, results would have to be interpreted with 

great care. 

2. The resolution of Martian surface relief (invisible from Earth) by 

comparing the thermal and visible photometer maps. The different 

insolation of slopes should force them to stand out as cooler areas, 

if there is no concurrent change in absorption and emissivity. It is 

possible that ozone, if present in the upper atmosphere, might hamper 

absolute temperature measurements with its strong 9.6. absorption 

band. 

The Mars-scanner spectrophotometer is mounted on the flyby or orbiter 

vehicle’s planetary-scanning platform, so that several strips a few hun- 

dred kilometers wide on the Martian surface will be mapped. Infrared 

radiation is collected by the 15-cm-diameter Cassegrain mirror shown in 

Fig. 15-1. Ultimately the light beam is split three times by dichroic mir- 

rors (see Fig. 15-2). Filters are inserted in all channels. The two channels 

near the water-vapor-absorption band at 2.6» will be separated by inter- 

ference filters before their detection by lead-sulfide photoconductors. A 

thermistor is proposed for the 8-12» thermal radiation channel. The re- 

flected visible light that is collected will be monitored by a photodiode. 

Mass and power requirements are difficult to estimate for an instrument 
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Fig. 15-1. Optical schematic for the Mars scanner, a three-channel radiometer. 
(TE Company drawing) 

in the conceptual stage, but they should fall below 5 kg and 10 watts 

respectively. 

Mapping always generates abundant data. Depending upon the number 

of digital-signal levels established for each channel, three surface scans, 

CONDENSER —— 
PAIR AND FILTER te 

THERMISTOR 
(THERMAL CHANNEL) 
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(VISIBLE CHANNEL) 

DICHROIC MIRROR 

FILTER 

A. 
WW 

INCIDENT RADIATION PbS CELLS 
(WATER-VAPOR CHANNEL) 

Fig. 15-2. Optical schematic for the image separator portion of the Mars scan- 
ner. (TE Company drawing) 
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corresponding to about 20 min of operation, would accumulate between 

10° and 10° bits. Storage-space and transmission-time limitations militate 

for the lower value. 

In contrast to the relative simplicity of the three-channel, infrared 

photometer, Lyon and Burns have suggested a rather sophisticated in- 

frared spectrometer for remote mineral analysis (Refs. 15-6, 15-7, and 

15-20). Complexity arises from the need to measure carefully the spec- 

trum of surface emitted radiation with high resolution. Such technical 

effort would be well worthwhile, since surface composition could be 

determined on early flybys and orbiters instead of the much later landers 

using surface-sampling instruments. 

The physical basis for remote compositional mapping by emitted in- 

frared radiation is found in the emission process itself. The oscillation 

of atoms in the solid, a temperature-dependent activity, is the source of 

electromagnetic radiation. Chemical forces binding the atoms within the 

solid do not permit the unrestricted motion of such atoms, however. 

The oscillations are frequency-dependent, giving rise to a varying emis- 

sivity curve with occasional abrupt valleys (Fig. 15-3). Such emission 
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Fig. 15-3. Infrared emission curves for several minerals as functions of wave- 
length. (Ref. 15-6) 
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curves are characteristic and may be used for mineral identification, 

much as the gamma-ray spectrum from neutron-activated samples finger- 

prints individual isotopes (Sec. 15-3). Libraries of characteristic infrared 

spectra are available for mineral identification. The characteristic emis- 

sion curves of planet surfaces are best measured in the infrared portion 

of the spectrum, where the amount of energy radiated naturally per 

wavelength interval is high. 

The spectra in Fig. 15-3 would vary for the same materials with differ- 

ent degrees of fragmentation. Finely powdered substances (diameters less 

than 100.) diffuse the emitted light, reflecting it back and forth until 

the characteristic spectral structure is wiped out and the blackbody 

curve is approached. In the case of planets with atmospheres, like Mars 

and Venus, fragmentation from micrometeoroid and plasma bombard- 

ment should not be as great as it might be on the airless Moon. Aeolian 

fragmentation may be important on Mars. 

An infrared spectrometer suitable for orbital and flyby analyses was 

described in Sec. 14-2 and diagramed in Fig. 14-19, page 410. Such an 

instrument could also be turned to mineral analysis. Important features 

of instrument adaptation would include: 

1. High areal resolution, hopefully finer than 2 km?. 

2. Continuous spectral measurement with a resolution of around 0.1z. 

3. Infrared detectors that do not require large quantities of eryogenic 

cooling fluid. 

As a footnote, we should observe that we must either know that the 

planet’s atmosphere possesses no strong infrared absorption regions 

(especially the ozone bands) or know the atmosphere well enough to 

make corrections to the observed spectrum. 

Perhaps the greatest challenges proffered the instrument designer are 

the high areal and wavelength resolutions essential for accurate mineral 

identification. The higher the resolution in both of these dimensions, the 

less the amount of light received by the detector. Thus, we have a 

tradeoff between the light-gathering power of the optics and resolving 

power. Light-gathering ability depends on mirror area and is strongly 

linked to instrument weight. 

No detailed designs for spacecraft mineral spectrometers exist, but 

the instrument mass and power consumption should not be far different 

from those of the infrared spectrometers detailed in Sec. 14-2. Pertinent 

to the development problem is the fact that several lightweight rocket 

and satellite infrared spectrometers already exist; viz., the Perkin-Elmer 

SG-4. One or more of these may be adaptable to remote mineralogy. 

Infrared spectrometers and photometers can always give scientists a 
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fairly accurate idea of surface temperature. For an ideal blackbody, 
Wien’s Displacement Law, Amax * T = 2.897 x 10° mp-°K, will yield 
temperature if the peak of the spectrum, Amax, can be discerned. Nat- 

urally, corrections have to be made since no body is perfectly black. 

Television and Photography. Despite their scientific importance, spec- 

trometers do not have the subjective appeal of a photograph or tele- 

vision image of a scene from a distant planet. Discounting the emotional 

value of imaging devices, few can deny that they also produce geological, 

biological, and engineering data of great significance to space flight. 

Within the scope of the present chapter, no other instrument can as 

easily resolve surface texture, topology, geological history, and even 

mineral forms. True, only external structure is revealed, but the use 

of filters can significantly increase the data returned by providing 

limited spectral variations. It is not surprising, then, to find television 

and photographic experiments proposed for most flyby probes and planet 

landers. 

Planetary imaging devices all anticipate the ultimate use of television 

techniques. Film photography and subsequent recovery have been suc- 

cessful in satellite technology, but cannot be contemplated for many 

years with deep-space probes. Therefore, data must be returned via 

electromagnetic waves. 

Film, with its high resolution and long image-retention properties, 

is easily scanned remotely. It deserves a more important place in planetary 

research than it enjoys. Its long-retention-time feature is especially 

valuable where images must be stored and transmitted slowly back to 

Earth over bandwidth-limited communication systems. The familiar, real- 

time television camera, recording perhaps 10% bits/sec, can be used on 

nearby satellites, but not with a 10-bit/see channel from Mars. The flood 

of data has to be slowed by image storage on the spacecraft, perhaps with 

film or magnetic tape film. 

Imaging may be carried out in any portion of the spectrum. In fact, 

the three-channel, infrared Mars scanner mentioned earlier is a crude 

imager. Films with various spectral sensitivities are obvious possibilities. 

Vidicons with interchangeable filters also perform a spectrum selection 

function. Generally, though, fine imaging is done in the visible—perhaps 

because the results will have more subjective value—with color filters 

used to increase the scientific value of the pictures. No doubt, stereo- 

scopic imaging will be undertaken soon, because of its value in topo- 

graphic work. 

The principal electro-optical device in space reseatch is the vidicon, 

a lightweight, rugged instrument with practical image-retention times of 

up to 30 sec. Referring to Fig. 15-4, the vidicon sensor consists of a 
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transparent faceplate coated with a transparent conducting layer. The 

final piece to the sandwich is a layer of photoconductive material 

like antimony sulfide oxysulfide, an RCA development. Initially an 

electron beam deposits a layer of negative charge on the rear surface 

of the photoconductor, making in effect a charged capacitor, with the 

photoconductive material as the dielectric. When the instrument shutter 

is opened and the image focused on the photoconductor, the lighted areas 

become conducting and the deposited charge flows across to the conduct- 

ing film. The shutter is then closed and the image is stored as a nega- 

tive pattern of residual electron density on the rear of the photoconduc- 

tor. Lateral charge movement and consequent blurring of the image is 

prevented by the good insulating properties of the dark photoconductor. 

The vidicon image is read off the photoconductor surface by a slow- 

scanning electron beam. The beam current will be highest at the light 

areas, where electrons were drained off by conduction. The resulting 

analog signal, in the case of planetary space probes, is usually sent to 

an analog-digital converter. The final step in the vidicon cycle is the 

erasure of any remnants of the preceding image and the repriming of 

the photoconductor surface with a new charge layer. 

A vidicon includes many auxiliaries. Indeed, the lenses, shutters, elec- 

tron guns, and control circuitry are far more complex than the basic 

sensor itself. The full scope of a planetary television camera can be 

appreciated by a review of the block diagram of the Mariner-4 TV 

experiment (Fig. 15-5). 

Fig. 15-6. The Mariner-4 television-camera head. (Courtesy of the Jet Propul- 

sion Laboratory) 
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The major objective of the Mariner-4 flyby experiment was the ac- 

quisition of at least twenty pictures of the Martian surface taken through 

alternate red and green filters. The picture raster consisted of 200 lines, 

with 200 elements per line, and 64 levels of quantization per element. 

A complete picture then comprises 200 x 200 x 6 = 240,000 bits plus 

line-and-frame encoding. Based on a 19,000-km miss distance, instru- 

ment resolution was 2.5 km (more than an order of magnitude better 

than can be done from Earth), covering an area of 350 x 350 km. An 

f/8 Cassegrain mirror with a focal length of 30.5 em and a shutter-filter 

combination preceded the vidicon sensor. The exposure time was variable 

from 0.1 to 0.5 sec. The field of view was 1.05 x 1.05 degrees. The vidicon 

itself used an electrostatic scanning system rather than the heavier 

magnetic type. A 0.56 x 0.56-cm square raster was scanned on the 

selenium-compound photoconductive target. The entire image was read 

out in 24 sec, digitized, and stored for slow transmission back to Earth. 

A complete 72-sec picture cycle consisted of two pictures through dif- 

ferent filters plus a blank frame. A photograph of the camera head is 

given in Fig. 15-6. The mass and the average power requirement were 

about 6.3 kg and 9 watts respectively. 

TRANSPARENT FACEPLATE 

FILTERS, 
ee 

CONDUCTIVE, TRANSPARENT COATING 

PHOTOCONDUCTOR 

ELECTRON BEAM 

OBJECT 

COLMA. TPL 
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SSSASSSSSASASSY 

ELECTRON GUN 

SIGNAL 

Fig. 15-4. Schematic of a vidicon. 

Vidicons were also proposed for inclusion in the payload of the now- 

cancelled 1966 Mariner flyby of Mars. The objective was similar— 

obtain twenty photographs of the planet surface—but. with much higher 

resolution than Mariner-4 had. Two modified Mariner-3 cameras were 

suggested. One would have had a narrow field of view and very high 

resolution; the other, a new experiment, a wide field of view and low 

resolution. The objective of the low-resolution experiment is the detec- 

tion of average height-to-width ratios for large regions of small-scale 

objects on the surface by observation of their shadow-casting properties, 

even though the objects themselves are far from resolvable. Example: 

large areas of vegetation or regular geological structures. The modifica- 
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MIRROR TILT 
DRIVE ASSEMBLY 

FILTER WHEEL 
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Fig. 15-7. A typical vidicon scanning instrument for observing the landscape in 

the vicinity of a lander. (Courtesy of the Jet Propulsion Laboratory) 
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tions to the Mariner-4 camera would have involved the reduction of the 

raster to 100 lines in one case and the increase to 400 lines for the higher- 

resolution camera. 

Television from a lander for the purpose of geological and biological 

reconnaissance is a certainty. The Surveyor program has already developed 

an instrument suitable for lunar applications. A typical camera of this 

type is shown in Fig. 15-7. Modification for planetary use would not 

be difficult. 

One of the important improvements to be made in planetary-imaging 

equipment involves data compression and/or selection. Many image 

data are redundant or trivial; viz., many of the Tiros cloud photographs. 

Film has another advantage here, because it can be scanned coarsely 

for pertinence prior to detailed transmission—a form of data selection. 

To save bandwidth, perhaps a data compressor would transmit only 

changes in light values. Whatever the solution to the data-abundance 

problem, most planetary probes will carry television equipment. 

Bistatic Radar. Bistatic radar equipment, like that described in Sec. 

14-4, can in addition to its many other functions measure reflection and 

roughness parameters for planetary reflection points. An analysis of the 

Fig. 15-8. A claw-lke sample-collector prototype, designed for lunar missions. 
(Courtesy of the Hughes Aircraft Co.) 
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polarization and strength of the reflected signal leads to the evaluation of 

such parameters. The Brewster angle, at which only the horizontally 

polarized wave is reflected, can be used to determine the average surface 

dielectric constant. Furthermore, variations of the dielectric constant from 

the average are indicative of the magnitude of surface undulations and 

the slopes of large-scale surface features. By measuring changes of 

reflectivity and the dielectric constant as functions of frequency, it may 

be possible to establish how the surface conductivity changes with depth. 

The lowest frequencies, of course, penetrate the farthest into the crust. 

Surface-structure measurements such as these can be carried out only 

with very powerful, Earth-based radar transmitters (Sec. 14-4). 

15-3. Crustal Properties by Sample Analysis 

Surface instruments either require a physical sample of digestible size 

or they need to be placed within a few centimeters of the crust. This 

sampling function separates these instruments from the optical devices of 

the preceding section, which make measurements from afar. 

Planetary-instrument designers have often underestimated the difficulty 

of acquiring and processing samples from unknown surfaces. Sampling 

mechanisms have to be founded upon (1) best guesses about the character 

Fig. 15-9. Pneumatic sample collectors designed for ingesting dust and fine debris 

from the surface of the Moon or a planet. (Courtesy of the Jet Propulsion 

Laboratory) 
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of the target planet’s surface, and (2) the admonition that they be flexible 

enough to cover all likely eventualities. Dust and sand, rock debris, 

liquids, and perhaps even biological material may be encountered. The 

best sampling mechanism might be different for each, but initially one 

will have to be designed for all. The experiments that need only close 

proximity to the crust—neutron-activation analysis and alpha scattering 

—are obviously the easiest to set up. On the other hand, the mass 

spectrometer and gas chromatograph depend upon the pick up and 

transport of solid material to the instrument for gasification. Claws, 

sticky tapes, and suction tubes (Figs. 15-8, 15-9, and 16-3, page 488) have 

been studied, with none meeting universal success in all potential en- 

vironments. The claw-type mechanism (Fig. 15-8) is adaptable but rather 

complex. Pneumatic tubes and sticky tapes are simple though applicable 

only to sand and dust. The weathering of planet surfaces by space radia- 

tion, meteorites, and indigenous processes should produce enough fine 

debris for the illustrated samplers to work. 

The great diversity of proposed sampling instruments precludes any 

fine-mesh classification. In general, all employ physical techniques like 

nuclear-particle scattering, induced radioactivity, and stimulated light 

emission (Table 15-2). As pointed out earlier, physical techniques divulge 

little concerning chemical and crystalline structure. The gas chromato- 

graph, the only really chemical! instrument covered in this section, can 

detect complex molecular species, if they can be made into gases and if 

the chromatograph is sensitive to them. 

Mass Spectrometers. The mass spectrometers developed for atmos- 

pheric analysis can be taken over bodily for crustal work. First, however, 

the collected sample must be converted wholly or partially to gas before 

intreduction into the spectrometer. Once the gas is admitted, it is ionized 

and then separated into ion populations with equal charge-to-mass ratios. 

The operating principles of the different mass spectrometers were covered 

in Sec. 14-3. 

The conversion of the sample to a gas presents a significant problem. 

There may be some low-vapor-pressure organics that can be easily driven 

off by heat, but the mass spectrometer is better adapted to elemental 

analysis rather than identification of heavy, complex, organic molecules. 
The gas chromatograph (described next) is better for such heavy- 
molecule work. Absorbed gases and water of hydration are also possible 
to unlock by baking in high-temperature ovens. Such pyrolytic techniques 
will not be adequate to volatilize basic minerals like silica. Electrical 
discharges are more likely to be successful. Here, the sample forms part 

of the electrode or is vaporized within the are. The are temperatures are 
high enough to provide the spectrometer with ions of the elements and of 
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simple compounds with strong chemical bonds. Some chemical structure, 

however, is invariably destroyed in ovens and arcs. 

Mass spectrometers capable of handling solid samples on another 

planet’s surface are in a rudimentary state of development. Such an 

instrument would differ from its atmospheric cousin by the added 

complexity of sample processing and also the need to span a wider range 

of elements. Common atmospheric elements of the terrestrial planets do 

not extend beyond oxygen (A = 16), but crustal elements up to iron 

(A = 56) should be detected. Such complexities can be overcome by 

astute design, but very likely the first crustal analyses will be carried out 

by the much simpler scattering- and activation-analysis instruments, 

leaving the mass spectrometer for later, more precise assays. 

Gas Chromatographs. A gas chromatograph for surface analysis oper- 

ates under the principles described in Sec. 14-3. The chemical compounds 

to be identified, however, are no longer simple atmospheric constituents. 

Instead, there is a host of possible compounds, ranging from water to 

complicated organics. This fact changes the makeup of the columns. The 

problem of evolving gases from the solid sample is the same as it was for 
the mass spectrometer. Gas chromatographs for crustal use must there- 
fore be supplied with a pyrolizing oven that drives the volatile compo- 
nents out of the retrieved sample and injects them into the carrier gas 

TABLE 15-3, CHARACTERISTICS OF THE SURVEYOR GAS CHROMATOGRAPH* 

Components resolved: Hydrogen Propionaldehyde 
Oxygen Formie acid 
Nitrogen Acetic acid 
Carbon monoxide __ Butyric acid 
Carbon dioxide Benzene 
Methane Toluene 
Ethane Acetone 
Propane Acetonitrile 
Butane Acetylene 
Methanol Acrolein 
Ethanol Hydrogen cyanide 
Propanol Hydrogen sulfide 
Formaldehyde Ammonia 
Acetaldehyde Water 

Maximum retention time, min 50 
Minimum detectable quantity in oven, mole a 9< JIO= 
Minimum dynamic range of detection 10,000 x 

minimum detectable 
quantity 

Oven temperature control, °C 10 
Oven maximum heating time, min 4 

* Ref. 15-44 
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that will sweep them into the sorptive columns. One final point, the 

atmospheric instrument proposed for early probe flights (Sec. 14-3) had 

to collect and analyze the sample and then telemeter the data all in the 

minute or so before impact. Hours of analysis time can be assigned to a 

gas chromatograph on a lander. The upper time limit will be set in this 

case by the finite supply of carrier gas and energy consumption. 

The gas chromatograph described below was developed for the lunar 

Surveyor program (Refs. 15-32, 15-44, and 15-45). Simplification, weight 

reduction, and many other modifications would have to be made before 

it could be taken over directly for the planetary programs. 

Despite the present apparent lifelessness of the Moon, the Surveyor 

gas chromatograph is intended to detect remnants of life or the presence 

of pre-life chemistry. Consequently, a strong tie exists between this in- 

Fig. 15-10. The Surveyor gas chromatograph, prototype P-2. (Courtesy of the 

Jet Propulsion Laboratory ) 
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strument and the life-detection equipment covered in the next chapter. 

In addition to the complex organics detectable by the Surveyor chromato- 

graph, water, hydrogen, oxygen, ammonia and some other simple com- 

pounds are measurable (Table 15-3). 

When a solid sample is dumped into the funnel of the Surveyor gas 

chromatograph (Fig. 15-10), it falls directly into a pyrolysis oven. After 

sample receipt, the oven is automatically sealed shut and heated to a 

ground-commanded temperature of 150, 325, or 500°C. The volatile com- 

ponents from the solid are injected into a helium carrier gas, which trans- 

ports them into three long columns connected in parallel and wound like 

wire on a cylinder (Figs. 15-10 and 15-11). The columns have the follow- 

ing characteristics: 

Column 1. a 2.2-m molecular-sieve 5A column that separates the fixed 

Gases. 

Column 2. a 4.6-m column with 15% Carbowax 1540 on T-6 Teflon 

support that separates water and most of the hydrocarbons. 

Column 3. a 3.7-m column with 15% Apiezon L, 4.5% Carbowax 20M, 

and 3% phosphoric acid on a Chromosorb support to absorb 

the organic acids. 

In the columns, the various constituents of the gas are delayed for vari- 

ous lengths of time according to their sorptive and chemical-equilibrium 

COLUMNS DETECTORS 
CALIBRATION 3 : 

SAMPLE CONTAINER 1955C 

* SAMPLE 
LOOP 

VALVE 
-—- VENT 

5CC a fie 

OVEN 
5CC 

{ 5 2-3 mea 1-2 

on RESTRICTOR SS 
ee 3 { 

HELIUM te VENT 
SPHERE 

VALVE 

REG. 

Fig. 15-11. Flow diagram for the Surveyor gas chromatograph. The sample loop 
insures the injection of a fixed sample of gas. (Ref. 15-44) 
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Fig. 15-12. A sample chromatograph for the Surveyor instrument. Time is meas- 
ured horizontally. (Ref. 15-44) 

interactions with the column materials. Each column detector generates 

a different chromatogram (Fig. 15-12). The time of emergence for a com- 

pound is well-defined but not necessarily unique. Pretesting with various 

substances likely to be found on the target planet should resolve potential 

ambiguities. The sensitivity of a gas chromatograph to the ambient tem- 

perature makes calibration after landing essential. A predetermined 

calibration sample of gas is carried along for this purpose. 

The detectors for all three of the Surveyor chromatograph columns 

were of the glow-discharge type. First, a voltage-breakdown potential is 

established in the presence of the pure helium carrier gas. Then, as the 

time-delayed gases emerge from the columns, they will change the break- 

down voltages and produce an analog electrical signal proportional to 

the concentration of impurities in the helium. 

The Model P-2 prototype Surveyor gas chromatograph sketched above 

was packaged into a nearly perfect cube (20 x 20 x 25 cm), with a mass 

of approximately 6.4 kg. The peak power requirement was 72 watts, but 

the integrated energy drain during the planned 100 minutes of operation 

amounted to only 22 watt-hours. As a result of the lunar exploration pro- 

eram, scientists have a well-developed analytical tool for planetary re- 

search. 

Alpha-Scattering Experiments. The Rutherford simple-composition 
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experiment uses both alpha-scattering and alpha-proton reactions to 

determine the composition of an unknown atmosphere. An experiment of 

this type was first proposed by A. Turkevich, University of Chicago, in 

1960, for compositional analysis of the lunar surface. The discussion of 

alpha backscattering presented in Sec. 14-3 is also applicable here. The 

term [(A — 4)/(A + 4) |? in the scattering equation from Sec. 14-3 high- 

lights a limitation of the method when applied to heavy crustal elements. 

When A, the atomic mass number, increases, the value of the fraction 

approaches one, leading to poorer element resolution. Although heavier 

elements can be detected, the upper limit for good resolution between 

adjacent mass numbers is at about A = 40. Atmospheric compositional 

analysis is little affected by this limit, but many of the heavier elements 

are important to the geologists. Of course, the most common mineral 

elements, like O, Si, Al, Mg, and Na are still readily resolved. As with 

most of the “physical” instruments, elements, and not compounds, are 

measured. Alpha-scattering experiments seem best for preliminary sur- 

face reconnaissance rather than detailed dissection of the chemical makeup 

of the crust. Measurements, however, are obtained only from a thin 

upper layer of the crust because of the low penetrating power of the 
alpha particles. 

Fig. 15-13. Bottom view of a prototype alpha-scattering instrument. The radio- 
active alpha-source is surrounded by four alpha detectors. (Courtesy of the Jet 

Propulsion Laboratory) 
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A bottom view of a prototype alpha-scattering experiment is shown 

in Fig. 15-13. The alpha source is placed close to the planet’s surface and 

the back-scattered alphas are detected by the four solid-state detectors 

shown placed around the source in the photograph. Pulse-height analysis 

yields the alpha particle and proton energies, and the number of counts per 

unit time in each channel is proportional to intensity. An alpha-scattering 

spectrogram like that shown in Fig. 15-14 results. Element identity is 

| 
kK 

\ 
\ 

lah CALCULATED 
BREAKPOINTS 

500 
fe as ce es 

400]CARBON 

COUNTS/CHANNEL 

a ie} ie) 

200 

100 

30 50 70 90 110 130 150 170 190 210 

CHANNEL NO. 

Fig. 15-14. Experimental data from an alpha-scattering instrument taken for 
KCOs. (Ref. 15-12) 

indicated by the breakpoints in the curve. Elemental abundances are re- 

flected in the vertical differences between adjacent plateaus. 

Experimental results with a breadboard model of the instrument in- 

dicate that the minimum detectable amount of an element is roughly 

1 atom per cent. Resolution is good enough to distinguish acidic, inter- 

mediate, basic, and meteoric rock material. One prototype alpha-scatter- 

ing instrument had a mass of 3.7 kg and consumed 1.4 watts. 

X-Ray-fluorescence Spectrometers. Once a sample of a planet’s sur- 

face is retrieved, it can be artificially induced to emit electromagnetic 

radiation, revealing its composition. In concept, such spectrometry could 

be carried out anywhere in the spectrum from the infrared to gamma 

rays. In practice, though, only X-ray and gamma-ray spectroscopy are 

popular in space research. The energetic, well-defined photons in these 

portions of the spectrum are easy to detect and measure; furthermore, 

the photon energies are highly specific for each isotope. In contrast, 

visible and ultraviolet spectroscopy mean spectrum scanning and the 

resolution of many lines and their precise measurement. Also consider- 
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able power and weight would be required to make samples incandescent. 

It is more convenient to induce X-ray and gamma-ray emission in the 

unknown sample. 

Imagine a beam of 10-30 kilovolt electrons focused on a powdered 

sample of a planet’s crust, or perhaps in the ultimate case, the crust 

itself. Some of the inner electrons of the bombarded atoms will be knocked 

out of the atom by collisions with the electrons in the beam. Atoms with 

such distorted electronic structures are termed excited. One of the elec- 

trons in the outer shells quickly moves in to replace the ejected electron. 

This electronic transition is accompanied by the emission of a characteris- 

tic, identifying photon. Because of the high energies involved in transi- 

tions deep inside the electronic structure, the emitted photons are in the 

X-ray region of the spectrum. By measuring the X-ray energies (wave- 

lengths), the emitting atom is identified. In fact, since each element emits 

only a few characteristic X-rays when stimulated, the complication of 

spectrum scanning can be bypassed. Separate detectors, each sensitive to 

one of the characteristic X-rays, can be assigned to each of the elements 

expected in the sample. This is a lightweight, sensitive approach, but one 

lacking in flexibility, since the surface composition has been prejudged. 

The X-ray-fluorescence spectrometer, illustrated in Fig. 15-15, is tuned 

to several specific elements. A simple electron gun bombards the target 

FILAMENT =25KV 

BIAS 
ELEMENT 4 RESISTOR 

ELEMENT & 
WEHNELT 
CYLINDER 

CRYSTA 
ELEMENT C : — ANODE 1 

DETECTOR COLLIMATOR ; 
TUBE _— ELECTRON 

BEAM 

X-RAY —" 

NONDISPERSIVE 
DETECTOR TUBE 

TARGET 

Fig. 15-15. Schematic drawing of the Surveyor X-ray spectrometer. Crystals 
diffract X-rays into different detectors according to energy. (Ref. 15-26) 



INSTRUMENTS FOR ANALYZING A PLANET’S CRUST 451 

(sample) with 12.5- and 25-kv electrons. The characteristic X-rays that 

are emitted from the target fan out in all directions. These photons must 

be detected and sorted out according to the few particular energies being 

monitored. The approach used on the Surveyor program consisted of 

mounting precisely positioned dispersive crystals and accompanying 

X-ray detectors around the sample. X-rays of all energies impinge upon 

all the crystals. They are diffracted according to Bragg’s Law: 

mr = 2d sin @ 

where \ = the wavelength of the X-ray (em) 

d = the interplanar spacings of the different crystals (em) 

6 = the angle between the incident radiation and the normal to 

the crystal plane (°) 

n = the order of diffraction. 

Only the X-rays meeting the Bragg criterion will be diffracted into the 

associated, well-collimated detector (Fig. 15-15). By the proper choice 

of d and 6, a highly selective group of X-ray filters can be placed around 

the sample. In essence, we have a filter spectrometer (or photometer, see 

Sec. 14-2) which is tuned to the elements anticipated in the crustal 

sample. 

Thirteen separate X-ray channels were incorporated in the first Sur- 

veyor prototype X-ray spectrometer (Ref. 15-26). Each channel was 

sensitive to an element expected in the lunar surface; i.e., Ca, Al, Ni, Si, 

INSTRUMENT 
HOUSING. 

SAMPLE 
WINDOW 

AMPLIFIER 
ELECTRONICS 

ELECTRON ici 

GEIGER AND — mS 
PROPORTIONAL 
COUNTERS COLLIMATORS 

ANALYZING 
CRYSTALS 

Fig. 15-16. Prototype Surveyor X-ray spectrometer. (Courtesy of the Jet Pro- 
pulsion Laboratory) 
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etc. Geiger-Mueller counters (Sec. 13-3), which viewed the different 

crystals, through flat-bladed collimators, detected the energetic X-rays 

from the heavier elements (see Fig. 15-16). Proportional counters were 

assigned to the lighter elements, emitting weaker X-rays. One or two 

additional proportional counters coupled to a pulse-height analyzer sort 

out the X-rays according to energy without resorting to dispersive 

crystals. (Unfortunately, the Surveyor type of X-ray spectrometer is not 

very sensitive to oxygen and carbon because of this difficulty in detecting 

' very weak X-rays. Rock tests with the breadboard instrument have pro- 

duced results comparable to those from a commercial X-ray spectrom- 

eter. ) 

One problem encountered during the development of the X-ray spec- 

trometer was the buildup of negative space charge on poorly conducting 

test samples. The presence of the space charge reduced the intensity of 

electron emission and caused wide, unpredictable fluctuations in the count- 

ing rate. After trying many stratagems aimed at bleeding this charge 

accumulation from the sample, powdering the sample and mixing it with 

conducting graphite proved to be the best solution. 

With thirteen channels, the Surveyor prototype X-ray spectrometer 

is a relatively complex instrument. The approximate mass is 12 kg and 

the power consumption 20 watts. The Surveyor instrument would have 

to be lightened and simplified considerably prior to deep-space use. A 

reduction in the number of channels is an obvious possibility, but this 

would further limit the range of elements detected. A non-dispersive 

X-ray spectrometer has been proposed as a less sophisticated and sim- 

pler instrument which might be better suited to early planetary explora- 

tion. The use of a radioisotope source of excitation for nondispersive 

analysis has also been studied. 
Gamma-ray Spectrometers. A different spectrometer technique, both 

simple and appealing, but not as sensitive, measures the photons emitted 

by naturally occurring radioisotopes in the unknown crust. The most in- 

teresting natural radioisotopes are K*°, U285, U238, and Th232. The abund- 

ance ratios of these four nuclei provide geophysicists with insight into 

the evolution and differentiation of a planet’s crust. When nuclei decay, 

the energies involved are much larger than those associated with transi- 

tions in the surrounding electronic shells. It is not surprising, then, to find 

that the photons emitted by radioisotopes are energetic, short-wavelength 
gamma rays. As in the case of X-rays, the gamma-ray energies are char- 
acteristic of the atom that emits them, thus providing identification 
tags for the radioisotopes. The reader will note a strong resemblance be- 
tween the gamma-ray spectrometer described below and the later neutron- 
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activation-analysis equipment, in which the measured radioactivity is 

artificially induced. 

Since no artificial excitation is needed with natural radioisotopes, a 

detector and a pulse-height analyzer complete the instrument (Fig. 15- 

17). The detector usually proposed is an inorganic scintillator—viz., 
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Fig. 15-17. Schematic drawing of the detector portion of the Ranger gamma-ray 
spectrometer. (Ref. 15-25) 

thallium-activated CsI or NaI (Sec. 13-3)—which is large enough to 

stop the gamma rays being measured. The detector is set down as close 

as possible to the planet surface. It might be attached on the end of a 

boom to remove it from any cosmic-ray-induced secondary gammas 

emanating from the spacecraft. (Note also that a radioisotopic power 

plant would severely interfere with the measurements.) A photomulti- 

plier tube optically coupled to the scintillator detects the light flashes 

and delivers a pulse that is proportional to the flash intensity and thus 

proportional to the energy deposited in the scintillator by intercepted 

gamma rays and charged particles. A plastic scintillator, which is respon- 

sive to charged particles but not gamma rays, surrounds the inorganic 
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scintillator. The photomultiplier tube sees flashes in both scintillators, 

but the associated electronic circuits discriminate against the charged 

particles by rejecting pulses through analysis of their trailing edges in 

true phoswich fashion (see Sec. 13-3.). 

Rangers 3, 4, and 5 carried gamma-ray spectrometers, shown in Figs. 

15-17 and 15-18, that made measurements of gamma rays in space during 

Fig. 15-18. The Ranger-3 gamma-ray spectrometer dissembled. (Courtesy of the 
Los Alamos Scientific Laboratory) 

the flights to the Moon. The instrument mass was just under 6 kg. The 
power requirement was approximately 1.5 watts. The detector was de- 
signed by the Los Alamos Scientific Laboratory (Ref. 15-43) and inte- 
grated into the Ranger spacecraft by the Jet Propulsion Laboratory. 
A 32-channel pulse-height analyzer followed the detector. In flight, cali- 
bration was provided by a small Co°?-Hg? source. The spectrometer 
was mounted on the end of a 2-meter boom. 
X-ray Diffractometers. The X-ray diffraction pattern formed by a 

powdered mineral sample can be compared with known patterns and, in 
the manner of fingerprint identification, be designated as belonging to a 
specific mineral. The X-ray diffractometer, like the X-ray spectrometer, 
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employs crystal diffraction, but not for the purpose of energy selection. 
In X-ray diffractometry, a collimated monoenergetic beam of X-rays 
illuminates the crystalline sample and is diffracted into a spectrum, ac- 
cording to Bragg’s Law. There is no stimulated emission of characteristic 
X-rays, as there was in the X-ray spectrometer. The geometrical pattern 
of spots created by diffraction from a single crystal, called a Laué diffrac- 

tion pattern, can be used to calculate crystal interplane spacings from 
Bragg’s Law. Such spacings vary from mineral to mineral and can form 
a basis for identification. Few mineral samples, however, come as single, 

homogeneous crystals. Mineralogists have therefore powdered their speci- 

mens (powder size: 100-500A), a process that randomly orients the 

crystal planes. The new diffraction pattern formed consists of the single- 

crystal spots smeared into concentric rings with characteristic radii. Ex- 

tensive libraries of such patterns are available for purposes of mineral 

identification. X-ray-diffraction experiments from a planetary lander 

involve measuring the diffraction pattern of a powdered sample and tele- 

metering the data back to Earth for comparison with known patterns. 

Even though the smallest laboratory diffractometer weighs more than 

half a ton, modern miniaturization has produced a prototype Surveyor 

X-ray diffractometer that has a mass of approximately 10 kg. The instru- 

ment schematic, Fig. 15-19, shows a small, 25-kv X-ray tube with a cop- 
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Fig. 15-19. Schematic drawing of the Surveyor X-ray diffractometer. Crustal 
sample diffracts X-ray beam into a spectrum. 

per target. The resulting X-rays are collimated by leaf-like soller slits and 

impinge on the powdered sample. The diffraction pattern is viewed by a 

Geiger-Mueller counter, which is driven from 20° to 90° around the 

8.5-cm are by a small motor. The Geiger-Mueller counter signals replace 
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the images formed on the more customary photographic film. The number 

of Geiger-Mueller tube discharges per unit time are proportional to the 

intensity of the pattern at each angular position. Tests with the Surveyor 

prototype, manufactured by Philips Space Development, Inc., have shown 

that the miniaturized equipment is nearly comparable in performance 

with the much larger (but cheaper) laboratory models. Flight models of 

the diffractometer are each expected to consume about 15 watts of power 

and have a mass under 5 kg. 

Neutron-Activation Analysis. Neutron bombardment can stimulate an 

atom’s nucleus to emit characteristic gamma radiation, just as electrons 

induced the emission of identifying X-rays from electron shells. Being 

uncharged, neutrons can penetrate the atom’s electrostatic fields and 

initiate three pertinent types of nuclear reactions: 

1. Inelastic scattering, where the bombarding neutron is inelastically 

scattered out by the target nucleus, leaving some of its energy be- 

hind. The excited nucleus (A*) decays quickly (~10-?? sec), emitting 

its excess energy in the form of gamma rays possessing energies 

characteristic of the nucleus (A). 

2. Radiative capture, where the neutron is absorbed by the target 

nucleus (A) to form a new isotope of the same element, (A + 1). 

Excess energy appears again as characteristic gamma radiation. 

Capture gamma rays from a number of elements, such as hydrogen, 

silicon, and iron, can be important in mineral analysis using neutron 

activation. 

3. Activation, where the bombarding neutron causes a transformation 

of nucleus (A) into a new element (B) that is radioactive. A typical 

reaction of this type is: 

w9i8 + on! > y3Al8 + yp! + 1.78-Mev gamma. 

Besides gamma rays, protons, beta particles, neutrons, and other 

particles may be emitted by the newly created radioisotope. The 

particle identities, energies, and half lives are all diagnostic; that is, 

they all help identify the new nucleus (B). 

For the activation process, unlike the cases of inelastic scattering and 

radiative capture, a simple inference must be made to determine nucleus 

(A) from the properties of the nuciei A + 1 and B. This contrasts with 

gamma-ray spectroscopy of natural radioisotopes, where the measured 

radiations are specific for indigenous elements. Inference, however, is no 

real problem and artificial activation by neutrons, protons, and gamma 

rays opens up most of the Periodic Table to analysis (Fig. 15-20). 

The picture of the neutron-activation analysis instrument that emerges 
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Fig. 15-20. Sensitivity of the neutron-activation-analysis technique. Elements in 
white blocks are easily detected. Those not shown at all are not susceptible. 

from the basic physical facts consists of a neutron source for bombarding 

the target sample and a detector to measure the resulting radiation fluxes 

and their energies as functions of time. In space instrumentation, neutrons 

are useful activating particles, because of the high fluxes that can be 

generated and their high penetrating power. In comparison with the 

charged particles emitted by radioactive nuclei, gamma rays possess a 

distinct set of energies for each radioisotope and are not readily absorbed 

in the sample itself. 

Not all elements are detected with equal ease. In particular, some of 

the light elements are inaccessible to neutron activation analysis. Some, 

for example, have neutron-activation cross sections that are unusably 

low. Most elements, however, can be activated easily by neutrons. Some 

typical reactions are: 

Target Activated Activating Activated Nucleus 

Element Nucleus Reaction Gamma Rays (Mev) Half Life 

Al?? Mg?? (n, p) 0.83, 1.01, 0.18 9.45 min 

Fes Mn** (n, p) 0.84, 1.81, 2.12 2.58 hr 
Mg*4 Na*# (n, p) 2.75, 1.37 15. hr 

Si28 Al? (n, p) 1.78 PPT Ten 

Under the Surveyor program, considerable feasibility work has been 

completed on a neutron-activation mineral-analysis instrument (Refs. 

15-21, 15-27, and 15-36). A miniature electrostatic accelerator irradiates 

a beryllium target with a beam of deuterons. Neutrons are produced by 

the reaction. 

4Be® + 1d? > ;B” + on! + energy. 
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Typically 107 to 10° 14-Mev neutrons can be produced every second by 

such a source. An accelerator-type neutron source is used, in preference 

to the common terrestrial Ra-Be and Pu-Be radioactive neutron sources, 

because it can be turned on and off and the desire to keep planetary sur- 

faces free from large quantities of introduced radioisotopes. On the other 

hand, the use of a radioactive neutron source would save weight and 

reduce power consumption. A scintillation detector and photomultiplier 

tube unite to deliver pulses proportional to the gamma-ray energies to a 

pulse-height analyzer. Here, the pulses are sorted according to energy to 

produce a spectrum like that illustrated in Fig. 15-21. The spectrum, one 
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Fig. 15-21. Sample spectrum from a neutron-activation-analysis experiment. 
(Ref. 15-22) 

should note, represents the sum of counts from all radioisotopes by chan- 
nel. In other words, the spectra are additive, and if the spectrum of a 
known radioisotope is subtracted (stripped) from the totals, the remain- 
ing elements may be made to stand out more clearly. Even without 
“spectrum stripping,” the distinctive peaks readily lead to element identi- 
fication. 

There is a striking similarity between the detector part of the neutron- 
activation-analysis instrument and the gamma-ray spectrometer. One 
could, in fact, use the neutron-activation-analysis equipment for gamma- 
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ray spectroscopy of the naturally occurring radioisotopes before the 
neutron source is turned on. 

An instrument designed primarily for neutron inelastic scattering ex- 
periments has been brought close to the prototype state with a mass and 

power consumption of 10 kg and 20 watts respectively (see Fig. 15-22) ; 

ACCELERATING HIGH-VOLTAGE Na I(T1) CRYSTAL PHOTOMULTIPLIER 
CONNECTION Fie 

ELECTRONIC CIRCUITS COPPER 
SHIELD 

COMMUTATOR 

ve 

SSS —~ [| 
= Im Ni z PRS ASS = H +A 

cat 
|, SSS 
Bese POWER 

SUPPLY 

PREAMPLIFIER 

LiLéiLdgleih, 
BERYLLIUM TUBE 

GAS CONTROL 
EPON HIGH- 

VOLTAGE SUPPLY 
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TEMPERATURE- 
CONTROL UNITS 
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Fig. 15-22. Drawing of a prototype inelastic-scattering instrument. Neutron 
source is on left, detector on the right. Since neutrons are emitted isotropically 
from the beryllium target, instrument could be placed horizontally on the planet 

surface and secondary-gamma rays would enter detector acceptance cone. (Ref. 

15-37) 

present estimates for a system using neutron activation and the radiative 

capture reaction run 50 per cent higher in mass and power consumption. 

Some redundancy in terms of element identification can be seen if all 

the physical experiments covered in this section are compared. Each ex- 

periment has its areas of strength and weakness. The great power of 

neutron-activation analysis is its ability to function with little or no 

sample preparation, the penetrating power of the neutrons, and its sen- 

sitivity to a large fraction of the elements in the Periodic Table, espe- 

cially the heavier elements which cannot be touched by alpha-scattering 

instruments and X-ray spectroscopy. The common weakness of physical 

experiments (analysis by element rather than compound) applies to 

neutron activation analysis too. In addition, instruments like that pic- 

tured in Fig. 15-22 reproduce electromagnetic, magnetic, and radiation 

fields, which may interfere with other experiments and spacecraft equip- 

ment. 

Surface Densitometers. Knowledge of the density of surface rocks is 

important in unraveling a planet’s evolution. Some notion of the density 

may be obtained from the intensity of the radiation induced by neutron 

activation, but a more precise, even if partly redundant, density measure- 

ment is desirable. The same gamma back-scattering technique used in 
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determining atmospheric density may be employed to advantage here. 

A radioactive gamma source (say, a few millicuries of Ir'*) can be 

placed close to the planet’s surface. Shields would separate the source 

from the detector, a few centimeters away (Ref. 15-11). Gamma rays 

scattered into the detector generate a two-valued function when plotted 

against density (Fig. 15-23). Low-density materials do not scatter gamma 
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Fig. 15-23. Experimental arrangement and typical curve for a gamma-ray back- 
scatter densitometer. Ref. 15-11) 

rays very well, causing the initial dip. High density, good scatterers will 

also strongly absorb gamma rays, leading to final depression of the curve. 

Such a densitometer, though extremely simple, can measure density to 

0.1 g/cm’, below 2 g/cm?, and to 5%, from 2 to 4 g/em?, for smooth-sur- 

faced samples. Empirical corrections can be applied when rough surfaces 

are analyzed. 
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A gamma-back-scatter densitometer for planetary use could be built 
at around 1 kg, with a power consumption of about 2 watts. 

Differential Thermal Analysis. Still in the research stage, differential 
thermal analysis is an appealing technique using phase-transition detec- 
tion as an indicator of mineral identity. A schematic for a differential 
thermal analysis experiment is illustrated in Fig. 15-24. One of the two 
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Fig. 15-24. Experimental curve and arrangement for a differential-thermal- 
analysis (DTA) instrument. (JPL drawing) 

cups shown is filled with the unknown powdered sample, the other with 

a reference material (commonly alumina, AlyO3). When heat is slowly 

applied to both cups, their temperatures will rise equally (ignoring their 

insignificantly different thermal capacities). The temperature difference 

measured between them thus remains fixed. When the unknown sample 

undergoes a structural phase change, however, heat will be either ab- 

sorbed or evolved, as shown in the plot of temperature versus temperature 

difference (Fig. 15-24). Most minerals of interest in planetary research 
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have characteristic AT vs. T' curves, making differential thermal analysis 

a possible diagnostic tool for space-probe use. 

Petrographic Microscopes. One of the most technically difficult of all 

sampling instruments is the petrographic microscope. The challenge lies 

not only in sample collection and preparation, but in forming a suitable 

image, relaying it to Earth, and then interpreting the received picture. 

Earthbound geologists have long employed petrographic microscopes 

to view light transmitted through thin sections of rock sample. Extensive 

experience in the interpretation of such images has been accumulated. 

The information to be derived includes crystal structure, glass content, 

mineral identity, and, in the case of powdered samples, particle size and 

shape. 

There are three major parts to a remotely operated petrographic micro- 

scope: 

1. The sample collector and preparer. 

2. The microscope itself. 

3. A vidicon or some other imaging device for converting the image 

into electrical signals. 

The first and last, more generalized, components are described elsewhere 

(Secs. 15-3 and 15-2). Two points concerning them should be made here, 

however. First, any imaging device collects a lot of information. The 

value of that information should be weighed against the difficulties of 

transmitting it. Second, sample collection is extremely difficult. Thin, 

polished rock sections are apparently out of the question. Samples for 

the microscope will have to consist of indigenous or artificially prepared 

powder. Unfortunately, there is considerably less experience available 

in the interpretation of images obtained from powdered samples. 

The Jet Propulsion Laboratory and Armour Research Foundation have 

been developing petrographic microscopes for the space program. Prepa- 

ration of a powdered sample for viewing involves immersing the powder 

in a thermoplastic tape, which is then carried to the microscope. In the 

microscope, the sample is viewed by plane and unpolarized light. Many ad- 

justments must be made remotely: focus, sample orientation, light source, 

intensity, and filter identity. Though still in the research stage, a space- 

adapted petrographic microscope with its associated vidicon has been 

estimated to have a mass of about 15 kg, and it would consume perhaps 

30 watts of power, both exclusive of the sample collector. Because of its 

size and complexity in terms of the value of the data returned, the petro- 

graphic microscope has low priority at present. 

Isotopic Dating. Cosmology, geology, archaeology, and other sciences 

have come to depend upon isotopic dating as a useful tool, though one 
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that demands careful interpretation of results. Remote isotopic dating of 
the materials encountered on a planetary surface is certainly no more dif- 
ficult technically than many of the experiments already mentioned. A 
successful series of dating experiments could provide insight into: 

1. The times at which geological differentiation processes and mineral 
erystallizations occurred on the planet; viz., when the crust was 
formed. 

2. The length of time surface material has been exposed to cosmic 
radiation. 

3. The final stages of nucleosynthetic processes which helped form the 
planets. 

P. Eberhardt and J. Geiss, at the University of Bern, have studied 
lunar isotopic dating under a NASA contract. They have concluded that 

isotopic analysis of the noble gases represents the simplest approach to 

remote dating. The experimental steps would be: extraction of gases from 

the sample, gas purification, and, finally, the separation of the noble gas 
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Fig. 15-25. Prototype thermite device for evolving and purifying noble gases 
from crustal samples prior to isotopic separation for age measurements. (NASA 

drawing) 
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isotopes. Pyrolysis of the crustal sample at temperatures over 1500°C, 

using a thermite reaction, is suggested (Fig. 15-25). The evolved gases, 

except for helium, argon, and other inert gases, would be absorbed in a 

titanium sponge. Isotopic separation of the purified gases could be done 

most easily by one of the mass spectrometers discussed earlier in this 

chapter. The ratios of the isotopic abundances would be calculated on 

Earth. 

The Ar*® and He‘ concentrations should not be higher than 6 and 

2 x 10-5 cc/g, if the planetary surface is similar to the chrondrite class 

of meteorites. The extraction and analysis of such small quantities of 

gas seem within the capabilities of instrument technology. Isotopic dating 

of a planetary surface will probably be delayed, however, until crustal 

composition and the major geological features have been resolved. 

15-4. Geophysical Instruments 

During the centuries that man has studied the Earth’s surface, geo- 

physical instruments have evolved that are destined to be vital in explor- 

ing the other planets. No cleancut division exists between the physical 

instruments of Sec. 15-3 and the geophysical devices introduced here. 

Generally speaking, the former measure microscopic parameters like 

crustal isotopic composition and density using techniques recently bor- 

rowed from physics. The latter instruments are more concerned with the 

delineation of macroscopic geological and engineering features of the 

planetary crust. They have been evolved by the mineral and petroleum 

industries after a long marriage with physics. 

Categorically speaking, all geophysical and geochemical instruments 

are adaptable to planetary exploration. The total number of possible de- 

vices is seemingly endless. For practical purposes, the discussion here 

must be confined to the most important and best developed types. In 

terms of development, all geophysical instruments owe a large debt to 

the Surveyor program, where seismometers, drills, and other familiar 

tools have been modified for space use. 

Many geophysical instruments require only proximity to the surface. 

The seismograph and other soil-mechanics experiments usually demand 

leveling, calibration, and sometimes special preparation of the surface. 

In fact, the single unifying characteristic of the geophysical class of 

instruments might be said to be their physical coupling to the subsurface, 

as opposed to the remote-radiation and sample-dissection instruments of 

Secs. 15-2 and 15-3. Table 15-4 shows that the coupling schemes are 

many: magnetic, electrical, kinetic, gravitational. Except for gravity, 

most of the coupling forces are induced by active transducers that are 
integral parts of the instruments. 
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Forecasts of payload-launching capabilities insist that geophysical 

instruments wait until after the remote analyses from flybys and some 

of the simpler sampling instruments have carried out preliminary recon- 

naissance of the planetary surfaces. In this light, the Martian surface 

probably will not see a geophysical instrument until 1975. There are 

several reasons why: 

1. Geophysical instruments are generally heavier and more complex 

than others. Furthermore, they must be landed and carefully po- 

sitioned. 

2. Scientific interest is first in the microscopic physical parameters; 

i.e., composition; and then in the macroscopic crustal and subsur- 

face properties. 

3. The proper design of geophysical instruments depends to some extent 

upon the data obtained from flybys and early sampling experiments. 

The scientific importance of geophysical devices should not be obscured 

by timetables. No other class of instruments can better unravel the 
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Fig. 15-26. Typical experimental data and block diagram for a magnetic-sus- 
ceptibility experiment. 
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structure and evolutionary history of one of the terrestrial planets by 

remote control. 

Electrical-Conductivity Meter. The electrical conductivity of a planet’s 

crust can be measured by placing a high-frequency resonant tank circuit 

near the crust and measuring the Q of the circuit. The oscillating electro- 

magnetic field of the circuit is pulsed to induce crustal currents, which 

damp out at a rate dependent on the soil’s electrical resistivity. The 

crust’s electrical conductivity is one of several properties which, when 

taken together, are indicative of composition. Magnetic susceptibility and 

thermal diffusivity, discussed next, are in this class. 

No extensive instrument development work has been done on electrical- 

conductivity meters. Studies have estimated that a relatively lightweight, 

compact instrument should result: mass, about 0.5 kg; power consump- 

tion, about 1 watt. 

Magnetic-Inductance Meter. Like electrical conductivity, magnetic sus- 

ceptibility can be used in the identification of crustal composition. Some 

typical values measured with a prototype Surveyor instrument are illus- 

trated in Fig. 15-26 (Refs. 15-5 and 15-9). 

Crust susceptibility can be measured by placing two coils close to the 

surface and observing the changes in mutual inductance occasioned by 

the presence of the crust. The prototype instrument mentioned above 

used a single receiver coil, whose magnetic field was initially bucked out 

by two transmitter coils. If the receiver coil is connected into a bridge 

circuit, small distortions due to the presence of the crust can be easily 

measured by the imbalance in the bridge. 
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Fig. 15-27. Typical experimental data for a thermal-diffusivity experiment, in 
which heat sources are added and removed. (JPL drawing) 
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Both surface and subsurface susceptibility meters have been examined 

under the Surveyor program. These instruments are simple, rugged, and 

lightweight. Mass and power requirements are about the same as they are 

for the electrical-conductivity meter. 
Thermal-Diffusivity Meter. When a section of planetary crust is sud- 

denly exposed to a heat source (or perhaps deprived of solar heat), its 

temperature will change in the manner shown in Fig. 15-27. By proper 

interpretation of such curves, the thermal inertia, thermal conductivity, 

and thermal diffusivity of the crust can be inferred. These crustal proper- 

ties, added to magnetic susceptibility and electrical conductivity, can 

help pinpoint crustal composition and degree of consolidation. 

The use of an artificial heat source rather than insolation is preferable 

for planetary work—sunlight is weak at Mars, and Venus is cloud- 

covered. An electrically heated source drawing about 25 watts of power 

would be placed in thermal contact with the crust, and the temperature 

of the crust measured as a function of time by a small thermistor. The 

entire experiment would have a mass of less than 0.5 kg. Some develop- 

ment of thermal-diffusivity instrumentation has already been accom- 

plished under the Surveyor program (Ref. 15-9). 

Soil-Mechanics Experiments. The landing of vehicles, especially 

manned ones, on the Moon or planets requires prior knowledge of the so- 

called engineering properties of the crust if the lander is to be designed 

correctly. Through the use of various transducers that penetrate and 

interact with the crust, unmanned spacecraft can early determine surface 

parameters like load-bearing capability, degree of surface-material con- 

solidation, and traction properties for mobile vehicles. Four types of in- 

struments and experiments have been studied under the Surveyor pro- 

gram: . 

1. Penetrometers. 

2. Load-bearing and traction experiments. 

3. Instrumented surface samplers. 

4. Touchdown-dynamics experiments. 

These experiments are redundant when taken together, and no single 

spacecraft would carry all of them. The first Surveyor soft lunar landers 

will carry only experiments 3 and 4. The adjective “engineering” perhaps 

implies that soil-mechanics experiments have no scientific value. To the 

contrary, the character of the planetary crust, as measured by soil- 

mechanics experiments, has an important bearing on the interpretation of 

the planet’s evolution. 

Penetrometers are simply weights with conical or hemispheric ends 
(Fig. 15-28) that are permitted to drop onto and penetrate the crust. By 
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Fig. 15-28. A typical penetrometer. (Ref. 15-9) 
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placing a small piezoelectric-crystal accelerometer within the weight, the 

deceleration-time history can be measured and telemetered back to Earth. 

Figure 15-29 shows how such information is indicative of the type of 
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Fig. 15-30. Load-bearing experiment. 
Traction experiment is similar, but has 
an annular ring at base and an applied 
torque in addition to axial load. (JPL 

drawing) 

rock and the degree of consolida- 

tion. Penetrometers, including an 

arm and release mechanism, have 

masses of less than a kilogram and 

consume only a few tenths of a 

watt of power when in operation. 

A load-bearing experiment meas- 

ures the distance of sinkage of a flat 

plate as a function of the applied 

load. Traction capability or crustal 

shear strength can be measured in 

a plane parallel to the surface by 

monitoring the torque necessary to 

achieve a given angular displace- 

ment of a spudded annular ring 

bearing down on the surface with a 

constant axial load. Prototypes of 

both experiments have been con- 

structed. Both take the form of 

long vertical cylinders with a flat 

plate or ring in contact with the 

crust (Fig. 15-30). Combined, the 

two cylinders and their associated 

electronics have a mass of about 

6.5 kg. Only a couple watt-hours 

of energy would be needed for the 

full experiment. 

The Surveyor soil-mechanics ex- 

periment includes an instrumented 

sample collector (see Fig. 15-8) 

which by probing and scraping the 

lunar surface should collect quan- 

titative information on the mechanical properties of the surface. Surface 

load-bearing strength and the presence or lack of any layered structures 

can probably be detected by the instrumented sampler. 

The Surveyor sample collector, essentially a scraper, will be instru- 

mented to record the following data: 

1. Azimuth, elevation, and extension of the sampler. 
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2. Radial horizontal and vertical applied forces. 
3. Accelerometers will measure sampler deceleration at crustal contacts 

in penetrometer fashion. 

Of course, operations of the sampler will also be observed by television to 
supplement the above data. 

Since Surveyor’s landing gear is strut-like, one can instrument the legs 
themselves as if they were penetrometers and obtain dynamic data at 

the moment of touchdown. NASA’s Langley Research Center will carry 

out an experiment like this on Surveyor. The touchdown-dynamiecs ex- 

periment objectives are: 

1. Determine linear and angular acceleration, angular velocity, and 

displacement of the spacecraft during touchdown. 

2. Determine the bearing strength and shear resistance of the lunar 

surface. 

3. Determine the depth of the spacecraft penetration into the lunar 

surface. 

4. Determine the surface contour in the landing area. 

The first objective can be accomplished by installing three linear ac- 

celerometers, three angular-rate gyroscopes, and linear-displacement in- 

dicators on the leg-shock-absorber combinations. Data measured with 

these instruments must be combined with that from the following trans- 

ducers to fulfill the objectives listed above. 

Strain-gauge bridges attached to the six leg struts and to each of the 

three shock absorber struts will measure axial loads. Finally, auxiliary 

data are available from other sources. These include the spacecraft 

dimensions, particularly the areas of the surfaces contacting the surface, 

and doppler velocity and altimeter data from the guidance-and-control 

subsystem. 

Quite obviously, the Surveyor touchdown-dynamics experiments are 

more or less immersed in the spacecraft itself; that is, there is no single, 

separable instrument one can point to. Instead, the experiments involve 

attaching very simple transducers to several functional parts of the 

spacecraft. The acquired data must then be analyzed collectively along 

with spacecraft dimensions and touchdown information if the results are 

to be significant. 

Seismometers. On Earth, seismometers are best known for their earth- 

quake-detecting abilities. They are more versatile than that. We may 

expect a seismometer placed on the Martian surface to record data 

leading to the following insights: , 

1. The frequency, intensity, and direction of quakes. 
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. The crustal structure. Is it layered or monolithic? 

. The existence or lack of a fluid core. 

. Crustal composition and/or density from velocity data. 

. The frequency of nearby meteorite impacts and thermal activity if 

the background signal level is low. 

OP W Wb 

Because we wish to know the same things about the Moon, a substantial 

amount of seismometer development has already been accomplished un- 

der the Ranger and Surveyor programs. Much of this work can be trans- 

ferred bodily to the planetary programs. 

The principles of seismometer operation are well known. Mechanical 

vibrations in the crust are transferred to the seismometer body. A large 

mass is suspended from the frame by a spring or some other elastic 

device. When the frame moves, the mass remains nearly fixed, permitting 

displacement between the frame and mass to be recorded by a distance-to- 

electrical-signal transducer. This is reminiscent of the linear accelerom- 

eter. Of course, there must be a separate mass suspension for each of the 

three axes if a complete record of crustal movement is desired. A single- 

axis vertical seismograph is a simpler, lighter, but still useful instrument, 

especially for preliminary scoping measurements. In addition to the num- 

ber of axes recorded, each seismometer, like any structure, boasts a 

natural frequency at which it is extremely sensitive to induced vibrations. 

Within limits, the sensitivity curve can be made to peak almost any- 

where. Many seismometers are tuned to the strongest frequency com- 

ponents in earthquakes. In the exploration of a planet, a broad range of 

frequencies should be investigated. For example, each solid planet will 

possess a resonant frequency of its own, with a period possibly as long as 

several hours. Or perhaps the seismometer will be designed to measure 

crustal tides, the distortions caused by rotation in the gravitational field 

of another large body. Untuned seismometers, with broad frequency re- 

sponses, seem desirable for initial reconnaissance. 

The mechanical interface with the remainder of the lander is critical 

for seismometers. Almost every payload will include noisy experiments, 

with closing relays, moving arms, vibrating reeds, and so on. These ex- 

periments must either be turned off during quakes or the seismometer 

must be adequately decoupled from the spacecraft. Also, while in flight 

and during the touchdown itself, the seismometer mass must be caged to 

prevent damaging the transducers. Finally, seismograms, like optical 

spectra, contain a great deal of information, more than can be tele- 

metered in real time. Data storage facilities must therefore be incor- 

porated into the instrument. 

Of the several space seismographs that have been or are being devel- 
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Fig. 15-31. The Ranger single-axis seismometer. (Ref. 15-1) 

oped, two have special interest here. The first is the single-axis, hard- 

lunar-landing Ranger seismometer pictured in Fig. 15-31. The basic in- 

strument consisted of a coil, a spring-suspended magnet, and an internal 

calibration device (Ref. 15-1). The coil was rigidly attached to the in- 

strument case. Movement of the spring-suspended magnet induced a 

current in the coil proportional to the rate at which lines of flux are cut. 

The natural period of the Ranger seismometer was nominally 0.4 sec, 

but the mounting of several additional permanent magnets inside the 

case extended the natural period to about one second. With this period, 

the sensitivity was 0.80 microvolt/mp of peak-to-peak crustal deflection. 

By sending a known current through a coil, the suspended mass could be 

deflected a known amount for calibration purposes. In order to survive 

the 3000-g lunar landing, the seismometer mass was caged in fluid (n- 

heptane), which was to be drained when the lander was in position on 

the lunar surface. Total mass of the instrument, with caging fluid, was 

3.3 kg. The Surveyor soft lunar landing seismometer, the second instru- 

ment of interest, is also a single-axis system (Fig. 15-32). It is slightly 

more sensitive and uses a mechanical rather than fluid caging device. The 

instrument mass with caging and electronics is about 3.5 kg. 

Eventually, scientists can expect active rather than passive seismic 

experiments. Possibly the other planets will not be as cooperative as the 

Earth in the production of frequent quakes to help plumb their interiors. 
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Active seismic experiments would involve the detonation of an explosive 
charge and listening to the reflected and/or refracted seismic waves with 
an array of geophones, after the fashion of petroleum prospecting. Strata 
could be measured in this way and, by observing the dispersion of prop- 

agation velocity with depth, some idea about the depth-density relation- 

ship for the planet could be gained. A complete active seismic experiment 

with four dispersible geophones has been estimated to have a mass of 40 
kg and a power requirement of 5 watts. 

One final seismic experiment, which could be carried out with the 

equipment just described or with a much simpler setup, is the measure- 

ment of the velocity of sound in the crust. One or two strategically 

placed detectors (geophones) could record the sound waves sent through 

the crust by a succession of small squib detonations (Ref. 15-16). Knowl- 

edge of the distances and travel times would lead directly to the velocity 

of sound. Knowledge of the velocity of sound, in turn, would give geo- 

physicists a good idea about the density of the surface rocks. 

Other Geophysical Experiments. The impressive number and variety of 

geophysical instruments have already been mentioned. Typical of those 

that have not been mentioned are the gravimeter and magnetometer. 

From a fixed lander, these two instruments would measure the planet’s 

surface acceleration due to gravity and the time variation of the mag- 

netic field. Ultimately, vehicles could carry the instruments over the face 

of the planet to help unravel subsurface geology in the same way that 

aircraft are used to search for mineral deposits on Earth. 

Initially, a drill was to have been included on the early Surveyor space- 

craft in order to place a sonde beneath the Moon’s surface to measure, 

from a better vantage point, parameters such as thermal diffusivity, the 

speed of sound, magnetic susceptibility, and the crust’s engineering prop- 

erties. The complexity, power consumption, and weight of the equipment 

have deferred its use until later lunar shots. Weight and reliability are 

even more critical on deep-space missions, so that drills and sondes, 

despite their admitted advantages in crustal research, will have to remain 

until later when larger landers will be available. 

A relatively new geophysical instrument is the geodetic satellite. By 

careful observation over long periods of time, an artificial satellite can 

help fix the size, mass, and shape of a planet. An artificial satellite be- 

comes a geodetic satellite when accouterments such as flashing lights are 

added to aid ground-based tracking. A man-made satellite circling 

another planet in the solar system would not be visually observable from 

Earth. Automatic, remote tracking from the planet itself appears too 

difficult. Manned, planet-based, tracking stations present the best hope, 
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but they are a good many years away. In this same desirable-but-diffi- 

cult category we would have to place the planet-based sounding rocket, 

designed to make upper atmosphere measurements at a more leisurely 

pace than that possible during the trauma of entry from outer space. 



Chapter 16 

INSTRUMENTS FOR DETECTING LIFE 

16-1. Prologue 

Is there life on Mars? This is perhaps the most persistent and ubiqui- 

tous question in all of astronautics. Despite the question’s emotional ap- 

peal, the scope of biology far transcends the restricted yes-or-no answer 

we hope to receive from unmanned probes within the next decade. Biol- 

ogy, like any other science, tries to construct the most general, most 

accurate, and most elegant description of the universe possible. The sim- 

ple discovery of life on another planet without detailed study of that life, 

though it would greatly enlarge our biological universe, represents no 

new triumph of understanding but simply more grist for the mill that 

ultimately produces our broad scientific generalizations. Indeed, some 

biologists already base their theories on the existence of life outside the 

Earth. The fact of life on Mars by itself would give biology no real in- 

sight into this life’s origin, its variety, or evolution (Refs. 16-3, 16-9, 

16-25). Detailed studies of extraterrestrial life, in contrast, would be im- 

mensely stimulating to biology, a science overwhelmed with observations 

but possessing few broad generalizations. The discovery of life forms 

existing beyond the limited sphere of the Earth, perhaps with different 

genetic and metabolic schemes, might provide that additional breadth 

necessary for the formulation of powerful new theories. 

The newly named discipline of exobiology encompasses both life detec- 

tion and the study of this life. This book covers only that part of exo- 

biology concerned with the instrumentation of unmanned space probes. 

The very newness of the field makes this more a chapter of ideas and 

research than hardware description. While the interplanetary, atmos- 

pheric, and surface instruments have had the advantage of many years of 

development on sounding rockets. balloons, and satellites, biologists have 

AT7 
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usually had no opportunities or scientific justifications for placing life- 

detection equipment aboard these vehicles. Abundant life for scientific 

research has always been present on Harth in every pinch of sand and 

drop of water. The design of remote life-detection instrumentation is a 

new scientific venture. The much more important study of life with re- 

mote equipment has hardly been considered at all. Consequently, the 

great bulk of discussion will concentrate on the simple detection or non- 

detection of life; the yes or no. 

There is a question of what constitutes life detection. Amino acids, for 

example, are linked together to form proteins in all terrestrial organisms. 

Would the detection of amino acids indicate the presence of life on 

another planet? Not necessarily, because they may have been synthesized 

from simpler chemicals with the help of non-life processes; say, electrical 
discharges. If an experiment could be designed that appeared to detect 
proteins, a biologist would then have more confidence that life truly 
existed on the planet. There would still be questions, however, about in- 
complete sterilization of Earth-built equipment, equipment defects, and 
chemical poisoning of the experiment. Short of seeing life forms through 
a television circuit, there can be no real certainty that life has or has not 
been detected. Every life-detection experiment so far proposed can be 
faulted by the skeptics—and there are more skeptics where life detection 
is concerned than in the rest of space research. 
Human nature being what it is, a series of life-detection experiments 

all yielding positive results will sway more and more scientists at each 
step, perhaps after the fashion of the “confidence” curve, Fig. 16-1. A 
small minority of scientists are already convinced that extraterrestrial life 
exists, even before the first probe experiments; therefore the curve cannot 
start at zero. A single positive or negative result will be instrumental in 
swinging the opinions of many. Two successive positive or negative ex- 
periments will convince more, and so on, as shown in Fig. 16-1. But both 
curves are asymptotic. The whole universe would have to be explored 
to be sure of a no. And there will always be the doubters that make cer- 
tain proof impossible, and rightfully so, since none of the life-detection 
devices is completely foolproof. Between the positive and negative 
branches of the curve lie the frustrating situations where mixed yeses and 
noes are received on the telemetry channels. The cause may lie in faulty 
equipment or possibly because the wrong questions are being asked. (The 
right questions on Earth might be the wrong questions on Mars.) 

Just what are the right questions? None of the experiments listed in 
Table 16-1 really gives the yes or no answer desired. Experimental 
answers are quite different and far more limited. Take the optical rotary- 
dispersion experiment as an example. It asks if there are substances on 
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the target planet that rotate the plane of polarized light. The experiment 
can tell both the amount and direction of the rotation, but such data are 
separated from the desired yes or no by human interpretation and opin- 
ion, which always keep the curves in Fig. 16-1 asymptotic. 

SUCCESSIVE POSITIVE RESULTS 

CONFIDENCE REGION OF MIXED RESULTS 

SUCCESSIVE NEGATIVE RESULTS 

NUMBER OF EXPERIMENTS 

Fig. 16-1. “Confidence” in the existence of extraterrestrial life as a function of 
the number of experiments performed. 

Scanning the major life-detection experiments listed in Table 16-1, one 

may separate the experimental queries into three groups: 

1. Those that ask whether there are chemical compounds on the target 

planet that are usually associated with terrestrial life (amino acids). 

2. Those that ask whether, given Earth-type nutrients, there are chem- 

ical reactions like those associated with terrestrial life (metabolism). 

3. Those that ask whether life forms, remnants of life, or artifacts can 

be seen (animals, fossils, “canals’’). 

“Life detection” experiments, then, except perhaps for those in category 3, 

do not really detect life directly. Even the imaging experiments in cate- 

gory 3 may be fooled by lifelike forms; viz., the controversy over the 

organized elements in meteoroids. Thus qualified, this chapter’s title will 

be retained. 

In the discussion so far, it has been assumed that a well-defined taxo- 

nomic wall separates life from non-life. The wall is none too strong. Life 

seems best defined by its most distinctive attributes: 
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1. Metabolism. 

2. Reproduction. 

3. Evolution or mutation. 

Like all definitions, that of life is arbitrary. For the purposes of this 

book, life must have all three of the attributes just listed. Our primitive 

life-detection experiments cannot confirm singly or collectively the ex- 

istence of all three attributes. 

What exactly should life-detection equipment look for on a planet and 

where should it look? There seem to be six definable “states” of life (Ref. 

16-25) : 

1. Protolife, where chemical evolution has proceeded to a point where 

necessary precursor molecules (e.g., amino acids, fatty acids, etc.) 

are present in detectable amounts, under environmental conditions 

suitable for the synthesis of still more complex molecules; 1.e., re- 

ducing atmosphere, energy sources, etc. 

2. Primitive life, where protolife has become replicating, metabolizing, 

and mutating. 

3. Diverse forms of animal and vegetable life, including perhaps “in- 

telligent”’ life. 

4. Artifacts of a once-living biosphere and perhaps culture. 

5. No evidence of life at all. 

6. Something beyond our present comprehension; that is, life as we do 

not know it. 

It is possible, of course, that the life forms and chemistries, if discovered, 

may be radically different from our own. 

It is popular to talk about the probabilities of discovering life. This is 

not the place to indulge in such exercises, since the decision to look for 

life has already been made. The probability of finding life during a single 

experiment, however, can probably be improved by placing the instru- 

ments in likely spots. In choosing planets and specific locations on 

planets for experiments, mission planners can only assume that Earth-like 

environments are the most likely to harbor life. The Mars scanner de- 

scribed in Sec. 15-2 is, in fact, designed to detect microenvironments on 

Mars, where temperature and water-vapor concentrations are higher than 

normal. Such favored spots would be logical targets for the first planetary 
landing vehicles. 

Once landed, most life-detection instruments must obtain a sample of 
the planet’s life to work on. Except for some of the imaging experiments, 
microorganisms have been selected for collection and experimentation. No 
matter how much or what kind of life is present, if life is present at all, 
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there should be microorganisms available. They are expected to be hardy 

and yet simple to work with. It will still be difficult, however, to collect 

and study microorganisms by remote control. The scrapers, aspirators, 

and sticky strings introduced in Sec. 15-3 are all pertinent here. All 

samplers must assume that dust, aerosols, and other fine materials will 

contain microorganisms, just as they do on Earth. Some instruments, 

like the microscope, also require rather elaborate sample processing be- 

fore the experiment can begin. 
Possibly the biggest obstacle to life-detection-instrument design is the 

sterilization requirement. All terrestrial organisms obviously must be 

eliminated, at least from metabolic chambers, where life processes are to 

be detected. Sterilization processes may not need to be applied so rigor- 

ously to other parts of the instruments, but there must be adequate bar- 

riers to preclude the migration of Earth organisms from the rest of the 

spacecraft and the instrument proper into life-sensitive parts of the 

equipment.* Note that the over-all spacecraft sterilization requirements 

specify only a certain upper limit to the probability of planet contamina- 

tion (10-* for Mars) and do not require complete sterilization of all 

components. In any case, the sterilizing processes—heat and gas soaking 

are severe enough to damage many conventional components. Finally, 

the contamination of Mars itself by Earth microorganisms must be pre- 

vented during the early biological explorations. The contamination of 

Mars might ruin forever our chances of obtaining a clearcut answer to 

our questions about life beyond the Earth. 

In the rest of the chapter, the life-detection instruments have been 

divided into three groups, after the fashion of Chapters 14 and 15. First, 

there are the experiments which attempt to detect life or the chemistry 

associated with life from a distance, through analysis of emitted or re- 

flected electromagnetic radiation. The imaging devices and probe spec- 

trometers fall in this category. Next come the sample processors and, 

lastly, the “biological” experiments, which are analogous to the macro- 

scopic meteorological and geophysical experiments of the preceding 

chapters. 

16-2. Life Detection by Remote Analysis 

of Electromagnetic Radiation 

The first planetary probes will be flyby and orbiter spacecraft. There- 

fore, the first attempts to detect life on the other planets will be simply 

extensions of techniques already tried from the Earth’s surface—the ad- 

*It has been found, for example, that solid rocket fuels, ‘such as those used for 

braking the fall of impacting space probes, may be contaminated. Bits of unburnt 

fuel may contaminate large areas with Earth life. 
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vantage of the spacecraft being, of course, proximity. Distance during a 

planetary flyby is reduced by a factor of 10* or more. Electromagnetic 

instruments, if they are light and rugged enough to be placed on probes, 

can therefore be used to advantage in the search for life. The numbers 

and kinds of electromagnetic experiments possible from a distance, as 

indicated below, are rather limited. In essence, a distant instrument can 

either look for the spectra of chemicals associated with life or attempt to 

image life forms directly. 

Infrared Spectrometers. The spectrum of infrared radiation emitted 

and reflected from a planet’s surface may indicate the presence of com- 

plex organic materials as well as rock compositions and temperatures. 

Sinton has made infrared measurements of the Martian disk from Earth 

and has found absorption bands located at 3.45, 3.58, and 3.69u (Ref. 

16-18). Though Sinton’s spectra are subject to non-life interpretations, 

some, but not all, scientists agree that they closely correspond to those of 
Earth-based organic molecules. Unfortunately, Sinton’s experiment was 
hampered by the low spatial resolution of his optical equipment, approxi- 
mately half a planetary diameter. Observations did, however, indicate 
stronger absorption bands in the dark areas (maria) of Mars. These same 
areas become even darker with the advent of the Martian spring. It is 
easy to leap to a positive conclusion concerning life on Mars from such 
measurements. 

A flyby probe carrying an infrared spectrometer could repeat Sinton’s 
measurements with much better areal resolution. This experiment, how- 
ever, is not being considered seriously for probes at present because great 
improvements in resolution can still be obtained with Earth-based tele- 
scopes. 

Television. One of the most convincing demonstrations of life on 
another planet would be the transmission of images showing undeniably 
living forms, fossils, or the engineering works of intelligent beings. From 
an orbit about Mars, for example, photography plus subsequent high 
resolution scanning of the film might reveal the true nature of the con- 
troversial “canals.” The resolution of surface objects on the Martian 
surface might be reduced from the present hundreds of kilometers, at- 
tainable with Earth-based telescopes, down to tens of meters, with an 
orbiter telescope-film-vidicon combination (see Sec. 15-3). 

Television equipment on a lander might be able to distinguish indi- 
vidual life forms or their aggregations. The Surveyor television unit 
would be adaptable to this role. Life on Mars, if it exists, is expected to 
be plant-like. Magnification of the scene surveyed by the lander will be 
desired for detailed studies of such organisms and potential fossil de- 
posits. The Surveyor instrument, with adaptations for continuous focus- 
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ing and lens changes, would be a very heavy instrument for a planetary 

lander. Yet, it could give us pictures, probably the most direct and cer- 

tainly the most subjectively satisfying proofs of life. The same reasoning 

applies to the microscopes covered in Sec. 16-3. 

Radio-Listening Experiments. Scientists do not really expect to find 

other intelligent life within the solar system. All efforts, such as Project 

Ozma, to communicate by radio with other technically inclined life forms 

beyond the Earth have been confined to interstellar searchings (Ref. 

16-4). Surely, the logic goes, if intelligent life forms with advanced tech- 

nologies existed on the other planets of the solar system, we should be 

able to detect their radio signals by now. Perhaps that’s true, if the 

signals were strong enough and of the right frequencies to penetrate the 

ionospheres of both planets. Consequently, radio listening from a plane- 

tary probe must be assigned a very low priority in the hierarchy of life- 

detection experiments because of the extremely low probability that any 

useful information could be acquired by such an experiment. 

16-3. Life Detection by Sample Analysis 

More convincing than the electromagnetic observations from flybys 

and orbiters will be the signals sent by instruments that have obtained 

and made measurements upon actual samples of the target planet’s crust 

or, more positively, its biosphere. The instruments described in this sec- 

tion all depend upon the detection of some physical or chemical property 

of the sample which characterizes life. No uniquely biological properties 

are measured by these instruments. Metabolism, reproduction, and muta- 

tion, the three defining attributes of life, are not perceived directly or 

indirectly. The parameters measured are thus at least once removed from 

life’s defining properties. One notes further that inescapable necessity of 

assuming that extraterrestrial life is like Earth life. 

The sampling instruments previously listed in Table 16-1 can be classi- 

fied into five groups according to their operating principle: 

Group Objective Instruments/Experiments 

1 Identify chemicals associated Mass spectrometers 

with life. Chromatographs 

Ultraviolet spectrophotometer 

2 Identify chemical processes as- Turbidity and pH experiments 

sociated with life. Stain experiments 

Bioluminescence 

Redox-potential experiments 

Isotope interchange experiment 
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Group Objective Instruments /Experiments 

3 Identify physical phenomena Optical rotary dispersion 
associated with life. 

4 Identify images of lifeforms. Microscopes 

5 Identify biological processes. Metabolism detectors 

Group 5 is discussed in the next section, along with the Multivator/ 
Minivator, multiple-experiment device, which straddles both Secs. 16-3 
and 16-4. 

Mass spectrometers and chromatographs are well down the develop- 
ment path as atmospheric and crustal-analysis instruments. The micro- 
scope, spectrophotometer, and the optical rotary-dispersion experiment 
represent space-probe adaptations of common terrestrial instruments. 
The remainder, however, are relative newcomers to space instrumenta- 
tion. None, however, is unique to the space program. All have firm foun- 
dations in terrestrial laboratory experience. 

Mass Spectrometers. Since a mass spectrometer accepts only gaseous 
inputs, any life forms present in the coilected sample cannot avoid being 
broken down into much simpler compounds by the preparation process— 
usually pyrolysis and subsequent ionization. Mass spectrometry, more- 
over, is a better analytical tool when studying the lighter, simpler com- 
pounds, which are distinguishable by appreciable charge-to-mass-ratio 
differences (see Sec. 14-3). The role of the mass spectrometer in life de- 
tection is in the identification of biologically important chemical com- 
pounds, like the amino acids and peptides, through a mass analysis of 
their pyrolysis and ionization products. There are two opposing tradeoffs 
in this kind of mass spectrometry. The smaller the fragments being 
analyzed (molecular weights are usually well under 250), the more ac- 
curate the spectrometer. Unhappily, the likelihood of identifying the 
parent macromolecules from their fragments drops rapidly as the molec- 
ular weights of the constituents decrease. Experiments at MIT using 
conventional laboratory mass spectrometers reveal that many of the 
amino acids show a pyrolysis- and ionization-product peak at a molec- 
ular weight of 74, indicating a common fragment. Other peaks found in 
test spectra will probably enable scientists to identify specific amino 
acids from their pieces without ambiguity. 

Once the technical feasibility of macromolecule identification by mass 
spectroscopy has been established in the laboratory, instruments light 
enough for probe use will have to be developed. The principles and guide- 
lines presented for atmospheric mass spectrometers will apply here. No 
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space-vehicle mass spectrometers tailored to the life-detection task have 
yet been built. 

Chromatographs. Much of what has been said about mass spectrom- 
eters also applies to gas chromatographs. That is, analysis of the pyroly- 
sis products will probably permit identification of biologically significant 
parent macromolecules. The list of compounds detectable by the Surveyor 
gas chromatograph (see Sec. 15-3) emphasizes its ability to detect 
heavier, more complex molecules than the mass spectrograph. Chromato- 
graphs may therefore assay a crustal sample for macromolecules with 
less ambiguity. 

Although the Surveyor gas chromatograph has been specifically con- 
structed for lunar use, the engineering knowledge gained will be useful 
for life detection on the planets. In fact, one of the scientific objectives 
on the lunar surface is the detection of organic materials that have either 
been transported to the Moon (panspermia or space probes) or still re- 
main as relics of an ancient biosphere. Similar objectives hold for plane- 
tary biological experiments, but, of course, the probability seems higher 
that living samples may be collected on the planets (Sec. 16-1). Except 
for reducing the weight of the Surveyor instrument, its configuration and 
general operating principles can be taken over directly for use by a 
planetary lander (see Sec. 15-3). Oyama has indicated that a gas chro- 
matograph for use on Mars, incorporating hot-wire pyrolysis and only 

two columns, can probably be built for about 2.5 kg, with a power con- 

sumption of about 4 watts (Ref. 16-14). Another possibility, now being 

explored at Florida State University, is the use of paper chromatography 

to detect macromolecules directly without the necessity of destructive 
pyrolysis. 

Ultraviolet Spectrophotometers. Besides identifying macromolecules by 

the masses and sorptive properties of their pyrolysis products, one can 

study their absorption spectra for clues. The different wavelengths of 

light absorbed by a liquid containing macromolecules indicate chemical- 

bond resonances. More specifically, proteins are observed to absorb 

strongly in the region of 1950A, in the ultraviolet. Photons with this par- 

ticular wavelength are absorbed by the peptide bond that links amino 

acids together to form the polypeptides, a chemical class which includes 

the proteins. The more peptide bonds in a macromolecule, the stronger the 

absorption at the 1950A band, and the larger the polypeptide macromol- 

ecules. 

A one-channel photometer, Fig. 16-2, at 1950A, seems rather simple 

after the multichannel photometers described for atmospheric work (Sec. 

14-2). The problem is complicated, though, by the fact that other chemi- 

cals, not so closely associated with life, also absorb strongly in the 
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Fig. 16-2. Operating principle for a one-channel ultraviolet spectrophotometer 

that might be used in detecting peptide bonds and, by inference, proteins. 

neighborhood of 1950A. Any instrument built based on peptide-bond 

absorption will have to distinguish between the different possibilities. 

One scheme that has been advanced involves the hydrolysis of the sample 

after an initial set of measurements. Hydrolysis will then break any 

peptide bonds present and greatly reduce the absorption at 1950A when 

a second set of measurements is made. Other chemicals absorbing at 

these wavelengths would probably not be affected by hydrolysis. No 
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Fig. 16-8. Schematic drawing of the Wolf Trap. Dust is sucked up from plane- 
tary surface and blown into culture chamber. Changes in light transmission meas- 
ure turbidity as a function of time. Electrodes measure pH. Occulting disk 

provides A.C. signal for amplifier. (Adapted from U. of Rochester drawing) 
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marked change in the spectrum would be observed in the absence of 
polypeptides. 

An ultraviolet spectrophotometer for probe use is being studied by 
Melpar, Inc. (Ref. 16-1). 

Turbidity and pH Experiments. When organisms grow in a fluid cul- 
ture medium, the fluid usually becomes more turbid (cloudy), a photo- 
metrically measurable phenomenon. The acidity of the fluid medium al- 
most always increases, too. The latter change is easily measurable with 
standard electrochemical techniques. Together the two phenomena form 
the basis for the Wolf trap, a life-detection instrument named after 
its proponent and designer, Wolf Vishniac, now at the University of 
Rochester (Refs. 16-23 and 16-24). 

In actuality, of course, the Wolf Trap, like most instruments described 

in this chapter, does not really detect life, but rather signals changes in 

turbidity and pH. A fine, but sterile sample of Martian dust, for ex- 

ample, might keep the fluid medium turbid for days. If the dust happened 

to be acid, too, misinterpretations might easily occur. This objection can 
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Fig. 16-4. A recent breadboard model of the Wolf Trap. The culture chamber 
itself is dwarfed by the sample collector and other auxiliaries, a common situation 

in space research. (Courtesy of the U. of Rochester) 
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be met by observing the time history of the fluid turbidity and pH. If 

the surface sample is truly sterile, turbidity should decrease eventually. 

If life forms exist which can multiply in the culture medium, an increase 

in turbidity should be noted, perhaps after an initial decrease, as the 

dust settles out. An experimental check and balance can be introduced 

through the addition of a culture chamber that receives no sample. Com- 

parison of measurements from the two chambers can be used to check 

sensor and electronics operation. 

The complete Wolf Trap consists of the sample collector and perhaps 

10 to 20 culture chambers. This multiexperiment approach is similar to 

that used in the Multivators and Minivators covered in the next section. 

The turbidity and pH sensors and culture chambers can be made very 

simple and compact, as shown in Figs. 16-3, 16-4, and 16-5. A lamp-photo 

cell combination monitors the turbidity as a function of time, while two 

electrodes measure the pH. The Venturi-type sample collector shown in 

the same diagram is an interesting variation of the aspirator mentioned 

in Sec. 14-1. Though the instrument is still in the research stage, the 

culture chambers and their detectors have been made very small and 

lightweight. 

Stain Experiments. Proteins and other macromolecules associated with 

terrestrial life characteristically absorb many kinds of dyes. This behav- 

Fig. 16-5. Wolf Trap culture chamber. Note small size. (Courtesy of the U. of 
Rochester) 
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ior is the basis for the cell-staining techniques employed in the biologi- 

cal laboratory. Although some (supposedly) non-life substances, viz., the 

organized elements found in meteorites, also take up these dyes, staining 

is so closely associated with life that it forms the foundation for another 

kind of life-detection instrument, the so-called J-band detector. 

When proteins, polynucleic acids, polysaccharides, and other macro- 

molecules absorb dyes like dibenzo-thiocarbocyanine, the new bonds that 

are formed create strong absorption bands between 4500A and 6500A, 

in the visible portion of the spectrum. Molecular absorption bands in the 

visible are not very common, and the formation of J bands seems to 

offer a clearcut indication of the presence of macromolecules—at least 

terrestrial macromolecules. 

The translation of the J-band concept into hardware is particularly 

simple. A light source in the visible, a sample chamber, an interference 

filter, a chopper, and photocell are all that are needed. The experimental 

schematic is, in fact, similar to that of the ultraviolet spectrophotometer, 

Fig. 16-2, except for the wavelengths employed. 

Optical-Rotary-Dispersion Experiments. One of the strangest proper- 

ties of terrestrial life is its apparently exclusive production of optically 

active substances; that is, substances which rotate the plane of polarized 

light. Sugars and other life-associated compounds which are optically 

active can be made in both dextro- and levo- forms. If a mixture of 

dextro- and levo-nutrients is carefully prepared so that the optical activi- 

ties cancel one another out, extraterrestrial microorganisms eating the 

nutrients would be expected to disturb this balance. That extraterrestrial 

life would possess asymmetries in its chemical processes is expected philo- 

sophically but is not known for certain. All life-detection equipment ex- 

trapolates terrestrial biology to the other planets, and the same assump- 

tion applies to this class of instruments. 

More specifically, the proteins and nucleic acids, which are closely 

associated with terrestrial life and possess little optical activity by 

themselves, can be made strongly optically active in the neighborhood 

of their ultraviolet absorption bands by the addition of sugar and other 

optically active molecules to the macromolecules. 

Again the resulting instrument bears a strong resemblance to the ul- 

traviolet spectrophotometer. The major difference is the insertion of po- 

larizers and analyzers into the optical system. By measuring the amount 

and direction of optical rotation experienced by the polarized light as it 

passes through a solution containing the optically activated sample, sci- 

entists can deduce whether macromolecules are present in the sample. 

Space instruments using optical rotary dispersion are being studied at 

Melpar, Inc. 
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Microscopes. More convincing than any telemetry signal from abstract 

physical and chemical experiments would be a picture of an undeniably 

living organism. The vidicon cameras described earlier could provide 

such pictures if life forms happen to be large enough singly or in aggre- 

gate to be identified from the lander with telescopic attachments. The 

greatest number of terrestrial life forms, however, are microscopic. Prim- 

itive life, in particular, is likely to be too small to be seen with the naked 

eye or with vidicon telescopes. A space adaptation of the laboratory 

microscope therefore seems to have merit as a life-detection tool. 

Just what will a microscope tell us? It cannot detect easily the three 

major features of life: metabolism, reproduction, and mutation. How- 

ever, by focusing a microscope on dust and aerosols brought in by a 

sample collector, one could hope to determine particle form, size, sym- 

metry, color, optical properties, and reaction to various biological stain- 

ing techniques. Interpretation will admittedly be difficult. Again, the 

controversy over organized elements found in meteorites serves as a good 

example of the kind of disagreement that can develop over the analysis 

of visual images, even with staining. 

One of the problems encountered with the petrographic microscope, 

Sec. 15-3, was the preparation of the sample. The same problem crops 

up here. An extraterrestrial microtome would be well beyond the state 

of the art. Furthermore, we don’t know anything about the specimens. 
If life is as prevalent on the target planet as it is on Earth, every cubic 
centimeter of atmosphere and every bit of dust blown up from the sur- 
face will contain microorganisms. The first and simplest collection 
scheme is just the exposure of a sticky plate to aerosols and dust that 
may be naturally settling to the surface—the lander itself may stir up 
clouds of such material. The plates, after varying exposures, are moved 
into the focal plane of the microscope, and the images of the collected 
aerosols and dust particles transmitted back to Earth via a vidicon eam- 
era. A more forceful approach involves blowing the atmosphere into the 
microscope proper, Fig. 16-6, and onto a sticky, aerosol impaction plate. 
Dust stirred up from the surface could also be carried into the plate by 
this means. Studies show that pneumatic sample collection is probably 
simpler and more reliable than any scraping or pulverizing scheme (Ref. 
16-6). Since the aerosols and dust particles seem very likely to be car- 
riers of life, most life samplers have taken this road. 

The Jet Propulsion Laboratory and Stanford University have been 
studying a simple, fixed-focus microscope for space use. One version of 
the abbreviated, phase-contrast microscope that has evolved from the 
program is drawn in cross section in Fig. 16-6. The vidicon and sampler 
are not shown. In fact, both might be shared with other instruments. 
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Fig. 16-6. An aerosol impact microscope. Dust and aerosol samples are blown 
into the microscope through the tube connection. Sticky plate at focal plane is 
illuminated by lamp at far left. TV camera at right would view the magnified 

image. (Courtesy of the Jet Propulsion Laboratory) 

Preliminary specifications for the JPL-Stanford instrument include a 

100, field with a resolution of 0.5 uw. Eight brightness levels have been 

selected for each spot in the 400-line picture raster. As in the case of the 

other imaging devices described in Sec. 15-3, very large quantities of 

information must be transmitted for each picture, about 500,000 bits in 

this case. Exclusive of the vidicon and sampler, the abbreviated micro- 

scope can probably be built at about 2 kg, a small mass penalty for the 

scientific value that might be returned. 

Advanced microscope programs involve some obvious sophistications: 

automatic focusing and magnification control; sample staining; the use 

of ultraviolet light to observe the spectral absorption of macromolecules 

in the 2600 to 2800A region (ultraviolet microspectrophotometry), and 

the use of photographic film to improve the resolution. 

16-4. Biological Experiments 

The metabolism experiments are so distinct that, although they also 

involve sample collection and experimentation with samples, they are 

treated in a separate section. Metabolism—the energy-exchange process 

whereby organisms take food from their environments, process it, extract 

energy, and eliminate the residue—is one of the three defining attributes 

of life (Sec. 16-1). A successful, positive metabolism experiment would 

be much more convincing than data from an instrument measuring sec- 

ondary, one-step-removed parameters. The two instruments introduced 

here, Gulliver and the Multivator, strike at the heart of the life-detec- 

tion problem. Each has several years of study and research behind it, 

and, in comparison with most other instruments covered in this chapter, 

each is well into the prototype stage. 

Metabolism Detectors, “Gulliver.” If metabolism is a universal char- 
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acteristic of life, instruments that can detect this property will be valu- 

able additions to the space scientist’s arsenal. The attributes of metabo- 

lism that might be detected are the consumption of food, the evolution 

of wastes, and the production of heat. Growth is sometimes associated 

with metabolism, but by no means is it an essential feature. The metab- 

olism detector discussed below is sensitive to the evolution of radioactive 

carbon dioxide or other gaseous wastes from metabolizing organisms that 

consume a radioactively tagged culture medium. There are obvious ob- 

jections to such an approach: 

1. The sample organisms may not metabolize the culture sent along on 

the space probe. 

2. They may not evolve gases. 

3. There may be enough radioactivity on the planetary surface to 

mask any life effects, though anticoineidence counting and energy 

discrimination could reduce the effects of this interference. 

In all life detection, the search is first for Earth-like organisms; there- 

fore, items 1 and 2 are temporarily set aside. If the probe lands on an 

inner planet, item 3 is unlikely to be significant. 

Many types of metabolism experiments can be visualized, but the C¥ 

tracer experiment being developed by Hazelton Laboratories, Inc., is typ- 

ical and by far the most advanced in terms of hardware (Refs. 16-7, 

16-10, and 16-11). The instrument is named Gulliver after Swift’s char- 

acter who discovered many unusual forms of life in distant lands. 

Three steps make up the Gulliver cycle. In essence, they are: collect 
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Fig. 16-7. Schematic for the Gulliver metabolism detector. Later versions in- 

corporate a separate control chamber inoculated with an antimetabolite. (Ref. 

16-10) 
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a sample, feed it radioactively tagged food, and detect any tagged gase- 
ous waste products. Gulliver, whose design is tailored to a Mars mission, 
accomplishes these steps in the following ways: 

1. Two 8-m lines are fired from the instrument (prototype shown in 
Fig. 16-8) attached to “bullets.” The lines are coated with silicone 
grease, or some other substance that will remain sticky at Martian 
surface temperatures. Dust and other material adhere to the lines 
as they are retrieved by a motor. The sample-laden strings are de- 
posited in a reaction chamber, which is then sealed off from the 
outside environment (see Fig. 16-7). 

2. An ampule containing a culture medium tagged with C! or other 
radioisotopes* and which is designed to support the metabolism of 
a wide spectrum of terrestrial organisms (Table 16-2) is broken by 

TABLE 16-2. A BASIC TEST MEDIUM USED FOR GULLIVER 

Component Amount 

K,HPO, 10¢ 
KNO, 0.5¢ 
MgS0O,-7H,O 02¢ 
NaCl 0.1 ¢g 

a dimple motor and forced into the reaction chamber by pressurized 
CO» gas. If Earth-like metabolism takes places, C14O, and other 
gases will evolve. As the gases contact a thin getter layer covering 
the window of a Geiger-Mueller counter, they become fixed and 
available for counting. 

3. The beta particles emitted by C1 (half life = 5600 yr), for exam- 
ple, are detected by the Geiger-Mueller counter (described in Sec. 
13-3). 

Note that the Geiger-Mueller tube is shielded by a baffle from the betas 
emitted by the culture. The data are then telemetered to earth for anal- 
ysis. 

A number of C!4- and S*°-labeled compounds have been investigated, 
including sodium formate, glucose, sodium acetate, cysteine, sodium thio- 
sulfate, yeast, and Escherichia-coli extracts. Obviously, the culture em- 
ployed should sustain a great variety of organisms. The culture medium 
developed by Hazelton Laboratories, Inc. (described in Table 16-2), has 
been shown to support a great variety of terrestrial microorganisms. Both 
levo and dextro forms of the key culture molecules will be included in 
case Martian microorganisms prefer the mirror images. 

*$* and H* are also being considered. 
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Fig. 16-8. Gulliver, Model Mark III. This model shoots out two 8-meter sticky 

strings, which are then retrieved by a motor. The strings and adhering dust are 

deposited in a reaction chamber. (Courtesy of Hazelton Laboratories) 

The complete Gulliver instrument (see Fig. 16-8 and also Fig. 16-9) 

has a mass of less than a kilogram, including a duplicate reaction cham- 

ber inoculated with an antimetabolite that serves as a control. Less than 

a watt is required for the incubation and measurement period, while 

about two watts are needed for the three-minute sample collection pe- 

riod. 
Tests with Gulliver prototypes have proven very successful in many 

locations around the United States, including deserts, mountain tops, 

and deciduous forests. The curve illustrated in Fig. 16-10 (taken in a 

Washington, D.C., park) is representative. The double, possibly triple, 

hump may be interpreted as showing the existence of two or three dif- 

ferent organisms with different generation times. Metabolism in the ab- 

sence of reproduction and growth in a sample would be indicated by a 

curve that gradually acquires a constant slope. An advanced version of 

Gulliver will incorporate light and dark cycles to determine the presence 
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Fig. 16-9. Gulliver field-test unit. Units like this have successfully detected ter- 
restrial life in a variety of locations. (Courtesy of Hazelton Laboratories) 

of photosynthesizing organisms. Gulliver has generally proven itself to 

be a versatile, lightweight, rugged life detector. 

Multivators and Minwvators. One problem with all life detectors de- 

scribed so far is limited versatility. In a sense, each instrument asks one 

or two questions. The answer to any single question does not take sci- 

ence very far up or down the confidence curve (Fig. 16-1). To be sure, 

several different experiments can and probably will be used on each 

planetary lander. In some cases, as with the Wolf Trap, the basic detec- 

tors are so tiny that different culture media can be used in duplicate in- 

struments. This stratagem will also probably be put into effect. The 

Multivator/Minivator, in contrast, performs many different experiments 

all within the same instrument, creating in effect a miniaturized, auto- 

matic biological laboratory that performs experiments using wet-chem- 

ical processes. A well-functioning Multivator thus could take the ob- 

server up or down the confidence curve rather quickly. 
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The original Multivator was proposed by J. Lederberg, of Stanford 

University. In the original design, over thirty separate experimental re- 

action chambers were contem- 

plated, giving rise to the “multi” 

prefix. Later, engineers at the Jet 

Propulsion Laboratory, concerned 

about complexity and weight, began 

studying a Multivator with less 

than ten reaction chambers. The 

prefix “mini” naturally came into 

use. At the present time, although 

designs are not firm, both Multi- 

vator and Minivator have about 

fifteen chambers. There are few 

differences between the two instru- 

ments. 

The sketch of Fig. 16-11 illus- 

trates the basic chamber idea for 

both Multivator and Minivator. A 

fine, filtered sample from the plan- 

et’s crust is blown into the chamber 

TIME IN HOURS by a sample collector. A substrate 

Fig. 16-10. Typical experimental curve (possibly a culture medium) is 

obtained with Gulliver. Humps are already located in the chamber in 

caused by presence of several types of dry form. Once the sample is intro- 

microorganisms with different growth duced and the chamber sealed off, a 

eae solvent or some other chemical is 

released and the reaction begins. A 

detector appropriate to the reaction is nearby, and it sends data to the 

data-processing and communication subsystems. Figure 16-11 shows the 

set-up for the phosphatase reaction described in more detail below, but 

many other reactions have been suggested (Ref. 16-3). A partial list 

follows: 

. The turbidity experiment (Sec. 16-3). 

. The pH experiment (Sec. 16-3). 

. The optical-rotary-dispersion experiment (Sec. 16-3). 

The radioisotope-tagged metabolism experiment (Sec. 16-4). 

. Wet-chemical analysis of the sample for organic compounds. 

. Bioluminescence experiments (Table 16-1). 

. Redox-potential experiments (Table 16-1). 

. Measurement of total carbon by electrical conductivity. ONBWaA PWN 

The phosphatase experiment has received the most effort by the Stan- 
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Fig. 16-11. Schematic of an experiment using phosphatase enzymes being con- 

sidered for one or more of the Multivator chambers. (Ref. 16-12) 

ford Multivator group. The logic underlying the experiment goes like 

this: The phosphatase enzymes are very common in terrestrial organ- 

isms and are also assumed to be prevalent in extraterrestrial life. Phos- 

phatases catalyze the hydrolysis of phosphate esters with high specificity. 
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The product of several hydrolysis reactions can be detected with high 

sensitivity, using fluorescence techniques. A typical reaction would be: 

AB HO rise AT Ou 
where AB = a non-fluorescent phosphate ester 

AH = the fluorescent product. 

The phosphatase enzymes, assumed present in the life-form sample, are 

essential to the hydrolysis reaction. Unfortunately, the action of phos- 

phatase can be simulated by several other conditions, i.e., high pH and 

high temperature (Ref. 16-3). 

Fig. 16-12. An early breadboard model of the JPL Minivator. In the original 
Minivator concept, the chambers would have been tested sequentially by a mov- 

ing arm. (Courtesy of the Jet Propulsion Laboratory) 
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Fig. 16-18. One of the Multivator prototypes. This model shows fifteen reaction 
chambers and a photomultiplier tube, which is used with those chambers employ- 
ing light signals. Dust and aerosol samples are blown into the radial chambers. 

(Courtesy of Stanford University) 

An early Minivator is shown in Fig. 16-12; a prototype Multivator is 
illustrated in Fig. 16-13. In spite of the multiple reaction chambers, the 
latter remains a compact instrument that can probably be built in flight 
configuration for about a kilogram. The Multivator and Minivator pos- 
sess separate detectors for each reaction chamber and employ simulta- 
neous sample inoculation for all active chambers. Multivator and Mini- 
vator chambers are removable and interchangeable. Both employ blank 
control chambers. In addition, some of the more critical experiments 
would be performed in duplicate to improve the over-all probability of 
getting answers. While the Multivator and Minivator are considerably 
more complex than any of the single experiments previously described, 
they both provide more answers about extraterrestrial life per kilogram 
of mass and watt of power invested. 
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A logical extrapolation of the multiexperiment philosophy is the Auto- 

mated Biological Laboratory (ABL) being developed for post-1970 mis- 

sions to Mars. The ABL would incorporate Gullivers, Multivators, Wolf 

Traps, and other life-detection experiments. Its mass would be between 

one and two metric tons and would require the Saturn-5 launch vehicle. 

In closing this chapter, the primitive character of the foregoing experi- 

ments should be emphasized. Generally, they are aimed at a life-or-no- 

life answer. If several convincing yeses are ultimately received via the 

telemetry circuits, the real instrumentation task will begin: that of de- 

termining the precise character of extraterrestrial life, its impact upon 

biological theory, and its importance to human philosophy. 



Chapter 17 

INSTRUMENTS USED ON SOLAR, 
COMETARY, AND ASTEROIDAL PROBES 

17-1. Prologue 

Although planetary exploration and the plumbing of the interplane- 

tary medium have the highest scientific priorities, the fascination of the 

Sun, the comets, and the asteroids shapes the research efforts of many 

scientists. The Sun is the nearest star and the energy source for the en- 

tire solar system. The comets are probably the unaltered primordial stuff 

from which the solar system was formed, while the asteroids, some hun- 

dreds of kilometers across, have hardly been explored at all by Earth- 

based instruments. 

Launching space probes to these other occupants of our star system 

represents a more difficult feat than flying past Mars or Venus. The en- 

ergy requirements are large, and timing, except for the solar probes, is 

critical (see Chap. 5). Furthermore, many pertinent astronomical obser- 

vations can be made from the Orbiting Astronomical Observatory (OAO) 

class of satellites. Why fly special probes to these bodies at all? 

On the pro side of the argument, several important factors can be 

listed: 

1. Proximity permits more accurate measurements and often opens up 

wider ranges of phenomena. Magnetic fields, solar-plasma mapping, 

and cometary spectroscopy are typical of the phenomena where a 

closer look would be a big help. 

2. An escape from the Earth’s magnetic field, its halo of dust, and the 

radiation belts would be welcome in many experiments. 

3. Orbiting observatories encounter problems with fine pointing be- 

cause of the target’s distance. The eclipsing of the Sun and target 
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object cause power losses, temperature cycling of the spacecraft 

equipment, and the need for frequent reacquisition of the target. 

Counterbalancing these advantages are some probe problems: 

1. The greater mission propulsion and guidance requirements radically 

reduce payload size. 

2. Diminution of solar power and spacecraft cooling occurs as the Sun 

recedes, overheating, as the probes fall in toward the Sun. 

3. Communication over interplanetary distances is far more difficult 

than it is from an Earth satellite. 

4. Perhaps most telling is the long travel time to the target (many 

months and even years in some cases). A reliability engineer would 

calculate a much lower probability for successful data return after 

a six months’ flight than he would for immediate satellite transmis- 

sion. 

In the face of these advantages and disadvantages, the road to take 1s 

fairly obvious. Assign a somewhat lower priority to solar, cometary, and 

asteroidal probes than that accorded the planetary probes and deep- 

space monitors. Meanwhile, emphasize more strongly Earth-based and 

satellite-based observations, which, particularly in the case of comets, 

represent fertile fields for additional research. 

Looking next at the instruments which might form the scientific pay- 

loads of these more advanced probes, it will become apparent in the 

following sections and tables that these instruments are predominantly 

old friends, used in planetary research and the study of the interplane- 

tary medium. This fact should not be surprising, because the asteroids 

are essentially small planets, and the Sun is the maker of the interplane- 

tary weather. Only in the case of the comets, where novel ices and free 

radicals exist, will new kinds of instruments have to be devised. 

17-2. Solar-Probe Research 

Solar probes will undoubtedly precede cometary and asteroidal space- 

craft. Indeed, Mariner 2 was a solar probe in the sense that it carried 

instruments farther in toward the Sun than ever before, on its way past 

Venus. The advanced Pioneer probes, scheduled for about 1968, were for- 

merly termed solar probes, even though they will only penetrate to 

within 0.8 A.U. of the Sun. (Now, the designation solar probe is reserved 

for probes passing within 0.2 A.U. of the Sun.) 

Solar-probe instruments will first of all encompass all five classes of 

interplanetary experiments described in Chap. 13: magnetic, radiation, 

plasma, micrometeoroid, and cosmological. Besides mapping the fine 
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structures and temporal variations of the fields and particle fluxes in the 

neighborhood of the Sun, it is desirable to obtain closer scrutiny of the 

Sun’s surface with telescopes and spectrometers. A list of possible solar- 

probe experiments and their pertinent (and familiar) instruments is pre- 

sented in Table 17-1. 

17-3. Cometary-Probe Research 

Comets remain objects of comparative mystery. Proposals have sug- 

gested flying by them, flying through their tails, flying alongside them 

in matched trajectories, and instrument landings on their nuclei. Artifi- 

cial comets, launched near the Earth for better observation, have also 

been proposed (Ref. 17-10). Since only a ton or so of comet ices (H.O, 

NHs3, COs, ete.) would be needed, this idea is not as radical as one might 

think. Fly-throughs of cometary tails will probably come first on the 

schedule, though even they are perhaps a decade away, because of high 

velocity requirements, low mission priority, and the normal spacecraft 

development time. Sampling instruments, similar to but much larger than 

those employed in planetary atmosphere research, would have to be de- 

veloped to acquire usable amounts of the very diffuse matter making up 

the cometary tails. The list of desirable experiments, Table 17-2, includes 

some other new challenges to the instrument designer. There is also con- 

siderable equipment that has been described before. Generally, the new 

instruments are just in the thinking stage and cannot be described in 

detail. 

17-4. Asteroidal-Probe Research 

Everyone presumes that the asteroids are fragments of a former planet. 

The largest asteroids will have negligible atmospheres, and there is even 

less chance of a biosphere. Except as possible repositories of solar system 

history—in terms of dust deposits, radioisotopes created by cosmic-ray 

bombardment, and space flotsam and jetsam (panspermia?)—the aster- 

oids seem deader than our own Moon. It would be of interest, however, to 

land instruments on some of the larger bodies to check out our supposi- 

tions. It would also be desirable to examine planet fragments for clues 

about planetary origin and evolution. The instrument payloads and ex- 

perimental objectives would be similar to those of a planetary lander, 

except for the de-emphasis of life-detection and atmospheric instruments. 
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for out-of-ecliptic probes, 65 
powered descent, 64 
reentry, 62 
relativistic, 53 
rendezvous, 64 
for solar probes, 65 

Space probes, characteristics of major 
types, 244-280 

definition of, 3 
design of, 176-243 
generalized, 39 
objectives of, 3 
priority of, 4 
versus manned spacecraft, 3 
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