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Preface

THIs vOLUME is a collection of articles based upon lectures presented
at the Thirtcenth Science Seminar of the Air Force Office of Scicntific
Research, held at Albuquerque, New Mexico, in June 1968. The
seminar was held in cooperation with the University of New Mexico
and the Air Force Special Weapons Center.

These seminars have been planned to assist in breaking down bar-
riers to the flow of ideas between different specialized arcas of sci-
entific knowledge. Interdisciplinary in character, their programs
have consisted of reports on, and discussions of basic research across
the spectrum of Air Force interests. They have dealt with funda-
mental ideas in science--not in hardware or gadgets or instrumenta-
tion or weapons systems—important though all these may be. The
lecturers have been internationally known in their fields and the re-
search done by most of them has been accomplished with AFOSR
support.

This book is not a verbatim transcript of the lectures which were
presented, Instead, its chapters, written after the conclusion of the
seminar by the people who appeared on the program, are, in the
main, digests of what was discussed in the lecturcs and in the discus-
sion periods. Collectively, they record a substantial measure of sci-
entific achievement. Such a record is important, since world progress
over the past several centuries has been greatly aftected by advance-
ments in pure science.

I am greatly indebted to my wife, Rena, who assisted in preparing
the manuscripts for publication and to Mrs. Ann Masi and Miss
Shirley M. Farmer for their assistance in reading proo!.

D.L. A.

Arlington, Virginia
November 1968
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I. Inquines Into the Foundations
of Science

WESLEY C, SALMON

In 1950, L. RoN HussarDp published his book Dianetics,! which pur-
ported to provide a comprehensive explanation of human behavior,
and which recommended a therapy for the treatment of all psychclog-
ical ills. Acvording to Hubbard's thcory, psychological difficulties
stem from “cngrams,” or brain traces, that are the results of experi-
ences the individual has undergone while unconscious duc to slecp,
anesthesia, a blow to the head, or any other cause. Ot particular ‘in-
portance are those that occur before birth. Hubbard gives strikingly
vivid accounts of life in the womb, and it is far from idyllic. There is
jostling, sloshing, noise, and a variety of rude shocks. Any unpleasant
behavior of the father can have scrious lasting effects upon the child.
On a Saturday night, for example, the father comes home drunk and
in an ugly mood; he beats the mother and with each blow he shouts,
“Take that, take thatl” The child grows up and becomes a klepto-
maniac.

It is perhaps worth: remarking that the author of this work had no
training whatsoever in psychology or psychiatry. The basic ideas were
first published in an article in Astounding Science Fiction. In spite
of itz crigins, this book was widely read, the theory was taken seriousiy
by many people, and the hcrapy it reccommended was practiced ex-
tensively. A psychologist friend of mine rcmarked at the time, I

WESLEY C. SALMON is the Norwood Russell Hanson Professor of Phi-
losophy of Science at Indiana University, His chief area of research has
been inductive logic and probability theory. He is presently working on
major articles on the nature of statistical explanation and on the logical
concept of probability. Another longstanding interest is in the philosoph-
ical problems of space and time. Dr. Salmon is currently Vice President
of the Philosophy of Science Association. In addition to Indiana, he has
served on the faculties of UCLA, Washington State, Northwestern and
Brown. During the school year 1988-1969, Dr. Salnon is Visiting Professor
of Philosophy at the University of Pittsburgh.
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2 VISTAS IN SCIENCE

can't condemn this theory before it is carcfully tested, but after.
wards I will.”

In the same ycar—it seems to have been a vintage year for things
of this sort—Immanucl Vclikovski published Worlds in Collision,? a
book that attempted to account fur a number of the miracles alleged
in the Old Testument, such as the flood and the sun's standing still,
This latter miracle, it was explained, resulted from a sudden stop in
the carth’s rotation about i3 axis wkch was brought about, along
with the various other cataclysms, by hie very close approach to the
carth of a giant comct which later became the planct Venus. One of
the chief difficulties encountered by Velikovski's explanation is that,
on currently accepted scientific theory, the rotation of the earth simply
would not stop as a result of the postulated close appioach of another
large body. In order to make good his explanation, Velikovski must
introduce a whole body of physical thcory which is quite incompatible
with that which is generally accepted today, and for which he can
summon no independent evidence. The probability that Velikovski's
explanation 1s correct is, thercfore, no greater than the probability
that virtually every currently accepted physical theory is false.

Before the publication of the book, parts of Velikovski's theory
were published serially in Harjper's Magazine. When the astounding
new theory did not elicit serious consideration irom the scientific
community, the editors of Harper's expressed outrage at the lack of
scientific abjectivity exhibited by the scientists.® They complained, in
effect, of a scientific establishment with its scicntific orthodoxy, which
manifests such overwhelming prejudice against heterodox opinions
that anyone like Velikovski, with radically new scientific ideas, cannot
cven get a serious hearing. They were not complaining that the sci-
entific community rejected Vielikovski's views, but rather that they
dismised them without any serious attempt at testing.

The foregoing are but two examples of scientific prejudgment ot a
theory; many other fascinating cases can be found in Martin Gard-
ner's Fads and Fallacies in the Name of Science. Yet, there is a dis-
quieting aspect of this situation. We havce been told on countless oc-
casions that the methods of science depend upon the objective ob-
servational and experimental testing of hypothescs; science does not,
to be sure, prove or disprove its results absolutely conclusively, but
it does demand objective evidence to confirm or disconfirm them.
This is the scientific ideal. Yet scientists in practice do certainly make

aa InErhu




FOUNDATIONS OF SCIENCE 3

judgments of plausibility or implausibility about newly suggested
theories, and in casc: like those of Hubbtard and Velikovski, they
judge the new hypotheses too implausible to deserve further scrious
consideration. Can it be that the editors of Harper's had a point, and
that there is a large discrepancy between the ideal of scientific objec
tivity and the actual practice of prejudgment on the basis of plausibil-
ity considerations alone? One could maintain, of course, that thiy is
merely an example of the necessary compromise we make between
the abstract 1deal anu wic pracacal exigencies. Given unlimited time,
talent, money, and material, perhaps we should test every hypothesis
that comces along; in fact, we have none of these commeditics in un-
limited supply, so we have 1o make practical decisions concerning the
use of our scientific resources. We have w decide which hypotheses are
promising, and which are not. We have to decide which experiments
to run, and what equipment to buy. These arc all practical decisions
that have to be made, and in making them, the scientist (or adminis-
trator) is deciding which hypotheses will be subjected to scrious test-
ing and which will be ignored. It every hypothesis that comes along
had to be tested, I shudder to think how Air Force scientists would
be occupicd with antigravity devices and refutations of Einstein.
Granted that we do, and perhaps must, make use of these plausibil-
ity corsiderations, the natural question concerns their status, Three
general sorts of answers suggest themselves at the outset. In the first
place, they might be no more than expressions of the attitudes and
prejudices of individual scientists or grovps of scientists. The editors
of Harper's might be right in claiming that they are mere expressions
of prejudice against ideas that are too novel-the tool used by the
scientitic stablishment to enforce its own orthodoxy. If that sugges.
tion is ton conspiratorial in tone, perhaps they arise simply from the
personal attitudes of individual scientists. In the second place, they
might be thought tu have a purely practical function. Perhaps they
constitute a necessary but undesirable compromise with the ideal
of scientific objectivity for the sake of getting on with the practical
wark of science. Or maybe these plausibility considerations have a
heuristic value in helping scientists discover ncw and promising lines
of research, but their function is solely in relation to the discovery
of hypotheses, not to their justification. In the third place, it might
be held that somehow plausibility arguments constitute a proper and
indispensible part of the very logic of the justification of scientific
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4 VISTAS IN SCIENCE

hypothescs, This is the view 1 shall attemmpt to claborate and defend,
I shall argue that plawsibility arguments are objective in character,
and that they must be taken into account in the evaluation of scien.
tific hypotheses on tiwe basis of evidence

The issuc being raised is a logical one. We are asking what in.
gredientsenter into the evaluation of scientific hypotheses in the light
of evidence, In order to answer such (uestions, it is necessary to lovk
at the logical schema that vepresents the logical relation between
cvidente and hypotheses in scientific inference. Many scicntific text-
books, especially the inttodudctory ones, attempt to give a brief charac-
terization of the process of conflirming and disconfirming hypotheses.
The usual account is what iy generally known as the hypothetico-
deductive methad. As it is frequently described, the method consists
in deducing consequences from the hypothesis in question, and
checking by obscrvation o detetmine whether these consequences
actually oceur. If they do, that counts ax confirming evidence for the
hypothesis; if they do not, the hypothesis is disconfirmed.

Onc immediate difficulty with the foregoing characterization of the
hypothetico-deductive method is that from a general hypothesis it is
impossible to deduce any observational consequences. Consider, for
example, Kepler's first two laws of planctary motion: the first states
that the orbits of the plancts are elliptical, and the second desaibes
the way the speed of the planct varics ay it moves through the cllipse.
With this gencral knowledge of the mution of Mars, for instance, it
is impossible o deduce its location at midnight, and so to chedk by
observation to see whether it fulfills the prediction or not. But with
the addition of some further observational knowledge, it is possible
to make such deductions—for instance, if we know its position and
velocity at midnight last night. This additional observational cvi-
dence is often referred to as the “initial conditionz;” from the hypoth-
csis together with statements about initial conditions it is possible
to deduce a concrete prediction that can be checked by oLservation.
With this addition, the hypothetico-dcductive methad can be repre-
sented by the following simple schema:

H:D schema: H  (hypothesis)
I (initial conditions)
O (vbscrvational prediction)

LTI
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FOUNDATIONS OF SCIENCE 5

Although it iy always possible for crrors of observation or measure-
ment to occur, and consequently for us to be mistaken about the
initial conditions, I shall assume for p rposes of the present discussion
that we have correctly ascertained the initial conditions, so that the
hypothesis is the only premise whose truth is in question. This is one
usefulsimplifying assumption.

Another very impottant simplilying assumption is being made.
In many cascs the observational prediction does not {ollow from the
hypothesis and initial conditions alone, but so-called “auxilimy
hypolhcscs" arc also rcquilnl For instance, il an asttonomical ob-
scrvation is involved, optical theories concerning the behavior of
telescopes may be implicitly invoked, In principle, a false prediction
can be the uecasion to call these auxiliary hypotheses into guestion, so
that the most that can be condluded is that either an auxiliary hypo-
thesis or the hypothesis up for testing is false, but we cannot say
which. For purposes of this discussion, however, I shall asstune that
the truth of the auxiliary hypotheses is not in question, so that the
hypothe:is we aic uying 1o test is still the only premise of the agu-
ment whose truth is open to question, Sudh simplilying assumptions
are admittedly unrealistic, but things are difficult enough with them,
and relinquishing them dues not help with the problems we are
discussing.

Under the foreguing simplifying assumptions a false prediction
provides a decisive resule: if the prediction is false the hypothesis is
falsificd, for a valid deduction with a false conclusion must have at
least one false premise, and the hypothesis being tested is the only
premise about which we are admitting any question. However, if the
prediction turns out to be truc, we certainly canuot conclude that the
hypothesis is true, for to infer the truth of the premises from the truth
of the conclusion is an clementary logical fallacy. And this fallacy is
not mitigated in the least by rejecting the simplifying assumptions
and admitting that other premises might be false. The fallacy, called
affirming the consequent, is illustrated by the following example: H
the patient has chickenpox, he will run a fever; the patient is run-
ning a fcver; therefore, he has chickenpox. The difficulty is very
fundamental and very general. Even though a hypothesis gives rise
to a true prediction, there are always other different hypothescs that
would provide the same prediction This is the problem of the alter-
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6 VISTAS IN SCIENCE

native hypotheses. It is especially apparent in any case in which one
wishes to explain data that can be represented by points on a graph
in terms of a mathematical function that can be represented by a
curve. Therc are always many different curves that fit the data equally
well; in fact, for any finite number of data, there are infinitely many
-ach curves. Additional observations will serve to disqualify some of
these (in fact, infinitely many), but infinitely many alternatives will
still remain.

Since we obviously cannot claim that the observation of a true con-
sequence establishes the truth of our hypothesis, the usual claim is
that such observations tend to support or corfirm the hypothesis, or
to lend it probability. Thus, it is often said, the inference from the
hypothesis and initial conditions to the prediction is deductive, but
the inference in the opposite direction, from the truth of the predic-
tion to the hypothesis is inductive. Inductive inferences do not pre-
tend to establish their results with certainty; instead, they confirm
them or make them probable. The whole trouble with looking at the
matter this way is that it appears to constitute an automatic transfor-
mation of deductive fallacies into correct inductive arguments. When
we discover, to our dismay, that our favorite deductive argument is
invalid, we simply rescue it by saying that we never intended it to be
deductive in the first place, but that it is a valid induction. With
reference to this situation, the famous American logician Morris R.
Cohen is said to have quipped, “A logic book is divided into two
parts; in the first (on deduction) the fallacies are explained, and in the
second (on induction) they are commitied.” Surely indurtive logic,
if it plays a central role in scientific method, must have better cre-
dentials than this,

When questions about deductive validity arise, they can usually
be resolved in a formal manner by reference to an appropriate logical
system. It has not always been so. Modern mathematicai logic dates
from the early nineteenth century, and it has undergone extraordi-
nary development, largely in responsc to problems that arose in the
foundations of mathematics. One such problem concerned the foun-
dations of gecometry, and it assumed critical importance with the
discovery of non-Euclidean geometries. Another problem concerned
the status of the infinitesimal in the calculus, a concept that was the
center oy utter confusion for two centurices after the discovery of the
“infinitesimal” calculus “Uhanks to extensive and fruitful investiga-
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tions of the foundations of mathematics, we now have far clearer
and more profound understanding of many fundamental mathe-
matical concepts, as well as an extremely well-developed and in-
trinsically interesting discipline of formal deductive logic. The early
investigators in this field could never have conceived in their wildest
imaginings the kinds of results that have emerged.®

It is an unfortunate fact that far less attention has been paid to the
foundational questions that arisc in connection with the empirical
sciences and their logic. When questions of inductive validity arise,
there is no well-established formal discipline to which they can be
referred for definitive soiution. A number of systems of inductive
logic have been proposed, some in greater and some in 2sser detail,
but none is more than rudimentary, and none is widely accepted as
basically correc<t. Questions of inductive correctness are more often
referred to scientific or philosophical intuitions, and these are notori-
ously unreliable guides.

We do have one resource which, although not overlooked entirely,
is not exploited as fully as it conld be. 1 refer to the mathematical
calculus of probability. The probability calculus wil! not, by itelf,
solve all of our foundational problems concerning scientific inference,
but it will provide us with a logical schema for scientific inference
which is far more adequate than the H-D schema. And insofar as the
probability calculus fails to prcvide the answers to foundational
questions, it will at least help us to pose those problems in intelligible
and, hopefully, more manageable form.

In order to show how the probability alculus can illuminate the
kinds of questions I have been raising, I should hike to introduce a
very simple illustrative game. This game is played with two decks of
cards composed as follows: deck 1 contains eight red cards and four
black cards; deck 2 contains four red cards and cight black cards. A
player begins by tossing a standard die; if the side one appears he
draws a card from the first deck, and if any other side comes up he
draws a card from the sccond deck. The draw of a red card constitutes
a win. There is a simple formula for calculating the probability of a
win resulting on a play of this game. Letting “P(A,B)” stand for the
probability from A to B (i.e,, the probability of B, given A), and
letting “A" stand for tosses of the die, “B" for draws from deck 1
(which occur when and only when an ace is tossed on the die), and
“C" for draws of red cards, the following formula, which is a special
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8 VISTAS IN SCIENCE

case of the “theorem on total probability” yields the desired com-
putation:

P(A,C) = P(A,B) P(A& B,C) + P(AB) P(A%B,C) )

The ampersand means “and” and the bar above a symbol ncgates it.
Accordingly, the probabilities appearing in the formula are:

P(A,C)—probability of drawing a red card on a play of the game.
P(A,B)—probability of drawing from deck 1 on a play of the
game (= 14).
P(A,B)—probability of drawing from deck 2 on a play of the
game(= 54).
P(A & B,C)—probability of drawing a red card if you play and draw
from deck 1 (= 24).
P(A &B,C)—probability of drawing a red card if you play and draw
fromdeck 2 (= 14).

The theorem on total probability yields the result
PAC) =1 X%+ % X%=7/18

Suppose, now, that this game is being played, and you enter the room
just in time to see that the player has drawn a red card, but you did
not see from which deck it was drawn, Perhaps someone even offers
you a wager on whether it came from deck 1 or deck 2. Again, the
probability calculus provides a simple formula to compute the de-
sired probability. This time it is a special form of “Bayes’ theorem"
and it can be written in either of two ways:

P(A,B)P(A% B,C)

P(AXC,B) = FAC) ¢3)
P(A,B)P(A%B,C)

= P(AB)P(AKB,C)-F P(AB)P(A%B,C) ®

The theorem on total probability (1) assures us that the denominators
of the two fractions are equal; we must, of course, impose the restric-
tion that P(A,C) 3£ 0 in order to avoid an indeterminate fraction.
The expression on the left evidently represents the probability that
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a draw which produced a red card was made from deck 1. Substituting
known values in equation (2) yields

PARC,B) = [1 X 34] / [1/18] = 2/7

There is nothing controversial about either of the foregoing theorems
oz their applications to simple games of chance of the type just
described.

In order o get at our logical questions about the nature of sci-
entific inference, let me redescribe the game and what we learned
about it, and in so doing I shall admittedly be stretching some mean-
ings. It is neverthcless illuminating. We can think of the drawing of
a red card as an effect that can be produced in cither of two ways, by
tossing an acc and drawing from the first deck or by tossing a number
other than one and drawing from the second deck. When we asked
for the probability that a red card had been drawn from deck 1, we
were asking for the probability that the first of the two possible causes
rather than the second was operative in bringing about this cffect. In
fact, there are two causal hypotheses, and we were calculating the
probability that was to be assigned to one of them, namely, the hy-
pothesis that the draw came from the first deck. Notice that the prob-
ability that the draw came from the first deck is considerably less
than one-half, making it much more likely that the draw came from
the sccond deck, even though the probability that you will get a red
card if you draw from the first deck is much greater than the prob-
ability that you will get a red card if you draw from the second deck.
The rezson, obviously, is that many more draws are made from the
second deck, so even though many more black than red cards are
drawn from the second deck, still the preponderance of red cards also
comes froin the second deck. This point has fundamental philosoph-
ical importance.

Continuing with the bizarre use of terms, let us look at the prob-
abilities uised to carry out the computation via Bayes' theorem. P(A,B)
and P(A,B) zie known as prior probabilities; they arc the prababil-
ities, respectively, that the particular cause is operative or not, regard-
less of the result of the draw. These probabilitics are obviously linked
in a simple manner,

P(AB)=1—P(AB),
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so that knowledge of one of them suffices. P(A & B,C) and P(A & B,C)
are usually known as likelihoods. P(A & B,C) is the likelihood of the
causal hypothesis that the draw came from deck 1 given that the draw
wasred, while P(A & B,C) is the likelihood that that hypothesis is false
(i.c., the likelihood of an alternative) given the same result. Note, how-
ever, that the likelihood of a hypothesis is not a probability of that
hypothesis; it is, instead, the probability of a result given that the hy-
pothesis holds. Note, also, that the two likelihoods need not add up to
one; they are logically independent of one another and both nced to
be known—knowledge of one only dots not suffice. These are the prob-
abilities that appear on the right hand side of the second form of
Baycs’ thesiem (8). In the first form of Bayes' theorem (2) we do not
need the sccord likelihood, P/A & B,C), but we require P(A,C) instead.
This probability has no common name, but it is the probability that
the effect in question occurs regardless of which cause is operative. But
whichever form of the theorem is used, we need three logically distinct
probabilities in order to carry out the calculation. P(A & C,B), the
probability we endeavor to establish, is known as the posterior prob-
ability of the hypothesis. When we entertain the two causal hypoth.
eses about the draw of the card, we may take the fact that the draw
produced a red card as observational evidence relevant to the causal
hypotheses. (A rapid calculation wi!l show that the probability that
the draw came from deck 1 if it was a black card = 1/11.) Thus, we
may think of our posterior probability, P(A & C,B), as the probability
of a hypothesis in the light of observational evidence. This is precisely
the kind of question which arose in connection with the hypothetico-
deductive methed, and in connection with our attempt to understand
how evidence confirms or disconfirms scientific hypotheses. Bayes' the-
orem therefore constitutes a Jogical schema, found in the mathemat-
ical calculus of probability, that shows some promise of incorporating
the main logical features of the kind of inference the hypothetico-
deductive schema is intended to describe.

The striking difference between Bayes' thesrem and the H-D
schema is the relative complexity of the former compared with the lat.
ter. In fact, in some special cases the H-D schema provides just onc of
the probabilities required in Bayes’ theorem, but never does it yield
cither of the other two required. Thus, the H-D schema is inadequate
as an account of scientific inference becausc it is a gross oversimplifica-
tion which omits reference to cssential logical features of the infer-
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cnce. Bayes' thcorem fills these gaps. The H-D schema describes a
situation in which an observable result is deducible from a hypothesis
(in conjunction with initial conditions, and possibly auxiliary hypoth.
cses, all of which we are assuming te be true); thus, if the hypothesis is
correct, the result must occur and cannot fail to occur. In this special
case, P(A & B,C) = 1, but without two other probabilitics, say P(A,B)
and P (A & B,C), no conclusion at all can be drawn regarding the pos-
terior probability. Inspection of Bayes’ theorem makes it cvident that
P(A & B,C) = 1 is completely compatible with P(A & C,B) = 0. At
best, the H-D schema yields the likeiihood of the hypothesis for that
given cvidence, but we nced a prior probability and the likelihood of
an alternative hypothesis on the same evidence,

That these other probabilitics are indispensible, and the manner
in which they function in scientific reasoning, can be indicated by ex-
amples. Consider Dianetics once more. As remarked above, this book
contained not only a theory to explain behavior, but also it contained
recommendations for a therapy to be practiced for the treatment of
psychological disturbances. ‘The therapeutic procedure bears strong
resemblances to psychoanalysis; it consists of the elimination of those
“engrams’ that arc causing trouble by bringing to consciousncss,
through a process of free association, the unconscious expericnces that
produced the engrams in the first place. The theory, presumably. en-
ables us to deduce cthat practice of the recommended therapy will
produce cures of psychological illness. At the time the theory was in
vogue, this theripy was practiced extensively, and there is every reason
to believe that “cures” did occur. There were unquestionably cases in
which people with various ncurotic symptoms were treated, and they
expericnced a remission of their symptoms. Such instances would scem
to count, according to the hypothetico-deductive method, as confirm-
ing instances. That they cannot actually be so rcgarded is due to the
fact that therc is a far better explanation of these “cures.” We know
that there is a phenomenon of “faith-healing™ that consists in the
efficacy of any tycatment the patient sincerely believes to be effective.
Many neurotic symptoms are emenable to such treatment, so anyone
with sucn symptoms who believed in the soundness of the dianetic ap-
proach could be “cured” regardless of the truth or falsity cf the theory
upon which it is based. The reason, in terms of Bayces® thecorem, is that
the second likelihood—the probability P(A & B,C) that the same phe-
nomenon would occur even if the hypothesis were false—is very high.
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12 YISTAS IN SCIENCE

Since this term occurs in the denominator, the value of the whole
fraction tends to be small when the term is large.

A somewhat similar problem arises in connection with psychother-
apy bascd upon more serious theoretical foundations, The effec-
tivencss of any therapeutic procedure has to be compared with the
so-c.lled “'spontancous remission rate.” Any therapy will produce a
certain number of cases in which there is a remission of symptoms, but
in a group of people with similar problems, but who undergo no ther-
apy of any kind, there will also be a certain percentage who experi-
ence remission of symptoms. For a therapy to be judged effective, it
has to improeve upon the spontaneous remission rate; it is not sufficient
that there be some remissions among those who undeigo the treat-
ment. In terms of Bayes' theorem, this mcans that we must look at
both likelihoods, P(A & B,C) and P(A & B,C), not just the one we have
been given in the standard H-D schema. This is just what expcri-
mental controls are all about. For instance, vitamin C has been highly
touted as a cold remedy, and many cascs have been cited of pcople
recovering quickly from colds after taking massive doses. But in a
controlled experiment in which two groups of people of comparable
age, sex, state of general health, and severity of colds are compared,
where one group is given vitamin C and the other is not, no difference
in duration or severity of colds is derected.” This gives us a way of
comparing the two likelihoods.

Let me mention, finally, an example of a strikingly successful con-
firmation, showing how the comparative likelihoods effect this sort
of situation. At the beginning of the nineicenth century, two different
theories of light were vying for supremacy: thc wave theory and the
corpuscular theory. Each had its strong advocates, and the cvidence
up to that point was not decisive. One of the supporters of the corpus-
cular theory was the mathematician Poisson, who deduced from the
mathematical formulation of the wave theory that, if that theory were
true, there should be a bright spot in the center of the shadow of a
disk. Poisson declared that this absurd result showed that the wave
theory is untenable, but when the experiment was actually performed
the bright spot was there. Such a result was unthinkable on the cor-

puscular theory, so this turned into a triumph for the wave theory,
because the probability on any other theory then available was negli-
gible.® It was not until about a century later that the nced for a com-
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bincd wave-particle theory was rcalized. Arithmetically, the force of
this dramatic confirmation is casily seen by noting that if P(A & B,C)
= 0 in (3), the posterior probability P(A & C,B) automatically be-
comes I,

In addition to the two likelihouds, Bayes’ theorem requires us to
have a prior probability P(A,B) or P(A,B) in order to ascertain the
posterior prubability. These prior probabilities are probabilities of
hypotheses without regard to the observational evidence provided by
the particular test we are considering. In the card-drawing game de-
saibed above, the prior probability was the probability of a draw
from onc particular deck regardless of whether the draw produced a
red or black card. In the more serious cases of the attempt to evaluate
scientific hypotheses, the probabiiity of a hypothesis without regard to
the test is precisely the sort of plausibility considered that was dis-
cussed at the outset. How plausible is a given hypothesis; what is its
chance uf being a successful onc? ‘This is the type of consideration
that is demanded by Bayes® theorem in the form of a prior prob-
ability. The traditional stumbling-block to the use of Bayes' theorem
as an account of the logic of scientific inference is the great difficulty
of giving a description of what sort of things these prior probabil-
ities could be,

It seems possible, nevertheless, to give many examples of plausibil-
ity arguments, and even to classify them into very general types. Such
arguments may then be regarded as criteria which are used to evalu-
ate prior probabilities—criteria that indicate whether a hypothesis is
plausible or implausible, v hether its prior probability is to be rated

~ high or low. I shali mention three general types of criteria, and give

some instances of each.

1. Let us call criteria of the first general type formal criteria, for
they involve formal logical relations between the hypothesis under
consideration and othcr accepted parts of science. This kind of con-
sideration was illustrated at the outset by Velikovski's theory, which
contradicts virtually all of modern physics. Because of this formal
relationship we can say that Velikovski's theory must have a very low
prior probability, since it is incompatible with so much we accept as
correct. Anothcr example of the same type can be found in those ver-
sions of the theory of telcpathy that postulate the instantaneous trans-
ference of thought from one person to another, regardless of the dis-
tance that separates them. For, the special theory of relativity stipu-
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lates that information cannot be transmitted at a speed greater than
the speed of light, and so it would preclude instantancous thought
transmission. It would be even worse for precognition, the alleged
process of dircct perception of future occurrences, for this would in-
volve messages being transmitted backward in time! Such parapsycho-
logical hypotheses must be given extremely low prior probabilities
because of their logical incompatibility with well-established portions
of physical scicnce. A hypothesis could, of course, achieve a high prior
probability en formal grounds by being the logical consequence of
a wcll-established theory. Kepler's laws, for example, are extremeiy
probable (as approximations) because of their relation to Newtonian
gravitational theory.

2. I shall call criteria of the second type pragmatic criteria. Such
criteria have to do with the evaluation of hypotheses in terms of the
circumstances of their origin—for cxample, the qualifications of the
author. This sort of consideration has already been amply illustrated
by the :xample of Dignetics. Whenever a hypothesis is dismissed as
being a “crank” hypothesis, pragmatic criteria arc being brought to
bear. In his fascinating Fads and Fallacies in the Name of Science,
Martin Gardner offers some gencral characteristics by which cranks
can be identifled.?

One might be tempted to object to the usc of pragmatic criteria on
the ground, as we have all been taught, that it is a serious fallacy to
confuse the origin of a theory with its justification. Having been told
the old stery about how Newton was led to think of universal gravita-
tion by seeing an apple fall, we are reminded that that incident hus
nothing to do with the truth or justification of Newton's gravitational
theory. That issue must be decided on the evidence.® Quite so. But
there are factors in the origin of a hypothesis, such as the qualifica-
tions of the author, which have an objective probability relationship
to the hypothesis and its truth. Crank hypotheses seldom, if ever, turn

out to be sound; they are based upon various misunderstandings, prej-
udices, or sheer ignorance. It is not fallacious to conclude that they
have low prior probabilities.

8. Criteria of the third type are by far the most interesting and im-
portant; let us call them smaterial criteria. They make reference, in
one way or another, to what the hypothesis actually says, rather than
to its formal relation to other theories, or to the circumstances sur-
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rounding its origins. These critcria do, however, depend upon com-
parisons of various theorics or hypotheses; they make reference to
analogies or similarities among diffcrent ones. Again, a few cxamples
may be helpful.

Perhaps the most frequently cited criterion by which to judge the
plausibility of hypothcscs is the property of simplicity. Gurve draw-
ing illustrates this point very aptly. Given data which can be repre.
scnted graphically, we generally take the smoothcest curve—the one
with the simplest mathematical expression—which comes sufficiently
near the data points as iepresepting the best explanatory hypothesis
for those data. This factor was uppcrmaost with Kepler, who kept
scarching for the simplest orbits to 2ccount for planetary motion, and
finally scttled upon the ellipsc as filling the bill. Yet, we do not always
insist upon the simplest explanation. We do not take seriously the
“hypothesis” that television is solely responsible for the breakdown of
conternporary morals, assuming that there is such a breakdown, for it
is an obvious oversimplification. It mnay be that simplicity is more to
be prized in the physical than in the social sciences, or in the advanced
than in the younger sciences. But it does seem that we need to exercise
reasonable judgment as to just what degree of simplicity is called for
inany given situation.

Another consideration that may be used in plausibility arguments
concerns causal mechanisms. There was a time when all scientific ex-
planation was teleological in character; even the motion of inanimate
objects was explained in terms of the endeavor to achicve their nat-
ural places. After the physics of Galilco and Newton had removed all
reference to purpose fioi thiese realms, the remnants of teleclogical
language remained: “Nature abhors a vacuum” and "Water seeks
its own level.”” But though there have been a few attempts to read
purpose into such laws as least action (“The Absolute is lazy"), it
is for the most part fully conceded that physical explanation is non-
purposive.

The great success of Newtonian physics provided a strong plausibil-
ity argument for Darwin's account of the development of the bio-
logical species. The major difference between Darwin's evolutionary
theory and its alternative contenders is the thoroughgoing rejection
of teleological explanation by Darwin. Although teleological sound-
ing language may sometimes creep in when we talk 2bout natural
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16 VISTAS IN SCIENCE

sclection, the concept is entircly nonpurposive, We ask, “Why is the
polar bear white?” We answer, "Bedause that color provides a natural
camouflage.” It sometimes sounds a bitas if we ate saying that the bear
thinks the situation over and decides befue he is born that white
would be the best color, and so he chouases that color, But, of cownse,
we mean no such thing. We are aware that, literally, no choice or
planning is invelved. There are chance mutaticns, some favorable to
cscaping from enemices and finding food. ‘Those inimals that have the
favorable characteristics tend o survive and 1eproduce their kind,
while those with unfavorable characteristics tend to die out without
reproducing. ‘The cause and cflect relations in the evolutioninry ac-
count arc just as mechanical and without purpose as are those in New-
tonian physics. This non-teleolugical theary is in sharp contrast to the
theory of special creation according to which God created the various
species because it somehow fit his plan.

"The non-telelogical character of Newton's theory surely must lend
plausibility to a non-teleological bivlogical theory such as Darwin's.
If physics, which was far better developed and more advanced than
any other science, got that way by avandoning teleological explana-
tions for efcient causation, then it seems plausible for those sciences
that arc far less developed to try the same approach. When this ap-
proach paid off handsomely in the success of evolutionary theory, how
much more plausible it becomes for other brandhies of science to fol-
low the same line. ‘Thus, for theories in psychology and sociology, for
example, higher plausibility and higher prior probability would now
atiach to those hypotheses that are free from teleological components
than to those that retain telcological explanation. When a biological
hypothesis comes along that regresses to the pre-Darwinian teleology,
such as Lecomte du Noily's Human Destiny, it must be assigned a low
prior probability.t

Let me give one final example of material criteria. Qur investiga-
tions of the nature -.f physical space, extending over many centuries,
have led to some rather sophisticated conceptions. 'T'o early thinkers,
nothing could have been more implausible than to suppose that space
is homogencous and isotropic. Everyday experience seems clearly to
demonstrate that there is a preferred direction—down. This view was
expressed poctically by Lucretius in The Nature of the Universe, in
which he describes the primordial state of affairs in which all the
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atoms ate falling downward in space at a uniform speed.? On this
view, nut only was the downwind ditecrion prefencd, hutalso, i was
possible o distingish absolute motion from absolute vestc By New.
ton's time it scemied dlen that space hidd no prefenred dinection; rath.
er, it was ottapic—possessed of the same stoacture inevery divection,
This consdderation lent comviderable plirnsibility to Newton's invense
square L, for if space is Endidean and it has no prefened divections,
then we should expect any force, such as gravitation, to spread ot
uniformly inall divections. ln Eudidean geomeny, the swilace of o
sphere vinies with the squaie of the adios, soif the pgavitational
force spreads out uniformly in the sunounding space, it should dimin.
ish with the square of the distance.

Newton's theory, though it yegimds space as sottapic, stll makes
provision for absolute motion and rest. Einstein, rellecting on the
homuogeneity ol spiace, enundiated o prindple of selativity which pre.
cludes distinguishing physically between rest and uniform motion. In
the beginning, il we believe Einstein's own auzobiographical acconng,
this princple rccommended it cntely on the grovads of it very
gieat plausibility.?® The matter does notaest there, o comse, for it
had to be incorporated into a physical theory that could be subjected
to expernmental test, Fhis special theory of seladivity has been tested
and confimed in a wide variety of ways, and it is now a well-estab-
lished part of physies, but prior to the tests and ity success inmecting
themy, it could be cevtified as highly plausible on the basis of va /s gen-
cral characteristios of space.

Up to this point Ihave been attempting to establish two facts about
prior probabilities: (1) Bayes' theorem shows that they are needed,
and (2) seientiic pracuce shows that they are wsed. But their status
has been left vary vague indeed. There is a fundamental reason. In
spite of the fact that the probability calculus was established canly in
the seventeenth century, hardly any serions atention was given to the
analysis of the meaning of the concept of vrobability unul the lateer
part of the nincteenth century, ‘There is nothing especiatly unusual
about this situation. Questions about the meanings of fundamental
concepts are foundational questions, and foundational investigations
usually [ollow far behind the development of a discipline, Even today
there is no real consensus on this question; there are, instead, three
disting interpretations of the probability conecept, cach with its strong
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adhercits. A fortiori, there is no widely accepted answer to the ques-
tion of the nature of the prior probabilities, for they seem to be es-
pecially problematic in character. Among the three leading probabil-
ity theories, *he logical theory regards probability as an a priori meas-
ure that car Le assigned to propositions or states of affairs, the per.
sonalistic theory regards probability as a subjective measure of degrees
of belief, and the frequency theory regards probability as a physical
characteristic of types of events,

The logical theory is the direc. descendent of the famous classical
theory of Laplace. According t+ the clussical theory, probability is the
ratic of favorable to equally possible cases. The equi-possibility of
cascs, which is nothing other than the equal probability of these cases,
is determined a priori on the basis of a princijle of indifference, name-
ly, two cases are cqually likely if there is no reason to prefer onc to the
other. This principle gets into deep logical difficulty. Consider, for
example, a car that makes a trip around a one mile track in a time
somewhere between one and two minutes, but we know no more
about it. It scems reasonable to say that the time could have been in
the interval from one to onec-and-one-half minutes, or it could have
been in the interval of one-and-one-half to two minutes; we don't
know which. Since these intervals are equal, we have no reason to pre-
fer one to the other, and we assign a probability of one-half to cach ot
them. Our information about this car can be put in other terms. We
know that the car made its trip at an average speed somewlicre in the
range of 60 to 30 miles per hour. Again, it scems reasonable to say that
the speed could have been in the range 60-45 miles per hour, or it
could have been in the range 45-30 miles per hour; we don’t know
which. Since the two intervals are equal, we have no reason to prefer
one to the other, and we assign a probability of onc-half to each. But
we have just contradicted our former result, for a time of one-and-one-
half minutes corresponds with an average speed of forty, 2ot forty-five,
miles per hour.

This contradiction, known as the Bertrand paradox, brings out the
fundamental difficulty with any method of assigning probabilities a
priori. Such a priori decisions have an unavoidable arbitrary compo-
r~at to them, and in this case, the arbitrary cumponent give, rise to
two equally reasonablc, but incompatiole, ways of assigning the prob-
abilitics. Although the logical interpretation, in its current form,
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escapes this particular form of paradox, it is still subjcct to phil-
osophical criticism because of the same general kind of aprioristic
arbitrariness.

The personalistic interpretation is the twentieth century successor
of an older and more naive subjective concept. According to the crude
subjective view, a probability is no more nor less than a subjective
degree of belief; it is a measure of our ignorance. If I assign the prob-
ability value one-half to an outcome of heads on a toss of the coin, this
nieans that I expect heads just as often as I expect tails, and my un-
certainty is equally divided between the two outcomes. If I expect
twice as strongly as noi that an American will be the first human to set
foot on the moon, then that event has a probability of two-thirds.

The major difficulty with the old si:bjective interpreiation arises be-
cause subjective states do not always come in sizes that will fit the
mathematical calculus of probability. It is quite possible, for cxample,
to find a person who believes to the degree onessixth that a six will
turn up on any toss of a given die, and who also believes that the tosscs
are independent of one another (the degree to which he believes in an
outcome of six on a given toss is unaffected by the outcome of the pre-
vious toss). This same individual may also believe to the degree one-
half, that he will get at least one six in three tosses of that die. There
is, of course, something wrong here. If the probability of six on a given
toss is one-sixth, and if the tosses are independent, this probability is
considerably less thar: one-half (it is approximately 0.42). For four
tasscs, the probab.lity of at least onc six is well over onc-half. This is
a trivial kind of error that has been recognized as such for hundreds
of years, but it is related to a significant error that led to the discovery
of the mathematical calculus of prubability. In the scventeenth cen-
tury, the vicw was held that in 24 tosses of a pair ot dice, there should
be at Icast a fifty-fifty chance of tassing at least one double six. In fact,
the probability is just under one-half in 24 tosses; in 25 it is just over
one-hall. The point of these examples is very simple. If probabilities
arc just subjective degrees of belief, the mathematical calculus of
probability is mistaken, becausc it spe: fies certain relations among
probabilitics that do not obtain among .egrees of belief.

Modern personalists do not interpret probabilities merely as sub-
jective degrees of belicf, but rather, as col-ervent degrees of belief. To
say that degrees of belief are coherent means that they are related in
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20 VISTAS IN SCIENCE

such manner as to satisfy the conditions imposed by the mathematical
calculus of probability. The personalists nave seen that degrees of be-
licf that violate the mathematical calculus involve some sort of crror
or blunder that is analogous 12 a logical inconsistency. Hence, when
a combination of degrees of belief is incoherent, some adjustment or
revision is called for in order to bring these degrees into conformity
with the mathematical calculus. The chicf objection to the personalist
view is that it is not objective; we shall have to see whether and to
what extent the lack of objectivity is actually noxious,
The frequency interpretation goes back to Aristotle who character-
ized the probable as that which happens often. More exactly, it re-
gards a probability as a relative frequency of occurrence in a large
scquence of cvents. For instance. a probability of one-half for heads
on tosses of a coin would mean that inr the long run the ratio of the
number of heads to the number of tosses approaches and remains
closc to one-half. To say that the probability of getting a head on a
particular toss is one-half means that this toss is a member of an ap-
propriately selected large class of tosses within which the overall rela-
tive frequency of heads is onc-half. It seems evident that there are
many contexts in which we deal with large aggregates of phenomena,
and in thesc contexts the frequency concept of probability scems well
suited to the use of statistical techniques—e.g.. in quantum mechanics,
kinetic theory, sociology, and the games of chance, to mention just a
few. But it is much more dubious that the frequency interpretation is
at all applicable to such matters as the probability of a scientific hy-
pothesis in the light of empirical evidence. In this case where are we
to find the large classes and long sequences to which to refer our prob-
abilities of hypotheses? This difficulty has scemed insuperable to most
authors who have dealt with the problem. The gencral conclusion has
been that the frequency interpretation is finc in certain contexts, but
we nced a radically different probability concept if we are to deal with
the probability of hypotheses.

Returning to our main topic of concern, we casily see that cach of
the forcgoing three probability theories provides an answer to the
question of the nature of plausibility considerations and prior prob-
abilities. According to the logical interpretation, hypotheses are plau-
sible or not on the basis of certain a priori considerations; on this
view, reason dictates which hypothescs are to be taken seriously and
which not. According to the personalistic interpretation, prior prob-
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abilities represent the prior opinion or attitude of the investigator to-
ward the hypothesis before he sets about testing it. Different investi-
gators may, of course, have different views ol the same hypothesis, so
prior probabilitics may vary from individual to individual. According
to the frequency interpretation, prior probabilities arisc from experi-
ence with scientific hypotheses, and they reflect this experience in an
objective way. To say that a hypothesis is plausible, or has a high
prior probability, mcans that it is of a type that has proved successful
in the past. We have found by experience that hypotheses of this gen-
eral type have often worked well in science.

From the outset, the personalistic interprctation enjoys a major ad-
vantage over the other two. It is very difficult to sce how we are to find
non-arbitrary a priori principles to usc as a basis for establishing
prior probabilities of the a priori type for the logical interpretation,
and it is difficult to see how we are reasonably to define classes of
hypotheses and count frequencies of success for the frequency inter-
oretation. But personal probabilities are available quite unprob-
lematically. Each individual has his degree of belief in the hypothesis,
and that's all there is to it. Coherence demands that degrecs of belicf
conform to the mathematical calculus, and Bayes' theorem is one of
the important relations to be found in the calculus. Bayes' theorem
tells us how, if we are to avoid incohcrence, v - nust modify our de-
grees of belief in the light of new cvidence. The personalists, who
constitute an extremcly influential school of contemporary statisti-
cians, are indeed so closely wedded to Bayes’ theorem that they ha*:
even taken its name and are gencerally known as “bayesians.”

The chief objection to the personalist approach is that it injects a
purely subjective element into the testing and evaluation of scientific
hypotheses; we feel that science should have a more objective founda-
tion. The bayesians have a very persuasive answer. Even though two
people may begin with radically different attitudes toward a hypothe-
sis, accumnulating evidence will force a convergence of opinion. This
is a basic mathematical fact about Bayes' theorem; it is casily scen by
an example. Suppose a coin which we cannot examine is being
flipped; but we are told the results of the tosses. We know that it is
either a fair coin or a two-headed coin, we don’t know which, and we
have very different prior opinions on the matter. Suppose your prior
probability for a two-headed coin is 1/100 while mine is one-half.
Then as we learn that various numbers of heads have been tossed
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(without any tails, of course), our opinions come closer and closer to-
gether as follows:

Number of Prior probability that coin has two heads
tosses re-
sulting in 1/100 1/2
head Posterior probability on given evidence
1 2/101 2/8
2 4/103 4/5
10 1024/1123 == 91 1024/1025 = .99

After only ten tosses, we both find it overwhelmingly probable that
the coin that produced this sequence of results is a two-headed one.
This phenomenon is sometimes called ‘swamping of the priors,” for
their influence on the posterior probabilities becomes smaller and
smaller as evidence accumulates. The only qualification is that we
must begin with somewhat open minds. If we begin with the certainty
that the coin is two-headed or with the certainty that it is not, i.e.,
with prior probability of zero or one, evidence will not change that
opinion. But if we begin with prior probabilities differing cver so
little from those extremes convergence will sooner or later occur. As
L. J. Savage remarked, it is not necessary to have an open mind, it is
sufficient to have one that is slightly ajar.

The same consideration about the swamping of prior probabilitics
also enables the frequentist to overcome the chief objection to his
approach. If it were necessary to have clearly defined classes of hy-
potheses, within which exact values of frequencies of success had to
be ascertained, the situation would be pretty hopeless, but because of
the swamping phenomenon, it is sufficient to have only the roughest
approximation. All that is really necded is a rcasonable guess as to
whether the value is significantly different from zero. In the artificial
coin tossing example, where there are only two hypotheses, it is pos-
sible to be perfectly open-minded and give each alternative a non-
negligible prior prabability, but in the serious cases of evaluation of
scientific hypotheses, there are infinitely many alternative hypotheres,
all in conflict with one another, and they cannot all have non-ncg-
ligible prior probabilities. This is the problem of the alternative hy-
potheses again. For this reason, it is impossible to be completely open-
minded, so we must find some basis for assigning negligible prior
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probabilities to some possible hypothescs. This is tantamount to
judging some hypothcses to be too implausible to deserve further
testing and consideration. It is my conviction that this is donc on the
basis of experience; it is not done by mecans of purely a priori con-
siderations, nor is it a purely subjective affair. As I tricd to suggest
by means of the examples of plausibility arguments, scientific experi-
ence with the testing, acceptance, and rejection of hypotheses pro-
vides an objective basis for deciding which hypotheses deserve serious
testing and which do not. I am not suggesting that we proceed on the
basis of plausibility considerations to summary dismissal of alinost
every hypothesis that comes along; on the contrary, the recommenda-
tion would be for a high degrec of open-mindedness. However, we
necd not and cannot be completely open-minded with regard to any
and every hypothesis of whatever description that happens to be pro-
posed by anyone. This approach shows how we can be rcasonably
openminded in scicnce without being stupid about it. It provides an
answer to the kind of charge made by the editors of Harper's: Science
is objective, but its objectivity embraces two aspects, objective test-
ing and objective evaluation of prior probabilities. Plausibility argu-
ments are uscd in science, and their use is justified by Bayes’ theorem.
In fact, Bayes' thcorem shows that they are indispensible. The fre-
quency interpretation of probability enables us to view them as
empirical and objective.

Tt would be an unfair distortion of the situation for me to conclude
without remarking that the view 1 have been advocating is very
dcfinitely a minority view among inductive logicians and probability
theorists. There is no well agreed upon majority view. Onc of the
most challenging aspects of this sort of investigation lies in the large
number of opcu questions, and the amount that remains to be done.
Whether my view is correct is not the main issue, Of far greater im-
portance is the fact that there are many fundamental problems that
deserve extensive consideration, and we cannot help but learn a
great deal about the foundations of science by pursuing them.
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II. The Researcher and His
Working IEnvironment:
Research Findings and Their
Application

Froyp C. MaxnN

THE RESEARCHER HIMSELF has become in object of study in the last
decade. There is now a small body of knowledge about the factors
which distinguish the more from the less eflective scientists and sci-
entific work units. 'This knowledge bank includes studies by Shepard
/ (7), Orth (5), Pelz and Andrews (6), Vollma (8, 9, 10y Maquis, and
others at MI'T (2, 8, 4), and our smali group (Neft, Ertury, and Mann)
studying the effectiveness of scicntifi 2 work gioups, This is not i large
fund of knowledge, but it does contain some insights and suggestions
for improving research operations. It is significant that already there
is devcloping a gap between what is known and what is being used
in the everyday management of our rescarch and development lab-
oratories,

1t is the objective here to present one rescarchar's view ol the pres-
ent state of the ave regarding the study of the organizational behavior
of scientists and the utilization of this knowledge for organizational
development, The means by which this will be done is to deseribe in
some detail the life history of one sequence of studies on rescarch
management. This case study approach will provide an overview of
the approach, models, and conceptualizations being used in this field,

FLOYD C. MANN is an organizational psychologist, Diveetor of the Center
for Rescarch on thie Utilization of Seientifie Knowledge and Professor of
Psychology at the University of Michigan, iy research has focused on
the sacial psycholagical factors that distinguish the more cffective from
the less eflective units in business and indusiry, hospitals, government
agendies, and researeh laboratorics. He is now concentiating on the prob-
lems of knowledge utilization.
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a look into the methodologies of mcasurement and change being
cmployed, and some appreciation of the difficultics encountered in
doing rescarch that contributes to knowledge and, in addition, is
helpful to the laboratory manager and his associates.

A STUDY OF WORKING ENVIRONMENTS OF
PROFESSIONALS

Five or six years ago, an assistant sccrctary of a major department
in the federal government, responsible for that unit’s "R and D
agencics,” asked us to undertake a study that would introduce the
managers of five burcaus and agencies to what behavioral scientists
have been lcarning about the most effective ways of organizing and
managing complex social systems. The charge was just that general
and it was given in just that amount of time, as hie left for a meeting
with Congress and I was ushered into another room to talk with the
personnel directors of these agencics. A long session then occurred
in which I described the way in which our group of social scicntists
like to work, and they described the wide range of activities performed
in their organizations and the problems they were facing. Our method
of operation involves a good deal of collaboration and participation
of the key members within the organization studied, the formation
of study teams composed of members from inside the unit and mem-
bers of our research group, and the joint development of study ob-
jectives, rescarch designs, interviews and questionnaire forms,

As our study got underway, we lcarned that the work of the five
units was indeed as varied as the personncl directors had indicated
at that first meeting. Some of the units were concerned with giobal
measurements and with the development and standardization of new
measurements, others with the documcentation and protection of new
discoveries and the diffusion of new knowledge. Personnel in the
agencies ranged in job grade from the lowest civil service ratings
to the highest professional and managerial grades. Many of the pro-
fessionals were trained ia several disciplines. For some, their work
took them all over the globe.

After familiarizing oursclves with the objectives of these agencies,
their tasks, their personnel, and their principal problems through
exploratory interviews, we prepused that we study the populations
of professionals that existed within each agency. The most gencral
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statement of our objective was to investigate what social and psycho-
logical factors distinguish the more from the less effective working
environments of such highly traincd professionals. ‘This was discussed
first with the personnel directors, then with the agency heads, and
finally with the assistant secrctary.

Mor= specifically, we proposed to study the way in which organi-
zational factors, like leadership and supervision, coordination, and
dustribution of influcnce, affccted member attitudes, pereeptions, and
motivation, and how these in turn were related to organizational unit
effectivencss, such as productivity, efficiency, and adaptability, and
to individual member feelings of self actualization, work and life
satisfactions, sense of well-being and health. Our stuuy design had
two parts: random sample attitude and perception surveys of indi-
vidual professionals at three levels—non-supervisory, supervisory,
amd manageent, and a more intensive study of high and low cffec-
tiveness units, Our approach was (1) to collect information through
questionnaires, analyze the data to determine how members at var-
ious levels saw their wor king environments, and study in depth what
factors were associated with high and low effectiveness umts, (2) to
report the simple descriptive findings and the results of the more com-
plex analyses back into the organization for management review and
usc in better problem assessment, decision making, and action. The
cycle we hoped would be followed was mcasurement, feedback,
action, and remeasurement after a period of time to sec if the action
had been appropriate te mnect the problem. Data from the remeasure-
ment would serve as the basis for new goal sctiing and actions. In this
mannu, we cxpected to link research and action in a way that would
be useful and meaningfu!l both to supervisors needing information
for formulating practical solutions to problems and to us as be-
havioral scicntists concerned with adding new information about
the factors affecting the efficctiveness of professionals, and with learn-
ing more about how to increase the effective use of such information.

With the study design established and the approach agreed upon,
data were then collected by paper and pencil questionnaires from
about 1500 professionals. As simple, straight run findings became
available, showing how the professionals at different levels within the
same agency saw things, these were made available to key administra-
tive personnel through the members of our joint rescarch tcams. The
following are examples of some of these findings.
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Two of the more extensive questions concerned the importance
professicnals attached to differcnt aspects of a job, and the extent
to which their present job actually provided an opportunity to mect
these needs, The solid line on Chart 1 shows percent of top manage-
ment personnel in Agency A who said that each job factor was of
great or utmost importance to them. The dotted line indicates what
pereent of this same group felt their present job actually provided
opportunity to meet these job needs.

Four out of five (80 percent) of the 30 top management personnel
in Agency A indicated that ic was of great or utmost importance to
them to have a job in whidh they could make full use of their present
knowledge and skills. Three out of five (60 percent) said that the
provision in their present job was great or more to make full use of
their present knowledge and skills. ‘The chart indicates that this group
had less of the job factors they prized most highly, and more of the
factors they valued least, Thus, this churt shows “the fit” of expressed
jois necds and job provisions for the professionals in key administra-
tive positions. Let us now look ata similar chart for the professionals
who had no supervisory 1esponsibility.

Chart 2 shows that the kinds of opportunitics that non-supcervisory
piofessionals in Agency A want arc similar but not identical in order
to those u‘pul'tcd as of gicat or utmost ilupml;m(c to top manage-
ment. To grow and learn new knowledge and skills, to make {ull use
of their present knowledge and skills, to have ficedom o carry out
their own ideas, to work on difhcult and challenging problems are
highly important to both groups of professionals. 'To associate with
top exceutives in the organization, to advance in administrative au-
thority and status, to work on problems of cental imnortance te the
agency were not of great or utimost importance to cither population
of professionals.

Perhaps more interesting from a motivational standpoint is the
much larger gap between wiat the nonssupervisory professional wants
from his job and what he feels he is getting. A comparison of Chares
1 and 2 suggests that the manageriad professionals an this agency are
coming closer to obtaining the kinds of things they value the most
than are the non-supervisory professionals. "The gap between need
and provision is a guod deal larger for the non-supervisory profes-
sionals.

This gap between expressed job need and provision was even larger
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for the non-supervisory professionals in two other agencics. Charts
3 and 4 show how dramatic these diffcrences can be. In general, our
straight run findings regarding these two scts of questions indicated
that top managerial and intermediate level supervisors were meet-
ing more of their job neceds than professionals without administra-
tive responsibility. The working environment that the top managers
were creating for the non-supervisory professionals was a good deal
less need-satisfying than the working environment in which they
found themselves or which they could create for themselves.

Support {or this interpretation of straight run findings was given
in the responses of three different levels of professionals to a question
about their involvement in their work.

“Some individuals are completely involved in their work—absorbed by
it night and day. For others, their work is simply one of several interests.
How involved do you feel in your work?

Level of Professional Percent Saying
and Greatly or Completely
Agency Involved
Management
Agency A 7%
Agency B 78
Agency C 88
Svpervisory
Agency A 589,
Agency 3 4]
Agency C 2
Non-Supervisory
Agency A 309,
Agency B . 29
Agency C 11

Top management personnel reported themselves as being more
highly involved in their work thar supervisors; supervisors were more
highly involved than non-supervisory professionals.

Straight run findings generally showed a marked and significant gap
between how top management and non-supervisory professionals
saw such things as

(1) The effort made to place people,

(2) the opportunity given to people to react to proposed changes,

and
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(8) the extent to which the immediate supervisor gencrally tries to
get subordinates’ idcas and opinions in solving job problems.

These are but a few of the mass of findings that emerged from this
first step in our study of professionals. Sizeable sets of tables were
prepared for each agency. Data from 165 numbered questions were
presented by organizational levels and location—if the latter was
relevant. Discussions of these straight run findings with a few key
managers and members of the study teams in each agency produced
relatively few positive steps toward action. There was little willingness
to draw on the findings from other studics about the relationship of
member attitudes and organizational unit cffectiveness. A persistent
question was “How do we know these attitudes would relate to effec.
tiveness in scientific laboratories or units like ourst” The volume of
findings seemed to be too large to handle with case. Few of our re-
search collaborators were familiar enough with the recent literature
regarding organizational behavior to read such tables and to grasp
the meaning of the finding for their agenc;. Even fewer were willing
to try and think through the implications of the findings for change.
Simple answers to complex questions were requested often. Old axes
were brought out for regrinding—if the data seemed consistent with
the positios1 the men had taken some time before. Reiatively little
effort was committed to working through the meaning of the findings
for immediate action,

A STUDY OF THE DIFFERENTIAL EFFECTIVENESS OF
WORK SECTIONS

To sharpen the meaning of the findirgs, an intensive analysis was

undertaken of the organizational and individual factors contributing

to the effectiveness of work sections in one of the agencies. Before the
data had been collected in this agency, we had selected at random
two sections from each of fifteen divisions. We then asked the five
key management men who were primarily responsible for the admin-
istration and direction of this agency to rank order these sections ac-
cording to five dimensions of effectiveness: productivity, efficiency,
adaptability, cooperativeness, and staff recruitment and development.
The data generated by this process indicated that a single measure
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of overall unit effectivensss could be used as one criterion of unii
effectiveness.

Mecasures from the questionnaircs that had keen given to super-
visory and to non-supervisory personnel that were similar to the five
dimensions on which key manages had rankcd the sections were
then combined into a single overall measure of effectiveness and com-
pared with the key management's evaluation of the nnir<. T'his anal-
ysis established that therc was a good deal of similarity in the cvalua.
tion of threr, levels of professionals about the work of cach unit. The
unit supervisor's evaluation of his unit's effectiveness was highly cor-
related with that of the non-supervisors in the unit; the evaluators
of both were significantly related to the five key managars’ evaluations
of cach unit’s cffectiveness. Having established a rough but uscable
criterion of effectiveness, an extensive investigation was undertaken
to see which of all the mcasures we had been studying were related
significantly to the key manager's overall measure uf unit effectiveness.

This analysis alse revealed a largge body of findings. More super-

visors in high effectiveness sections (as opposed to thosc in the less
effective sections);

—were younger

—hzd more education

-~had higher civil service job grades

~were similar in age and educational achievement with the scien-
tists in their sections

~considered their occupation more important in their lives than
their family

—werc more likely to preier work situations which afford greater
chances to exercise authority and achieve success at the risk of
security than their counterparts

—viewed periods of major changc as more exciting than annoying,
and providing an opportunity to use their abilities

—perccived their own carcers in terms of professions or specialties
rather than the public service

—identified their professional colieagues in their part of the agency
as their most important reference group

—tended to attach high importance to thuse work goals that are
characteristic of the scientific professional

4

A

i

e e ek e



36 VISTAS IN SCIENCE

—saw rescarch and development cfforts as being crucial to their
agency's basic mission, and indicated that the proportion of the
agency's total resources devoted to retearch was either adequate
or that a greater proportion should be devoted to research

—reported high levels of opportunity on their jobs to attain (1)
their scientific goals, (2 their socio-cmotional goals of having con.
genial co-workers, of being cvaluated fairly, and of having stabil-
ity 6f employment, and (3, their public service goals

~-reported high overall job satisfaction

~were satisfied with their opportunities for technical and admin-
istrative tizining

—said their occupation was the most important sector of their lives,
and were satisfied with their performance in this sector

—said they worty moie often about money problems, about how
good a job they were doing, and about feeling “in a rut”

—reported fewer mental health complaints and say they never worry
about their own health

~rated their immecdiate superiors very high or high on (1) using
supportive behaviors such as getting their ideas and suggestions,
giving them help when they really need it, being available for
discussion of job problems, being open to influence to a consider-
able extent, using general rather than close supervision, and being
good at human rclations, (2) on coordinating and integrating
activities: being up-to-date on new policies and procedures, plan-
ning work so that time is not lost, assigning work so that there is
no duplication of work assignments, doing administrative activ-
itics well, and giving little attention to enforcing rules and reg-
ulations

—reported reciprocal high understanding between themselves and
their suberdinates in the unit.

This was a partial list of the findings regarding the differences be-
tween supervisors in high effectiveness sections and those in the low
effectiveness sections. Many, but not all, of these findings appeared to
hold for the non-supervisory professionals in these same sections.
With the completion of these analyses and the identification of
the factors associated with unit effectiveness, it was then possible to
combine the findings from the random sample and these analyses to
determine where action might be taken. It was found, for example,
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that supervisors of more effective scctions rated their division heads
higher than supervisurs of less effective sections on the dimensions
of supportive behavior, With this as a fact on which to build, it was
then possible to discover by studying the randoem sample findings
that while 90 per cent of the supervisors reported they felt completely
or rather free to discuss job problems with their division head, only
48 per cent {clt their division heads always or almost always try to get
the supervisor's ideas and opinions in solving job problems. This
combination of findings suggests that any investment of time and
clort in trying to change the behavior of division heads might pay
greater dividends by having division heads ask subordinate profes.
sionals for their ideas and opinions rather than simply continuing to
be available to subordinates who wish to discuss job problems with
them.

‘This full set of findings was then presented in the form of charts
to the top management of the agency. In many respects, this was an
evening of frustration again for both the managers and the research-
ers. Theve seemed to be too many findings and the implications for
action were cither nou seen or not accepted. The rescarchers were,
however, asked to summarize the findings in a few pages and present
them to the division and section heads of the agency in a scries of
meetings.

A further summary was then preparcd and a scries of two to three
hour meetings were initiated with fiftcen different groups. Different
groups of scientists and professionals responded in different ways,
but all were gencrally dubious about the value of the findings and

very hesitant to consider taking any action en the bauis of the data—

even the data that had been collected from their own agency. An
example again may be helpful, The chemists mecting with us to re-
view the data on the first day indicated that they found the charts and
our summary of findings very complicated and difficult to understand.
The physicists and the statisticians in the afternoon of the same day
indicated they fclt our charts and summaries were too simple and
did not present enough detail about our measurements, the indices we
had constructed, and our methodology. Carcful questioning about our
rescarch design, our awareness of the limitations of the nature of the
scales used in our questionnaires, and the statistics used, led them to
grant that the study appcarcd to have been carefully done. They
quickly added, however, that there was little or nothing that was new
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in the findings. As supervisors they generally mutually rcassured each
other that they nct unly knew these facts but used them in the day-to-
day management of tneir units. Since neither top management nor
the supervisors fele it was necessary, the findings of thr. study were
not reported to the wnonsupervisory professionals. Aiter fiftcen ses-
sions, both the key agency personnel and the members of our research
team fclt that not much more could be accomplished and no further

cfforts were made towaird the utilization of these findings with the
members of this agency.

A STUDY OF MANAGEMENT KNOWLEDLGE UTILIZATION
IN RESEARCH AND DEVELOPMENT ILABORATORIES

The indifference, the misgivings, and the sharply expressed doubts
about the usefulness of our findings for the everyday management of
laboratorics forced us to explore in greater depth the problems of
communicating research results. To gain as much information as
possible from a single study, a new group of researchers® developed

a program of effort around an extended seminar which incorporated
the following fcatures:

1) A variety of inputs: e.g., research-based theory of management
and human relations, research findings regarding scientists and
engineers in general, findings about scientific work group ef-
fectiveness, and survey data about each laboratory director’s
own organization.

2) A variety of formats: e.g., extended readings, abstracts, lectures,
role-playing and group discussion.

3) A variety of laboratory directors whose organizations repre.

sented a range of management problems from the most applied
and operational to the most basic research.

®* This study was directed by Mann and Havelock. A full account will be pub-.
lished under the title of Learning About Research Managertent: A Siudy in
Knowledge Diffution and Ulilization (tentative title) by Ronald Havelock, Floyd
Mann, William Morris, Marshall Sathkin, with the assistance of John Erfurt. Pant
of this description draws on a Final Report on Contract AF 49 (638) 1732 titled
Research and Development Laboratory Management Knowledge Utilitation
Study, by Ronald Havelock and Floyd Mann.
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4) A wequence of planned activities over a six month period to:
Step (a)~develop an understanding of the social science ve-
search findings
Step (b)—derive practical implications of findings for change
in own management practices
Step (¢)—experiment and try out practices
Step (d)--measure attitude in own laboratory
Step (e)—allow for the involvement of the director's staff in
the organizational diagnosis and change process
5) Continuous monitoring of the dissemination-utilization process
t y the project staff using tape recording and analysis of all in-
put sessions, questionnaires after cach sessivn asking for evalua-
tions of diterent types of inputs and different patterns of work-
ing together, and extended interviews with each participant
before and ziter thescries.

Participants for this seminar were selected from the available pop-
ulation of southeastern Michigan laboratories which were reported to
have staffs of 80 or maore professionals. Three steps were employed in
this process: (1) a letter and brochure inviting them to consider in-
vesting four to five hours every two weeks for six months in a science
management seminar, (2) a brief telephonce interview regarding their
interest, and (3) a visit to their Jaboratory for an extensive discussion
and interview regarding the seminar, Eleven directors attended the
first meeting; ten continued after che initial mecting; cight partici-
pated throughout the project—two succumbing to cancer and curo-
nary attacks during the six month period. The laboratories of these
eight had a widc varicty of misions; their work ranged from basic
through applied rescarch to systems cugincering and operazional
trouble-shooting. The staffs of these laboratories were generally
small, all under 100 except for one with 270 professionals.

The seminar staff did not begin with any fixed ideas about what
knowledge from the growing body of facts relevant to laboratory
management ought to be used, or how this information might best be
introduced and presented. It saw its role as that of ‘ntroducing the
managers to these ideas, to help them probe the implications of these
findings, and to assist them in thinking through the meaning of these
for changes in their own behavior or the operations within their
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b laboratorics. In short, our staff saw ity goal as being to optimize the

i wrelitions for learning and changing, and to study the process of

' learning and changing as itoccuned,

‘ The seamimar was conducted in twelve seasions, biweekly fiom Jan-

! wary through Junc in 1967, Meetings were from b o 9 PM cach Mon-

) day at the Fairlane Conlerence Center of the University of Michigan,

! Dinnars were served ac the Center, and weire an integral pat of the

: wOrk sessions.

. ‘ Fouwr distinet types of knowledge were intoduced as inputs: (1) !

cmpuical sodial rexeaich findings on the administiation of scientific
: atd engineering organizations, (9 knowledge of humaa relations
{ skills having immediate practical applicaiion, (3) problem solutions
' and management practices from own experience of the paiticipating
‘ directurs, and (1) smvey rescarch data for cach divector especally col-
lected for this project frome membeis of his awn laboratory. ‘o clab.
: orate on these a little further, the basic text for the scminar was
Scientists in OQrganizations, by Donald Pelz and Frank Andrews. This
2 was supplemented by the findings of the studics reported carlier in
! this paper, and a compendium ol derailed abstracts of social science .
i research on scientists. ‘The practical human rclations skills inputs in-
X cluded amalyzing and aitiquing the manner in which a group is
functioning through the use of process evaluation echnigues, learn
g (o Jisten actively and understand fully the ideas and feelings of
: the other person, and behavioral skill practice and testing through
1ole playing. Discussions of problems in the participants” own Jabora-
tories and their own experience in meeting these gave all members a
more active contributing role in the seminar, "Vhe possibility of a
t survey at some time was touched on in the brochure and initisl inter.
vicws, but this was not pressed. By the ninth meeting all participants ‘
were very eager to obtain and share this type of additional informa.
tion about their laboratories. ]

The seminar sessions did not wafow a fixed format. Indeed, an
cffort was made o change cach meeting 1o acconnouodite the desires of
the participants and incorpotate the Jearnings of the skil. The design
did call for some emphasis in cach mecting on vescarch lindings, on
human relations skills concepts and taining, on colleague sharing,
and most impattandy on the pracdcal huplications of various inputs,
induding actaalieports by pardcipants on their back-home eflones to
apply some idea derived from dhe seminar,

s
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Typically a mecting wouid Iwgin at about 5:15 PM with a brict
report and analysis of the written reactions to the previous session,
This was done to re-establish the sense of continuity through linking
one sessivn with another. Usually this ieview would be followed by
the presentation of a problem by one of the participants or perhaps
a human relations skill naining excrase developed hy the staff or the
participants and astafl member, e would follow acabout 6:30
and would be givea over to reports by various members on back-home
efforts 1o try out seminar learnings. After dinner the stadl might make
a presentation of new findings or work with the paiticipants to sum-
warize and aitigue thercadings. Atsome pointa stafll menber would
make an cffort to unn this discussion toward implications for the
lahorwtary. Finally at a Hule before nine, the stath memboer concerned
with the process ol the meeting would Lead ol the discussion of the
cvening's vatious parts. Each member would be encouraged to give
his reactions to the meeting as a whole and to mendon specific inci-
dents in it that may have been bothersome. The aiving of these “hang.
ups” was consistently scen as i positive aspect of the mecting. At the
end of cadhi meeting a post meeting reaction questionnaire was filled
out by all participanes and staft,

‘The sominar began slowly, the carly mectings heing dominated by
one or two individuals who wguad stongly against the validity of
the PeleAndrews 1escarch indings. Abo noteworthy in these carly
sessions were unsatisfuctory efforts to build group problemsolving dis-
cussions around 1cal problems brought to the group by cadh dircetor,
In rewrospeet, these carly mectings were vary much like the fifteen
three-hour mectings held o present the indings [rom the sutvey of
data regarding professionals in the government ageney. To a cereain
extent, the introduction of the human relations skill ideas helped the
group through hoth of these difficultics.

A critical turiing point in the movement toward acceptance of the
rescarch findings came about in the fifth session when the method-
ology and the findings from the study of professionals in goverinent
laboratories were prosented, After this discussion, there were very
fow further questions about the validity and meaningfulness of the
measurcs, The group was able to move on w a serious look at the
implications of the findings for change.

In the following meeting, the sixth of the series, Bunald Pelz joined
the group and presented the synthesis of his work with Andrews, Mar-
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CHAR'T #5;  saustaction Ratings Mter Fach Mecting
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GISSATI .
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-

5 6 7 4 9 n 1" ¥4
SEMINAR SESSIONS

In general, how satished werc you with this inceting?

ricipants were very impressed wih Pelz and were especially apprecia-
tive of the openness and scientific scepticism with which he ap-
proached his own data. This meeting with Pelz was the high point in
the first half of the seminar as indicated by the total satisfa<tion
ratings in Chart3.

The seventh meeting was rated low, larpcly because of a very un-
successfu! effort by two Airecto.s to role play an interview on a real
problem presented by one of them. They had met between sessions to
prepare and had effectively worked through any differences that they
had. in spite of this low 1ating, this meeting marked the initiation of
two new activitics which would establish the pattern of the remainder
of the seminar. These were: fitst, a list of management practices im-
plied as “good” from the findings, and second, a detailed discussion of
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the possibie uses of a survey on onc’s own laberatory. In each subse-
quent scssion some time was devoted to these clements.

The above mentioned list of possible applications is reproduced in
Table!l.

TABLE]
ImrLicaTiON FINDINGS DEsavED FaoMm
“CREATIVE TENSIONS IN THE RESEARCH
AND DEveLOtMENT CLIMATE,”

By Donald C. Pelz in Science, july 14, 1967

The management actions listed below are suggested as those which might bring
about a greater sense of security on the one hand and challenge on the cther to
create a production climate in the R & D laboratory.

1. Insurc that once or twice a year each man produces a product which bears his

own name—even if a joint document must be broken into parts.

2. A single chief should not assign tasks, judg= results, avaluate performance, and
recommend pay increases or promotions by himself.
In review sessions with executives or clients, include the engineer who is doing
the work, and let him do some of the talking, not just his chief.

Develop a flat organizational structure with fewer levels.

Individual and his supervisor should jointly determine assignments.
Give the younger man a year or two to dig into his main project.
. In forming tecams, managers can put together individuals who have similar

sources of motivation—who are mterested in the same kinds of problems.
8. The supervisor can encourage cohesion by giving credit to the group rather
than to himself.

9. The supervisor can buiid mutual respect by publicizing the contribution of

each member.

10. The supenvisor can strengthen teamwork through . ..--tition with other
groups in the solution of technical problems. '

11. The R & D manager car often steer the scientist te others who can give or
use help. -

12. He can invite the individual to t2lk to a seminar.

13. Sctup study teams and evaluation groups.

14. Pose problems which require consultation for their solution.

15. Invite members of an older group 1o shoot holes in each other’s presentation.

16. When forining a new project committee, he can include individuals who like
cach gther but who use different strategies.

17. Periodic regrouping of teams—aiways with the consent of persons involved.

18. Give a younger scientist cach year a second shorter assignment which demands
that he learn a new skill,

19. In an older man, intcrest in pioneering can be kept strong by tempting him
with problems outsiae his arca ot ¢ pertise.

206. Set up refresher cou.ses.

2l. Arnia . = abatical exchanges with a university,
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in subsequent sessions this list was subjected to intensive study and
discussion and appeared to be a springboard to actual utilization
efforss in each of the participating laboratories. It also became a key
feature of our efforts to evaluate progress toward utilization. On the
whole, the directors found little trouble in accepting items which
would have created a greater sense of security (autonomy, self-reliance,
specialized competenze and self-confidence), but appeared to be more
wary of actions which might bring about a greater degree of challenge
(vigorous interaction, intellectual competition).

The twelfth and final session was an all day meeting held on a
Saturday at the Institute for Social Research in Ann Arbor. It was
given over almost entirely to a feedback of the survey findings in six
of the eight laboratories. In spite of the great volume and complexity
of the feedback data, all the directors were deeply involved through.
out this day, focusing their attention on information in their own
organization with the data from the five others listed side-by-side for
comparison. As has been observed in the past in other studies, the
impact of such self-relevant data was very powerful. Tt is noteworthy
that all those who had data on their own laboratorics rated them-
selves “extremely satisfied” with this last session.

A major effort was made to collect as much information as possible
about the impact of this seminar. Meetings were taped and analyzed;.
questicnnaires were administered after each session in which ratings
for the meeting as a whole and each different segmenc were obtained,
along with reperts of efforts at utilization between sessions. In-depth,
focused interviews were held with each participaat after the seminar
to learn what he had learned and what he was trying to apply. While
the survey of laboratory staff was taken primarily to provide addi-
tional learning material for the directors, it also contributed to our
understanding of the extent to which personinel within laboratories
saw changes reported by the directors themselves. Actual on-site ob-
servations in the laboratories over a period of tine and records of
achicvement and productivity could not be attempted because of
budget and time limitations.

Analyses of the data collected during the life of this seminar and
through interviews a vear later indicate that:

(1) the directors generally reported increasing satisfaction
throughout the seminar.
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(2) behavioral science data discussions and intellectual inputs
regarding research findings were well received, especially after
early questions about validity were resolved.

(3) the practical human relations skills inputs were highly appre-
ciated, particularly the procedures for ensuring man-to-man
communication and for critiquing the process of a meeting.

(4) sharing with collcagues and problem-solving scssions around
real problems brought to the group by participants were gen-
erally disappointing with one or two cxceptions.

(5) all the laboratory directors were able to describe changes in
attitude and practice which the staff rated as constituting genu-
ine utilization of seminar learning. These ranged in number
from three for one laboratory director to eighteen for another,

(6) there wa: a steady trend in all participants through a utiliza-
tion sca. .rom meeting to mecting, with cognitive awareness
and understanding occurring first, with acceptance, internali-
zation, and planning for use developing next, and with com-
mitment to try, actual use, evaluation, and adoption for con-
tinued use coming much later—according to our tape analyses
of the seminar sessions.

SUMMARY

What are some of the principal implications of these first years of
research on the working environments and the study of the processes
required to ensure utilization of such research findings in the manage-
ment of laboratories?

1. Social scientists are able to identify individual and organiza-
tional factors which distinguish productive climates and work-
ing environments for scicntists and engincers.

2. Most of these findings are consistent with what laboratory di-
rectors report they would expect—and few feel there is much
they have to learn intellectually.

3. A majsr problem is the differcnice between what is known intel-
lecwoally and what 1s known Lehaviorally and is regularly used
in the managemcent of their laboratories.

4. Ixposure to empirical, quantitative findings from carefully
dosigned surveys docs not lead to quick acceptance of these facts.
Challenge and resistance is a common response at first and
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46 VISTAS IN SCIENCE

perhaps a necessary step toward real awareness and understand-
ing, then acceptance, and perhaps the eventual adoption and
usc of such findings.

5. Effcctive seminars utilizing a variety of intcllectual and behav-
ioral inputs, building on own experiences and research findings
from other laboratories can lead to the use of these findings.

It is evident from this account that careful research is just begin-
ning in this complex field of research management. The energy and
support required to devclop this new arca of investigation will not be
small, but the value of such research in a society increasingiy depen-
dent on new discoveries and innovation is obvious,
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III. Communication—Sine Qua

Non of the Behavioral Sciences

LEE THAYER

IT 1S EXTREMELY DIFFICULT {0 talk sense about communication. There
are a number of reasons why this is s0, and some awareness of the
reasons for that difficulty is an importaiit preliminary for anyone who

is seriously interested in the subject. So that is where this paper must
begin.

SOME FUNDAMENTAL DIFFICULTIES

It woul* be impossible to indicate an order of importance of the
several difficulties to be faced in trying to talk sense about communi-
cation. What for one reader may stand as a serious obstacle may be
of little consequence for another. Hence i make no claim that the
sequence in which these difhculties are presented in any way repre-
sents the order of their importance. Since it is conceptval difficulties
we are faced with, the pertinence of any one of them for each reader
can be determined only by the individual rcader.

FAMILIARITY, POPULARITY

One difficulty of major impert is the fact that the phenomenon of
communication is a familiai one to most of us. And the term is a very
popular one these days. From an individual point of view, the more
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familiar a phenomenon, the more difficult it is to develop a sound,
empirical understanding of it. From an aggregate point of view, the
more talked about a phenomenon is, the more dilficult it becomes
to develop scicntifically-sound conceptualizations of it, It is further-
more quite difficult to come to grips with a phenomenon so vital to
our behavior.!

LAck oF A DIsCIPLINE

A sccond difficulty is the fact that there exists no single scientific
discipline having an exclusive interest in communication or a sys-
tematic body of knowledge. There are loose “professional” associa-
tions of persons having some part interest in communication, of
course, as well as academic programs huilt upon some special orienta.
tion: and there is undoubtedly an “invisible college" of scholars whose
scientific interests and pursuits with respect to communication do
overlap to some degree.? But there is nothing like the disciplinary
foundations one sees in physics, for example.

Closcly related is the fact that the phenomena of communication
are so basic to the life and behaviora] sciences that they transcend
most of the arbitrary disciplinary boundaries which do exist. Each
discipline thus appropriates some part-aspect of the total process of
communication as a matter of proprictary concern, the consequence
being a discontinuous and fractionated hodgepodge of terms and
approaches which doesn’t add up to much more than any of the pieces.
Not only is there no single core of knowledge to draw upon, but there
is often no way to relate the part-aspects to one another. Each disci-
pline is destined to study its own myopias. Because the phenomena
of communication are so basic as to have some reclevance for all sci-
entific disciplines, and Locause each of the often diverse points of
view brought to bear is self-icgitimizing, no comprehending body of
knowledge is likely to emerge in the near future. It is like a picce of
farmland which belongs to everyone for his own whimsical uses; it
stands never to ve properly cultivated or systematically productive.

APPROACHABLE BOTH OPERATIONALLY AND SCIENTIFICALLY

A third difficulty is the fact that communication, unlike most of
the other subjects treated in this volume, can be approached either
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(or both) as an operational or as a scientific phenomenon. That s,
communication is not only something that can be studicd, it is some-
thing most of us do. While it would scem odd to try to talk about
someonc “physic-ing” or “psychology-ing,” it is casy to talk about
"communicating.”’

This is an cspecially potent diffculty, for there is no necessary re-
lationship between our scicntific knowledges and the uscs to which
those knowledges are put. What the physicist learns from his in-
quirics into the naturc of things is not likely to alter significantly his
own social behavior. So it is with the wraditional psychologist. The
difficulty arises from the pervasive ambiguity that surrounds most
of the writing and the talk that goes on about communication; is it in
the spirit of scientific inguiry or operational usefulness? Is the pur-
pose to develop a reliable theory of the phenomenon, or to figure out
how to “communicate' better in some way?

The fundameatal issuc, as Donald MacKay has often urged,? is
whether or not there is a nced for a thcory of communication as dis-
tinct from a body of practical knowhow. It would require too much
space to address that issue here. An awzreness and an appreciation of
this basic difficulty scems to me to be indispensable to an adequate

posture for coming to conceptual grips with the phenomena of com-
munication.

SCIENTISM AND THE MYSTIQUE oF TECHNOLOGY

A fourth difficulty lies in the incompatibility of our seemingly in-
exhaustible faith in scicntism on the one hand,* and on the other
the nature of the phenomenon itsell. The power of the scientific ap-
proach is hardly to be doubted. But the cult of scientism is remarkably
barren. The increasing efforis being made to “scientize™ comunica-
tion will likely reveal little more about the phenomenon than the
limits of its scientizability.

Closely related is the fact that we suffer a deeply embedded cul-
tural belief in technology as the answer to our problems. The illusion
is that, no matter what the nature of our problems, we have only to
await or urge on the development of some new technology and those
problems will be solved. Yet the human and “organizational” com-
munication problems we have today are not basically different from
those Confucius pondered more than twenty centuries ago. A fan-
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tastic array of technology has evolved; but tacitly assuming thesc
technologies to be an adequate substitute for a sound and compre-
hensive understanding of the phenomenon has led, not to the solution
of our so-called “communication problems,” but to an intensification
of them.

In short, the inclination to assume that communication (s whatever
is casily and handily scientizable abonut it, and the inclination to as
sume that technological progress is cquivalen to vnderstanding, are
basic difficulties standing in the way of talking scnse about commu.
nication,

Basic RECONCEPTUALIZATION

Finally, ic is exceedingly more difficult to reconceptualize some-
thing as basic 1nd as ubiquitous as communication, and to come to
terms with the implications of that basic reconceptualization, than
it is to accumulate new knowledges. The ways in which we tradition-
ally and conveniionally conccive of commuunication--those being
inadequate and untenable—stand as obstarles te more adequate and
more potent ways ¢f conceiving of communication.® Bug the lifeblood
of scicnce has always been infused by iis basic reconceptualizations,
not its “rescarch.” What is needed now to provide this sort of impetus
for conceptual progress in the study of cominunication is a basic
reconceptualization of the underlying phenomena.

That is what I would like to try to do in this paper: suggest some
ways of reconceptualizing the phenomena of cornmunication which
offer & means of organizing a wide range of facts and ideas from a
wide range of disciplines of the life and behavioral sciences having
some part irterest in communication—cybernetics, information
theory, psychology, systems theary, saciology and anthropology, cog-
nitive studies, and so on.

The reason for this long digression is that this is a task to be faced
only when the kinds of difficulties described above are in full and
meaningtul view.

OBJECTIVES

For ihiese same reasons, it would not be especially profitable to
survey hcre the "state-of-the-art” of liuman communication theory—
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or sesearch, ‘The conceptual/theorcrical fouadations are neitha
sound enongh, nor hioadly enough based. Most of the "research’” that
has bren puoduced to date 1s therefore of questionable value, "Flius,
my objectives here are disected not 1o the scicntific arcomplishments
of this patchwork “ficld,” but to the pressing scientific need, viz.,

1. To stinalate some thought about why, and in what ways, cony
munication and its related phenomena are the sive gua non of the
behavioral sciences;

2. To presenta basic conceprual framnewaork for approaching those
phenomena cipivically and systematicallyv; and

3. To previde a way of generating soine of the favrangmg avph-
cations of this conceptual foundation.

SOME BASIC CONCEPTS

At the outset, some basic propositious and distinctions need to be
introduccd.

COMMUNICATION

First, it will be uscful, if not necessary, to conceive of communica-
tion as one of the two basic life processes—one. of course, being the
ingestion and processing of encergy, the other being the acquisition
and processing of information, or communication. Just as the crucial
component of physical metabolisn is the conversion of vaw caviron-
mental processes into cneigy forms consumable or pracessable by a
particular living system, the ciudal component of the communica
tion process is the conversion of vaw event-data into forms of informa.
tion consumable or processable by that living system,

Communication is not, therefore, a uniquely human phenomenon,
We have been greatly disadvantaged by the assumption that com-
munication is something peculiarly human, when in fact the process
is as basic and indispensable to living systems as is their physical
mctabolisin,

COMMUNICATION AND INTERCOMMUNICATION

One iinmediate advantage s that a distinction must be made be-
tween communication and interconnmunication.® ‘The distinction can
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most cleatly be made in terms of the serarite functions each subseives.
The primitive functions of communicition for all complex living
systoms are those of

a) "mapping” into itsell relotionships between itself and soine
temporary or recutrent aspeci(s) of its envivonment (adaptation),?
or

b) confirming those rciationships or tite resulting orientations, to
the ends ol the stability or the direction of growth or movement of
thatliving system,

The primitive functions of intcrcammunication—the intentional
and mutual production and consmmnpuion of event-data—are therelore
those of

4y mutual adaptation and/or menipalation (- control), which
inturn results in

1) the building ard/or confitming of aggregate stucanes such as
tamily units, couumunides, societies, ete., and, at the huaman level,
of instatutions, cultunes, ideologies, ¢t«.

Althoagh an understanding of communication at the human level
is haidly possible without @ conception of intercommanication, it is
necessary o keep in mind that cenununication ud intereonmmuaica-
tion ars ditlerent processes subser ving ditlerent (though often yelited)
ends, The wehnologies cmployad in spedifically frunan connmunic:
tien and inicicommunication may dificr, hut the primitive functions
subserved sve sinifar throughont the phylogenetic seale

TE CoMMUNICATIONAL ENVIRONMENT

What i uninueiy characteristic of human cosmmunication and in-
tercommunication is the fact that the technoiogical sophisiication of
human intercomnnication has made posibic the emcgence and
cvolution of a puicly communicational environment or veality—ie.,
an cnvirommnent o) raality comprised of anything ihat can be and is
talked about. Wharever car be and is talked about comprises a reality
m the sense that it must be adapted o and dealt with in much the
same way as that reality which is subject only to scusory validaticn.
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In other words, man's position on the phylogenetic scale has made
possible the emergence and evolution of & communicational environ-
ment which bas as much or more significance ior man than does the
physical environment for the "lower” animals. All of those conditions
which function as determinants of man's thought and hence his be-
havior, but which are not directly verifiable by his own sensorium, are
aspects of his communicational environment. Thus most of what we
term mman’s values, beliefs, ideclogies, acsthetic standards, etc., are
ultimately products of human intercommunication. Taken together,
anything and cverything which man can and does talk about com-
prises his communicational environment or communicational reality.
Whatever one or more men can and do talk about, but which is not
amenable to direct sensory contact by them, has no reality beyond
what can be and is said about it. The significance of his communica-
tional environment to modern man makes it the major aspect of his
total ecology.®

TELEOLOGICAL vs. T'ELESITIC BEHAVIOR

At the level of man, it is necessary to make a distinction between
what might be termed his “teleological”” contrasted with his “telesitic”
behavior. We can do so easily by takirg a brief look backward along
the phylogenetic scale.

At some vague point along that scale, self-reflexivity emerges as a
biological possibility. What this emergent characteristic enables man
to do is conceive of himself in relation to those aspects of his environ-
ments which he must or would encounter bchaviorally.

All living systems, from the simplest to the most complex, exhibit
what has been viewed as “purposive” behavior in the teleological
sense.? that is, given that every healthy living system is continuously
and unravoidably in the process of becoming what it is, the behavior it
manifests can be viewed as having purposiveness about it.®

Man’s complex biological architecture and sophisticated iter-
communication technologies make possible an exceptional degree of

*Implying different degrees of “intelligence,” of course. An interesting example
cited by E. Laszlo (in a recent issue of Main Currents) is that of the cat and the
amoeba. The amoeba evidences no anticipation (or “intelligence™) in following a
target such as a puddle of water with the appropriate salinity. It exhibits no ability
to extrapolate the track of the source, But a cat will run to where he anticipates
rhe mouse will be rather than i here it is.

S e e e e




"I,«‘.\u.._.___. .-

COMMUNICATION AND BEHAVIORAL SCIENCES &n

self-reillexivity; e is capable of behaving other than teleologically.
Because he can conceive of very intricate and future-projected rela-
tionships between himsclf (as he conceives of himself) and his environ.
ments (incivding other people and his expectations of their concep-
tions of those relationships), man also exhibits telesitic behavior—that
is, covert or vvert behavior undertaken as rational or “intelligent”
means to self-determined ends. Living systems and organized aggre-
gates of living systerns (such as human organizations) are through the
behavior of their members buth self-organizing and evolutionary. But
overlaying the teleological behavior which occurs in the service of
those ends, botli man, and, to a greatly limited degree some of his de-
mesticated animals and the “infrahuman” primates, evidence “entre-
preneurial” behavior consisteat with self-images or self-zontrived ends
or states. This capacity carrics with it the possibility of failure to
bring about intended states-of-affaivs—a possibility having consider-
able import for the condition of man and for the evolution of his
particular institutions and idcolcgies.??

Telcological behavior is that which a complex living sysiem can or
must engage in to its own end; telesitic behavior is that which man
(e.g.) would engage in to some further end.

Of relevance here too is the fact that all emergent capacities, such
as man’s capacity for self-reflexivity and for the invention of cosnmuni-
cation and intercomunication techinologies, are incipient incapacities.
Because man’s intercommunication abilities can be deployed *cor-
sciously,” that is, consistent with his own self-images and intendsd
states, they may disadvantage as well as advaniage him. In and of
themselves, man’s capacities for communication and intercormuni-
cdtiuni wre amor . There o o amnre absolute good o vigatimpliduia
man’s sophisticated intercommunication-abilities than in the appar-
ent muteness of butterflies. 'Thz sole criterion lies in the consequences
of the ways in which those capacities are deployed.

Hence the crucial impoitance, in the study of Auman comminica-
tion and intercommunication, of distinguishing betwcen teleologicai
and telesitic behavior.

LEVELS OF ANALYSIS

As one of the two basic life processes, the phenomenon of communi-
cation and its concomitants have pervasive implications for all of
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man's behavior. Whatever it is a man docs, qua man, can be carried
out only in and through communication and intercommunication, It
is for this rcason inconceivable that man and his behavior and his
artifacts and his institutions can cver be adequately and accurately
described apart from a full description of the underlying processes of
communication and intercommunication, the sine qua non of the be-
havioral sciences.

Yet the very pervasiveness and ubiquitousncss of those processcs and
their concomitants make it necessary to approach them from the point
of view of one or more "levels” of analysis.

The decisions one makes about which levels of analysis to use to
guide his inquiries are at oncc both arbitrary and critical.! T have
found it most useful, however, to approach communication and inter-

communicaticn phenomena from the standpoint of these broad levels
of analysis:

a) the intrapersonal (the point of focus being onc individual, and
the dynamics of communication as such);

b) the interpersonal (the point of focus being a two or more per-
son interactive system and its properties—the process of intercom-
munication and its concomitants);

c) the multi-person human enterprise level (the point of focus
being the internal structure and functioning of multi-person hu-
man enterprises);

d) the enterprise «—environment level (the point of focus being
upon the intcerface between human organizations and their environ-
ments); and

e) the technological level of analysis (the focus being upon the
efficacy of those technologies—both hardware and software—which
have evolved! in the service of man’s communication and intercom-
munication endeavors).

For purposes of conceptual and empirical inquiry, each successive
level of 2nalysis overlays and subsumes the preceding level, Any way
of comprehending intercommunication, for cxample, must be con-
sistent with the way in which communication is comprehended. And
50 on. A systematic conceptual framework requires this sort of inter-
level articulation, a requirement often overlooked.

It can be seen in Fig. 1 that the technological level of analysis tran-
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scends and overlays cach of the other levels, as well as having an area
of inquiry or discourse of irs own. What this crudc schematic is in.

K:—__7‘_—"TECHN(IOGICM

ENTERPRISE €—»
ENV 1 RONMENT

/
| INTERFACE
[
[

“ ENTERPRISE
IN1ERPERSONAL

\] INTRAPERSONAL

FiGuRE 1. Levels of analysis.

tended to imply is that the phenomena of interest at each level of ]

analysis can be studied either apart from the technologies that are em- '

ployed, or in terms of those technologies; and that the technologies of

communication and intercommunication can be studied apart from :
their uses at the various levels of analysis, or in terms of thosc levels or
even outside of them. In short, this scheme is a matter of conceptual
cenvenicncg, aiid has no necessary theoretical Lignificanice. Nor is it
intended to ve 1in any sense isomor phic.

It is further no morc than a matter of expository convenicnce to
organize the balance of this paper around those levels of analysis.
However, the additional space given over to the discussion of the first
two levels of analysis is intended to reflect their more fundamental
significance.

THE INTRAPERSONALLEVEL: COMMUNICATICN

I have previously suggested that it is conceptually useful, if not
necessary, to conceive of the communication process as being com-
pounded of all of those subprocesses by which a living system acquires
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and converts ongeing cvent-data into information, for processing or
“consumption” to sume end, From that base, a comprehensive frame
of reference for the study of human communication can be derived.

1. Tt is therefore consistent to define cormmunication as all of those
processes associated with the acquisition and conversion of raw event-
data into consumable or processable information, culminating in an
instance of taking-something-into-account. We can thus look to a
given individual’s take-into-account-abilities® and take-into.account-
susceptibilities as the co-determining factor («long with the event.
data) in the process of communication, Whatever other factors we
may wish to include under the heading of “communication,” the pro-
cess does not occur in the absence of acquirable cvent-data which arc
at lcast potentially take-into-account-able by a given individual.

2. Asindicated before, the ends or functions subserved by the prec-
cess of communication are those of

a) enabling the individual to establish or maintain adaptivc state-
relationships with his two environments (the physical and the com-
municational) through the mapping-into himself concepts of him-
self vis-d-vis those aspects of his environments with which he must,
or would have, transactions; and

b) enabling the individual to acquire and process or “consumc”
information, about himself and his environments, having relevance
or utility for some present, past, or future behavior.

Although often indistinguishable empirically, conceptually distin-
guishing the two functions in this way has the advantage of em-
phasizing, in +" e first instance, the process of reality-attenuation or
“invariantin  which all complex living systems engage in via the
precess of being-cominunicaied-with by their environments (to the ex-
tent of their take-into-account-abilities), It permits us additionally to
sce, for example, the applicability of Ashby's “law of requisite vari-
ety,” a very general translation for the present purposc being that an
individual can reliably “invariant” his environments psychologically

only as his own complexity approaches the complexity of those en-
vironments with which he transacts.1?

In the case of the second of the two functions, it offers the advantage
of emphasizing the strategic intelligence gathering and evaluation
*This term should be, 1 believe, attributed to Donald MacKay.
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which culminates in some “intelligent” behavior. That is, it suggests
the basic dynamic of human behavior as arising out of the continuous
monitoring of apparent statzs-of-affairs relative to his intended states-
of-affairs (tclcological or telesitic) vis-A-vis those cnvironments,

3. This 1eformulation also nccessitates our making clear the dis-
tinction implied between cvent-data and information. All cvent-data
potentially acquirable by an individual arc ncutral and “given,” de-
void in and of themselves of any signiicance or meaning. Event-data
thercfore are; information is always information-about something
going on. Event-data and information arc of different qualitative or-
dezs. The human sensorium is so evolved and structured as to be re-
ceptive to certain ranges of certain kinds of event-data. But the func-
tional ingredient of human perception, thought, memory, cte, is
information-about. Taking-something-into-account involves the ac-
quisition of certain patterns or scquences of event-data, and the simul-
tane: s conversion of that raw material into functionally processable
and “‘consumable” information. In the samc way that there is an im-
portant qualitative diffcrence between the steer-on-the-hoof and the
energy that is ultimately used by the human body subscquent t the
ingestion and digestion of a steak, there is a critical qualitative differ-
ence between the event-data of onc's environment (including verbal
event-data) and the information-about it which he dervives fromit (ie.,
<reates out of it).

Second, man and his environments are inextricably interdependent
or co-determinate. This is inescapable by virtue of the fact that all of
man's “intelligent” behavior with respect to himself vis-d-vis his en-
vironments is necessaiily mediated by his conceptions of those cn-
vironments, which in turn are his and his fellows’ creations. "T'hus it
is ultimately impossible to know whether those environments are or-
derly or chaotic.!® So we have no way of knowing whether the process
of converting raw cvent-data into processable information-about adds
organization or reduces it; it would be impossible to say, for example,
whether, in the process of being-communicated-with by his environ-
ments, an individual only imperfectly recreates what in its “natural”
state is informationally pcrfect, or whether the individual’s contribu-
tion to the process adds qualities of structure or organization and thus
an order of “information’ not intrinsic to the event-data}¢ What is
observable and demonstrable is the development and exercise of con-
ventions for acquiring and converting event-data. For purpaoses of
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communication, these may be personal and idiosyneratic, of conrse. It
isonly at the level of intercommunication that similar conventions of
taking-into-account arise,

As “properly” socialized humans, we have sinmilar take.into-account-
abilitics only to the extent that we are similatly skilled in the applica.
tion of conventions ior the awquisition and conversion of cvent-data,
In the process of evolving workable models of what is in our environ.
ments, of what matters, and of what to expect as a conscquence of the
manncr in which we relate aspects of our environments, an illusion of
isomorphism is ccated. The validity of thad illusion is not cmpirically
testable. Given the dynamic complexity of the human environment,
the number of ways of attenuating workable realities of it may be
infinite. There is no way of determining the limits of the variety of
conventions which would enable us to be communicated-with by our
chivirommnents,

4. A fourth factor deserving of at lcast brief mention here is the fact
that communication processes thus conceived may be cither morpho-
static or morphogenetic in character. Thad is, individuals (Jike other
open systems) arc in-formed® and altered by their environments to the
extent that their communication experiences add to or alter their
takce-into-account-abilities, in waich case the process is morphogencetic.
Or, individuals in-form their environments to the extent that they
impose upon them prior conceptions, for purposes of stability or con-
firmation—in which casc the nature ot the transaction is morphostatic.
1f morphostatic, attenuated states are reinforced or maintained. If
morphogenctic, those attenuated states are altered or elaborated.

While aue o oxemcise anly these toke-inte-account.ahititics he has
in ordes o make scnse ot his environments, the possibilities for the
claboration or evelution of new take-into-account-abilities are initial-
ly omnipresent.

5. Those interactive systems comprised of an individual's “work-
able realities,” those aspects of his envirenment with which he would
interact, and his behavior in those environments—therefore vary from
relatively closed to relatively open. A relatively closed communication
system is one in which once-adequate comprehensions of some aspect
of the environmeat are not altered (remain moi phostatic) either (1)
because no changes occur in the cnvironment or in the individual
" *Aterm for which I am indebted to Harley Shanda.
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whidh would impinge upon the adeyuacy of the patticular take-into-
account-abilitics involved, or (2) because the anticipated instability of
changing one’s comprehensions of that environment exceed his toler-
ance liwits, and he clings 1o now-inadequate conceptions in spite of
their inadequacy.'®

Itshould further be of keea interest to those concerned with human
communication that it is only when an individual’s sclf defined ends
are both completeable and fully determinate that his communication
systcins can be completely described; the extent to which they are not
fully desaribable is the extent to which his communication systems are
open.!® The fact that people talk to themselves about their telesitic
ends is in niost cases sufficient to insure dimensions of indeterminate
self-organization.

6. It is thus unavoidable that an individual's spedifically human
competence and cficacy depends ultimately upon the communication
expetiences he has had and is capable of having--and, ay wiil be
evident in the next section, upon his strategic intercommunication-
abilities.

SOME IMPLICATIONS

Itisonly in the implications of these basic concepts that their power
and uscfulness can be evaluated. The question must be: What ate the
implications of this way of conceiving of the process of communica-
tion for the way I look at X (any observable behavior, social phenom-
enon, ete.)?

It should be obvious that the great range of implications thus de-
rivable defies any exhaustive listing here or cleewhere, Yet it may
be desirable (o suggcst one or two examples which might incite the
thinking-through of a great many more impacations of particular in-
terest to the individual reader,

One of the most significant implications is that individuals behave,
not on the basis of the ultimate realities of their environments, but on
the basis only of the way they conceive of those realitics. The deter-
minants of behavior are not to be found in the event-data of the cn-
vironments in which individuals cxist, but in the interdependence of
thase environments with the ways they are taken into account—ie.,
with the information about those environments (and the belicls, idcas,
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cte, about them) which they have avaifable to process. And any
workable reality is useful for certain purposes (e.g., thie carth is "flat”
cnough fur purpuses of walking upon it),

Individual orientations to onc's cnvironments are comprised of hy-
potheses with respect to what is likely to happenaf. ... The test is
not whether those hypotheses are “true,” but whether they are the
most expeditious given the conditions, the objectives or mission, ctc.
The issuc is not one of subjectivity vs. objectivity, as sume have
argued, but the fact that the wuys in which we conceive of our worlds
(and henee behave in them) often depend more upon owr take-into-
account-abilities — i.e., upon our communicate abilities — thaan upon
the “objective” realities of the environment (which are indetermin-
able of course) M7

A second major complex of implications steins from the proposition
that most individeal behavio can be conceived of as the behaver's
solution o a problem. But many commentators (and rescarchers) on
human problem solving and decision-making neglect the most critical
aspects of the process—those of apprehending and identifying (nam-
ing) the problem which is to be dealt with

‘There are two basic empirical errors made in conventional ap.
proadhes to problem solving:

1. “There is nothing “problematical”™ about cvent-data; event-data
re meaningless in 2»d of themselves Itis only in translation as infor-
mation-about (human proce ing) that eventdata (conditions, cir-
cumstances, etc.) are apprehended as problematical or not.

2. Secund, the conditions identified as problematical are typically
presumed to be climinated by the proper (or adequate) solution. Yet
it is empirically unavuidable that the solution to a problein (at least
those which culiiiiiaic in some actionin-the-environment) docs't
eliminate existing states-of-affairs, but consequents in the creation
of new or altered states-of-affairs, Thus the criterion should not bhe
sought in the excellence of the solution as such, but in the desirability
of the altered state-of-aflairs relative to the previous (before solution)
state-of-affain.

What is unavoidable, if we are to take what we know about com-
munication seriously, is that

a) Problems cxist only in people;
b) Problemsexist only in the form they are conceived of;

o
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) The problem dealt with is the one naned o identified (oo
the “olgeative” conditions of concean), and

d) Given that one can “get into contact” with hiv covitonmment
only vid his own takeanto acconnt-abilities, the sulutiom (o1 poten:
val solutionsy vue has for pooblems genvrally detenmine the prob
lemshe "sees” o1 ddentifics,

Bt is in this way that the implicacons of these basic concepts can be
drawn vut.

AssOUIATED TECHNOLOGIES

The techuologics that have evolved in the service of communica.
tion include all of those touls and tedmigques deseloped to enhance
or fadilitate the acquisition of event data (cg., the tddescope, spec
tacles, ear liorn) and its conversion and consumption (c.g., tonceptual
schemata, conventions of reality-atienation, personat "maps’”” cte).

Languagcs, as such, are not necessmy to communication, ‘They are,
however, crudial ta the development of complex social organizations

/ ' vid intercommunication cand hence are paie ol dhie tedimology of
intes commuiiication, '8

THE INTERPERSONAL LEVEL: INTERCOMMUNICATION

T'o avoid the mentalistic pitiatls of much of the literatiue on inter-
communication, it is important to keep in mind these two basic
pmnls:

1. The way in which intercommunication is comprehended must
be consistent with the basic phenomena of commuanication. The inter-
personal level of analysis overlays and is in addition to, notin licu of,
the intrapensonal level of analysis,

2. There are but two ways of affecting and being affected by the
cnvironmmient—physically (coercively) and communicationally, Empir-

: ically, there are no alternatives. The vague mysticism that surrounds
; many popular conceptions of intetcommunication--¢.g., as the “uans-
i fer of meaning”=has grcatly inpeded progress tewad a scientific un.

derstanding of the processes involved,
What 1 hape to provide here is a brief rceformulation of the con-
cept of intercommunication whidh is fully comistent with the em-
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pirical knowledge we do have of the underlying phenomena of
communication.

3. Whal is characteristic of intercommunication (as contrasted with
the individual process of communication) is the attempt by one or
more individuals to influence, direct, control, or focus the communi-
cation experiences of one or more. One person presents himself as an
aspect of another’s environment and produces cultural artifacts in the
conventional forms of messages, to be taken-into-account by that other
in a way intended by {or acceptable to) the first.

4. The ends or functions subserved by intercommunication, then,
are those of

a) Mutual adaptation, via the creation and perpetuation of
shared communicationai environments; and

b) Mutual control and manipulation, consequenting in the cmer-
gence and evolution of institutions, social organizations (of all
types), cultures, ideologies, etc.

It is intercommunication which makes possible the emeigence of
higher-order systems, both social and communicational. Intercom-
munication is therefore both the mears and the ends of creating, al-
tering, maintaining, and exploiting the communicational environ-
ment, and of the social structures, ideclogies, etc., embedded in it.

5. The process of communication is basic to all living systems. Re-

quired for successfully engaging in the sophisticated kinds of inter-
communication we are all familiar with are

a) A laniguage,

b) A minimal set of rules for the cu~duct of the participants of
the encounter,

c) A relationship, mutually conceived of, and

d) A minimal degree of mutuality or complementarity with

respect to intercommunicative intentions and their anticipated
consequences,

To the extent that the process of intercommunication is “success-
ful,” we “map" each other into each other, and simultaneously “map”
each other’s adaptive mappings into each other. This produces an
illusion of reality about those aspects of our environments which exist
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only in and through our intercommunication about them. But such
similar or harmonious oricntations, perceptions. belicls, ctc., are bet-
ter conceived of as i{atersubjectivities, however, nut as “'reality’ by
tacit agreement. With respect to communicational realities, “right”
and “wrong,” "true” and “false,” can have only normative relevance.

6. Two or more peoplc in continuous or recurrent intercommuni-
cation comprise a sccond-order communication system. Such systems
have properties of their own, which are not necessarily the properties
of any of the individuals involved. These emergent properties func-
tion as system determinants. For example, the dynamic nature of a
communicative relationship, once formed and always in evolution,®
is a significant determinant of the behavior of the persons involved
when they are in intercommunication.

All higher-order living sysiems may also be thought of as compound
cnterprises. Each individual involved is himself an enterprise to the
extent he exercises his telesitic potentials, and the raison d’etre of any
human organization identifies it as well as a collective enterprise. The
conceptual difficulties this presents for comprehending higher-order
systems {rom intercommunication up are perhaps obvious: not only
are there individual communication systems subserving each individ-
ual, and interpersonal systems linking pairs intercommunicatively,
and so on, but the cellective enterprise achicves health and viability
only to the extent that {ts communication system is efficacious,

7. Every intercommunicative relationship is an organization. Un-
der scrutiny, it reveals the same conditions of “‘organization-ness” that
any larger social structure does. So that concept should perhaps be in-
troduced here.

Anything that is organizcd is organized only to the extent that its
parts are subordinated to the whole. In effect, this means that at least
task-relevant freedoms (variances) must be cither abdicated by the
components (3 la humans) or designed out of them or denied them
(2 la complex biological organisms, machines, or humans to an extent
via socialization and institutionalization). To be organized, the com-
ponents must mutually control one another in some fashion—either by

*Relationships (i.c., intercommunication systems) are “purpasive,” too, in the
teleological sense, even if not in the telesitic sense. To the extent the impetus of the
evolutionary (teleological) thrust of such higher-order systems is not sourced in the
one or the other person involved, or “managed” by them, it becomes a system de-
terminant by default.
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design (as in a digital computer) or Ly tacit accommodation (as in hu.
man social structures of al] sorts) . Interpersonal relationships, how-
ever, as well as other organizational relationships, may be either sym-
biotic or syneigistic.

Since intercommunication is the almost exclusive human means
of mutual control and manipulation, it is through intercommuni-
cation that we “get organized”—whether that organization is parent-
child, bosssubordinate, teacher-student, clerk-customer, husband-
wife, friend-friend, or other relationship. Every continuing relation-
ship (organization) requires the abdication or deprivation of certain
degrees of freedom on the part of the members of that relationship.
Intercommunicatively, it is the indeterminacy of the other’s reaction
which must be minimized. This is accomplished by mutually invari-
anting each other. Thus the ultimate trade-off in all intercommunica-
tion is between control and indeterminacy, an unavoidable trade-oft
of pervasive importance for all social (intercommunicative) behavior.

SOME IMPLICATIONS

Again, the implications of these reformulations go to the depth and
breadth of man’s social activitics and endeavors, and hence defy even
representative specification here. But two exampies may be suggestive.

Intercommunication is the means via which communicational en-
vironments aie created and maintained. All of our institutions, ideol-
ogies, beliefs, values, theories, etc., are created in and perpetuated
through intercommunication. This communicational environment—
these “rcalities”’—are in effect the major portion of our human ecol-
ogy. As such, they essentially determine the human condition: the
kind of people we are going to have, our “human nature,” human vi-
ability and efficacy, in short, the potentials and limits within which
all other forces must operate.

Humans are in-formed within their communicational ecologies,
and in turn perpetuate them. The widespread belief of not so many
years ago that the best cure for many of man's ills was blood-letting is
no more far-fetched than many beliefs held today—about human com-
munication, for example! Because we intercommunicate and in-form
or institutionalize one another, we are indeed carelessly fiddling with
our own destinies as humans in the most vital ways. Urbanization and
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pollution do affect man's condition, but in pitifully minor ways by
comparison to the potency of what we have done and continue to do
to each other through the byproducts (cuitures, beliefs, etc) of our
intercommunication.

We are the communication experiences we have had, and we can
be what our communicational ecologies permit or force us to be. It is
almost unbelievable that we continue to treat communication in a
most superficial manner!

A second suggestive implication is revealed in the criterion we us-
ually hold as the epitome of “good"” communication: “effectiveness.”
An insidious an2 widespread assumption is the offhand belief that
communication is in and of itself "“good,” and that if some of it is
good, more of it would be better. Closely related is a similarly wide-
spread assumption that the solution to most of the world's problems
—from marital to international—is simply “better”” communication.!v

That assumption is extremely misguided and erroncous. There is
nothing intrinsically good or bad about the process of communication
—and particularly not about the practices of intercommunication. If
a person satisfactorily achieves his communicative intentions vis-a-vis
another person, we say he has “communicated” effectively. But this
overlooks the compounding of enterprises when two or more peop’e
are involved. What is “effective” from one person’s point of view may
be detrimental to the other person(s) involved—as when schizophrenic
mothers produce schizophrenic daughters via intercommunication,
or when the commander's order, faithfully obeyed, leads to the death
of all hands on board, or when the “I love you,” “I love you t00™ ex-
change leads to hate or the degradation of one or both persons.

The much-haliowed notion of “cffectivencss” is a completely in-
adequate one when a second or higher-order system is involved.?®
What is “effective” communication from one person's point of view
in no way guarantees that the consequences will be efficacious for
those higher-order systems of which that person is but one (of two or
more) components,

ASSOCIATED T ECHNOLOGIES

In addition to those technologies pertinent to the intrapersonal
level of analysis, the technologies involved at the interpersonal level
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include all of those tools and technigues by which the cultural arti-
facts we call "messages” are produced and disseminated, stored and/
or retrieved, cte., whether individual or "mass.”

Languages (or other such codes)?! are thus a part of the technology
of intercommunication, as arc the techniques of speech and writing
(and other aura! - oral display). All of the media (hardware) via
which codified dawa arc transported, ete,, are pertinent to this level, as

are the forms and conventions by which those codificd data are to be
interpreted and comprehended (soltware).

THE MULTI-PERSON HUMAN ENTERPRISE LEVEL

Human organizations exist in various forms—ranging, from pro-
longed conversations to marriages to clans to communitics to corpora-
tions to the “American socicty.” What is organized abouii all of them
~i.e., their “organization-ncss’'—is very much the same in all instances.

The one distinction I want to emphasize, however, is between essen-
tially evolved urganizations like friendships or a socicty and essential-
ly contrived organizations—like a corporation or a civic group. "Es-
sentially,” because neither type is purely evolved or purely contrived.
The difference is a matter of degree. A corporation is (at lcast at the
outsct) more contrived than evolved, and the larger socicty (at least
as it matures) is more evolved than contrived.

The distinction is a useful one. The communication system(s) sub-
serving an “evolved” human organization cvolves with that organiza-
tion; it is inductively [ormed (i.c., as needcd and as a consequence of
the intercommunication that occurs). But the communication sys-
tem(s) of a contrived human organization is partially contrived along
with the goals and the structurc of that encerprise; it 1s deductively
formed (i.e., rationally, to fit the ¢nds, the structures, and the func-
tions of the components of that enterprise, their task-relationships,
ctc.). There arc a great many implications of this distinction,

1. Multi-person human enterprises can be viewed as third-order
systems, compounded of individual enterprises, interpersonal cnter-
prises of various complexities, and the rationalized ends and means of
the enterprise itself. Thus there are at lcast three orders of communi-
cation systems involved, and it is their integration or paralleling that

continues to challenge information system designers and managers
alike.
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2. Inaddition to all of the factors of concern at the communication
and intercommunication levels of analysis, what is appropriately of
concern at this level of analysis is the design of enterprisc communica-
tion systems for the purposes of gencrating, disseminating, storing,
processing, displaying, and acquiring cvent-data pertinent to the per-
formance of cach subtask within the enterprise. The difficulty, of
course, is that the enterprisc must be “open” if it is to be adaptive and
viable, yet it must be “closed” in order to be oiganized, predictable,
and efficient.

Only tasks that are completeable and determinate have informa-
tion requirements that can be defined (rationally specified in ad.
vance). To the extent tasks cannot or should not be closed in this
sense, the information requirements for those tasks cannot be com-
plctely rationalized. Thus the design of enterprise communication
systems must be both rationalized and “exigencized”—a condition
that is logically unapproachable by the management and information
“'sciences.” Stability and efficiency—which are quite approachable via
cybernetics—are not the only critcria of enterprise viability, and in
fact may be pathologic symptoms.

8. The efficacy of the design (or evolution) of an enterprise’s com-
munication systems is in part determined by the cfficacy of the struc-
ture of the enterprise itself. Many so-called organizational “communi-
cation problems” are not at their source communication problems,
but organization design problems.?? Otherwise eficacious connmuni-
cation systems can compensate to a limited extent for poor enter-
prise design (or for human incompctencies in that enterprise), but
that offsetting measure should be scen as compensation, not as clim-
ination of the underlying fault.

4. If we think of the internal workings of an cnterprise only in
terms of its efficiency, control, or organization-ness, ihen what we
would attempt ideally to do would be to design or constrain out of
every member his cognizance of cverything but what is neccssary to
the performance of his task. Then we would attempt to cquip him
with just those take-into-account-abilities which would cnable him
to apprehend and interpret problematicalness in precisely the de-
sired way. Finally, we would organize his task-related intercommu-
nication sysieins in such a way that his inputs and outputs were per-
fectly regulated and controlled. This is precisely what we do when
we build an airplane or a computer. The difhculty is, huwever, that
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while data transmission and acquisition may be highly rationalized,
communication and intercommuniciation arc not and largely can not
be: people are relatively open systems, and to the extent they are open,
their communication systems arc open. It is human enterprising
whick energizes and organizes human enterprises, and which contrib-
utes whatcver adaptive and telesitic viability they may have. Thus if
enterprises are to cvolve in an evolving environinent consistent with
their rationalized ends,® then their communication systems must
be exigencized as well as rationalized.

IMPLICATIONS

I we recognize that it is the automatismic and nonconscious nature
of au individual’s behavior which makes possible higher degrees of
competence or skill, what are the implications for the design and
management of enterprises? The fact that the good pianist practices
until he is not conscious of being communicated-with by the music
on the page is the condition which increases his potential proficiency.
If any of us had to make all of the actions necessary to driving a car
consciously, we would have great difficulty.

What is the significance of this for the design of enterprise com-
munication systems? It seems possible that attention has been con-
centrated upon communication issues and problems which are ulti-
mately picayune, while ignoring other communication issues and
design opportunities which might significantly alter the structure
and the viability of human ente1prises. 1 refer to the advantages of
noncommunication or of noncognizance at successively higher levels
in the enterprise. Similarly, the assumptions that information is the
same thing as communication and that more information in decision-
making is somehow better than less have led us down exceedingly
unfruitful—and even disadvantageous—paths.

ASSOCIATED TECHNOLOGIES

Most of the technologies applied at the enterprise level of analysis
are simply extensions of thosc available at the interpersonal level.
However, a brief statement about the application of computers and
“information systems” would be very much in order.

Confucius was concerned about much the same sorts of "organiza-
tional communication problems” that we read about today. Given
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that vur current conceptions of the communication process are not
much advanced over those held in Confucius’ time (and in many re-
spects Joss s0) , it is little wonder that the history of our concern with
such matters is largely a history of our scarch for a technological
panacca of one kind or another. 'The present-day faith in computer-
ization and “information systcms™ as the solutions to our cnterprise
ills is a continuation of that historical search for panaccas.

An “information system™ cannot compensate for the incompetencies
of the mcmbers of an enterprise (particularly not its leaders), or for
the inefficacy of the design of an enterprise. And in many cascs, the
appliquc-ing of computers and information systems onto ongoing
enterprises has led to an intensification of underlying structural and
human incompetencics. There is, of course, great potential in these
technologies, both in their hardware and their software aspccrs. But
this potential will never be realized apart from some fundamcntal
progress in the comprchension of the phenomena of comarunicatior:
and intercommunication and their concomitants,

Related to the pitfalls of the technological mystique is the assump-
tive confusion between “information” and communication. What
“information"” systems and computers handle are data~not informa-
tion. This is not "just” a semantic matter; the stuff the mind works
with (i.e,, that which is processable by humans) is not of the same
order as the stuff which is carried along in coded form through wircs
and switches,

It should be emphasized again that only closed systems are com-
pletely describable. To the extent that one or more of the enterprises
compounded in human organizations are telcsitic, the communication
systems subserving them will necessarily be open. Since only fully
closed (or closeable) systems arc rationalizable via deduced “intor-
mation” systems, the applicability and usefulness of computers and
their related data systems, as they exist today, arc only partizl. That
is, they are fully applicable only to those tasks and enterprises which
are determinate and completeable. Under any other conditions, their
applicability is limited.

THE ENTERPRISE«—~ENVIRONMENTAL LEVEL

Those who have contemplated the enterprise «senvironmert jevei
of analysis over the years have frequently been tempted to snalogize
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directly fiom the organisme—scnvironment interface. But there are
some differences.

1. Asindicated before, it is useful to zonceive of a human organiza.
tion as a compound enterprise. The phenomena of communication
and intercommunication are not basically different in this context,
but they must be viewed as occurring within the context of a con-
trived social organization having rationalized task functions, data
systems, decision prerogatives, ete, In addition, every complex enter-
prisc has a life of its own; that is, as a result of the actions taken by
its members on-behalf-of the cnterprise, it is continuously in the
process of evolving—irreversibly. A final overlay is that of the enter-
prise’s telesitic existence. Its goals or ends (ur its raison d'etre), and
th: mcans thercto are chosen by one or more members, or by all of
the members tacitly (as a byproduct of their behaviors), This estab-
lishes the need for an additional communication system, one which
links the enterprisc with the relevant domains of its environment.
What is observable at this level, then, is a complex hicrarchy of com-
munication systems which may or may not articulate one with
another.

2. At this level of a fourth-order system, what must be organized
are capacities for crcating, maintaining, altering, or utilizing inter-
communicative state-relationships between the enterprise and its
relevant environmental domains. Because few "contrived” enterprises
are developed and organized from the outside in, as “evolved” or-
ganization. arc, they arc in constant danger of "losing touch” with
their environments, which are coatinuously changing as a result of
the telesitic behaviors of other enterprises, of the evolving self-or-
ganization of those environments, and the like,

Thae internal aperations of an enterprise can be contrelled; re-
lationships with its environmenty cannot be controlled, but must
be stracegically coped-with., This may be one reason why “manage-
ment scientists” and “operations rescarchers” have so little of sub-
stance to say about this level of analysis.?¢ Because telesitic behaviox
alters both the enterprise and its environment, is morphogenetic for
both, and for the staterclationships that interlink them, and is
neither completeable nor determinate, the conscquences are hardly
“scicntizable,” even probabilistically. But this does not mean the
underlying processes are not understandable.

3. A further factor to be contended with is that the same ends can
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be reached via different means and from different sets of circum:
stances where living systems are concerned (equifinality), and that
similar sets of circumstances can comsequent in different ends (mults-
fimality). Such conditions place exticnic limits upon the possibilitics
for arriving at “laws” of vrganizational behavior. But approaching
such complex phenomena as communication concomitants and by-
products may prove to be especially fruitful,

IMPLIGATIONS

One implication is that, because the basic phenomena of come
munication arc what they are, living (open) systems and their en-
vironments arc interdependent, What this means, in tun, is that the
success or failure of an enterprise 1s a function not ol the enterprise
alone (@3 is so often assumed), but of the nature of the staterelation-
ships that obtain Letween the enterprise and the various relevant
domains of its environments. Thus “profit” is not a measure of en-
terprise effectivencss, but of the efficacy of its stateaclationships. No
enterprise can be more efficacivus than its subserving communication
systems.

A sccond implication is the fact that our deeply-embedded scien
tistic orientations have led us to think in terms of “riskless” change.
This is fallacious. 'The only out-of-risk living system is that one which
is being perfecdy controlled by its envisonment. Any exercise of
telesitic capacities carries with it tie risks of disequilibrinm and even
of failure. Telesitic choices me made on the basis of information.
about, and hence carry with them all of the impettections and poten-
tial risks of ln()l’ph()g(‘m_‘lig communication,

ASSOCIATED TECHNOLOGIES

There are very few technologics appearing at this level of analysis
that have not been appropriated fvom the other levels. There is cure
rentiy some interlocking of computers amongst buyers and scllers,
government agencies, cte., for purposes of expediency. But these are
capabilitics which exist within enterprises.

In the years just ahead, however, new techinologies will emerge o
enhance and facilitate the communication systems of the enterprise
qua enterprise. These will greatly modify the conceptions of enter-
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prise design and functioning which we now hold. The impetus for
these changes will come from our inceeasing cognizance and under-
standing of the basic nature of communication and communication
systens for the functic ning of all living systems.

THE TH¥CHNOLOGICAL LEVEL

The technologis s of conmunication and intcrcommunication can
be and often are studicd apart from the basic phenomena to which
they are applied.

For example, descriptive linguistics focnses upon one patticular
technology ot intercommunication--language foims and patternps,
Similarly, the study of media characteristics and codes, dugiving from
the "communication” and information theory furmulations of schol.
ars such as Shannon and Weiner, is the study of but one aspect of the
technology of human intercommanication,

These are pcrlculy valid and useful endeavors. However, the tech-
nological mystique so deeply imbedded in our culture, along with
the remarkable faith we seem to put in scientism, have led some re-
scarchars and perhaps a great many laymen w assume that the
*secrets” of human communication will ultimately be revealed
through these studies of the technology. There is seductive appeal,
but considerable danger, in attributing too much relevance (for hu.
man communication and inter-communication) to thc mathematical
modcls, the formulae, and the other trappings connected with purely
technological studies. 1t may be useful to study and refine horse
harness, but one would hardly expect to find thercin the “secicts” of
the horse’s behavior (o1 the driver's, for that martter).?®

Much more care needs to be taken to avoid the confusion that
often exists between the phenomena of communication and the tech:
nologies emvloyed,

What I have attenipted here is to suggest an empirically sound
conceptual frame of reference for approaching and con prehending
the fundamental naturc of human communication and intzrcommu-
ni=ation. To the extent that these reforn.ulations are acceptable and
wicful, the frame and substance of the behavioral sciences will be sub-
ject to radicai «hanges, both in method and approach. It it likely
that the failure to build those sciences on a firm understanding of
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this one of the two hasie life processes has contiibuted 1o the fact
that little veal progyess has bee made,

To accommodate these sasic reformulations in ow thinking will
requite widespread and continuous scavchies for th i imphications
for all of man's thinking and his behavior, whidh are both cause and
cffect ol his communication and mtercommunication, and of their
social and institational byproducts.
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IV. The Microwave Sky

RONALD N. BRACEWELL

SOME EARLY HISTORY

EVERYONE 1S FAMILIAR THESE DAYS with the reports of new discoveries
in radio astronomy, such as the remarkable quasars, to quote one ex-
ample that has been mentioned widely in the news; and so we tend
to forget that a few years ago it was 4 very surprising idca that one
could receive radio waves merely by pointing a directional antenna at
the sky. However, it often lcads to a better understanding to have a
historical view of how things came about, and so let us go back to the
closing years of the last century and, by reminding ourselves of the
state of knowledge of physics that existed at that time, we shall see
the steps by which our.present picture of the radio sky unfolded.

At that time a period of experimental investigation of the laws
governing the emission of light and heat from hot bodies was coming
to a close. Essential features of the theory were still missing, but the
experimental facts were reaching the degree of precision that would
allow Planck’s quantum theory to show itself ciearly superior to the
theories of radiation that preceded it. For example, it had been shown
that a hot wire at a given temperature emits most strongly at a wave-
length that is inversely proportional te the absolute temperature and
that the power eiaitted per unit wavelength interval is inversely pro-
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portional to the square of the wavelength, if the wavelength is long.

At that time also, Hertz had just performed the experiments in
generation and detection of radio waves which, for the first time,
demonstratcd the connection between light and electricity and mag-
netism that had been predicted by Maxwell on theoretical grounds.
It was therefore quite clear that light, heat and radio waves were all
electromagnetic phenomena of the same kind, differing mainly in
wavelength,

Given this state of knowledge you will sec that one could con-
fidently deduce that radio waves would be found to be emitted by
hot objects. When I say hot I mean merely some tem:perature that is
above absolute zero, so that even the human body, which is generally
thought of as only warm, comes within the category of hot objects, and
would thercfore also be expected to be a source of radio waves. This
rather startling idea is an unfamiliar one but can be seen to be an
absolutely necessary consequence of laws of physics that were well
established over seventy years ago. Of coursc, we all know that the
body emits electromagnetic waves in the infrared region and that
this radiation can be felt by placing the palm of the hand close to the
skin, To detect the radio waves, however, 1s a different matter, and
if one wanted to demonstrate the emission of radio waves from a
hot object, the wise thing to do would be to look around for the hot-
test object available. That object is the sun, and the basic idea of
fooking for the solar radio waves that ought to be there occurred
to several nineteenth century scientists simultaneously.

Now a little quantitative consideration will indicate the magnitude
of the experimental difficulty involved. Since the radiation intensity
falls off inversely as the square of the wavelength, then when we bear
in mind that radio waves are, very roughly, onc million times longer
than light waves, we see that the radio frequency radiation will be
1012 times fainter than the light. Still, at 6000 degrees the sun is very
bright and, who knows, there may be some surprises. Among those
attempting the experiment was Nordmann, who ran an acrial 175
meters long out on snow-covered Mont Blanc. Why he went to this
altitude I do not know. In any case this attempt and the others failed,
but the very next time it was attempted, by Southworth, in 1942, the
experiment succeeded.

Meanwhile, radio waves from the galaxy had been picked uv by
Jansky in the course of a survey to determine the general levcls of
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radio interference. This is a matter of economic imp rtance because
the cost of the expensive part of a communications link, the trans-
mitter, is set by the precise level of the very fzint interference back-
ground against which the received signal is to be heard. To be brief,
Jansky very cleverly identified an interference component of extra-
terrestrial origin and was able to prove beyond any doubt that it had
its origin in the galaxy of which our sun is a part.

With the passage of years many more discoverics of radio signals
from space werc made. We may now jump forward in time and look
at the picture as we know it today in a number of the modern fields
of radio astronomy, To a large extent I will concentrate on the micro-
wavc end of thie radio spectrum, which provides an ample number of
examples for description.

GENERAL ASPECT OF THE SKY

One way of thinking about the radio sky is to suppose that the
human race had evolved with radio antennas instcad of eyes and
then to describe what we would see as we 1secred about us. It is such a
fascinating thought to the radio designer, however, that I cannot re-
frain at this point from talking about how one would go about design-
ing people with antennas. The first design parameter to settle would
be the wavelength of operation and, of course, this would make a pro-
found difference to the gencral appearance. If we settled on the short
microwaves, a tidy arrangement with waveguides and electromagnetic
horns can be imagined; but if they had to operate in the meter wave-
length region, some awkward problems with dipoles and TV-type
antennas would have to be handled.

Of course, this discussion immediately makes us realize that there
are real advantages and disadvantages associated with diffcrent wave-
length regions and makes us wonder what the considerations were
that led to the eye working in the visible range of the electromag-
netic spectrum. It so happens that the spectrum of sunlight reaches
its peak in the general neighborhood of the visible (the precise wave-
length ranging from 4829 to 8497 aigstroms, according to one’s
definition of peak} and so this might be the reason. On the other hand,
the atmosphere in the present epoch happens to be opaque in the
infrared and ultraviolet, and if we had infrared cyes, we would be
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living practically in darkness; so perhaps the physical properties of
the atmosphure were the determining consideration,

However, the window in the atmosphere at visible wavelengths is
not the only one; as we go farther through the infrared, the atmos-
phere opens up again at a radio wavelength of a few millimeters and
rcmains open out to wavelengths of many meters before again becom-
ing opaque. So, if we had radio cyes we would be able to view the
unjverse and here are the principal featurcs as they would appcar
tous.

First, we would notice a band running across the sky, and this
band would occupy the samc location in the sky as the Milky Way
docs. In addition, there would be many bright points sprinkled
about at random. As far as this briel description gocs, you would
say the appearance is about the same as that of the night sky as we
know it—a Milky Way plus many stars. Also, we have known since
Galileo turned his homemade tclescope on the sky, that the Milky
Way itsclf is just stars and these stars are the same as the foreground
stars, only more distant and more numerous. Their concentration
into a band merely reveals that the stars extend to greater depths
of space in the plane of the Galaxy than perpendicular to that
plane. In view of the introductory discussion about the sun, which
is a typical star, it would be recasonable to expect the radio sky to
exhibit the features described. This interpretation is completely
upset, however, by the obscived [act that the radio point sources do
not agree in position with the stars. In fact, with the exception of
the sun, virtually no stars are found to be sources of detectable
radio waves. In other words, the radio waves that we know they
must emit are too faint to detect in comparison with the signals
coming to us from the numerous “radio stars,” which, evidently, are
not stars. For this reason the term radio star, which was current for a
time, has practically dropped out of use. To confirm this conclusion
we have the further fact that the sun, as seen by radio, is a [.ale
spectacle compared with the galaxy. As a matwer of fact, the concept
of night and day would have a completely different significance to
« man with radio eyes because the rising and setting of the sun
would make little difference to the gencral ievel of illumination.
(Presumably, though, it would determine whether he felt warm or
cold.)
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Thus we see that the very first facts about the radio sky reveal a
profound difference from the sky as we know it and they raise im-
portant questions about the nature of the world we live in. From
radio information alone, our picture of the univzrse external to the
carth would be quite different from that based on the information
conveyed to us by visible light. It would be substantially a catalog of
invisible things whereas, of necessity, cur traditional astronomy has
shown us the visible contents of space. At first, astronomen were be-
wildered by the failurc of radio astronomy to tell them much, if any-
thing, about the universe as they understood it from centuries of
patiently accumulated observation, The new facts all seemed to be
irrelevant. Now we see radio astronomy in the role of filling in enor-
mous blanks in our knowledge of the environment around us, and as
progress has been made in filling in these blanks, ihe radio and
optical techniques in one field after another have become welded
together to permit a more powerful combined attack on outstanding
problems.

THE RADIO SUN

Let us look at the sun with our microwave eyes and then, having
noted its appearance, tune to progressively longer wavelengths. At a
wavelength of 10 centimeters the sun has a disc about 10 per cent
bigger than the visible sun. It has spots, in about the same locations
as visible sunspots, but instead of their be!ng dark, they are bright.
Another difference is that the sun's temperature is about 5 times
greater than the 6000 degrees we remember. 1 do not believe anyone

could have deduced from theory the three facts stated here in waich

the microwave sun differs from the visible sun. Indeeu, on first en-
counter with these reported observations, one's tendency is to feel
a conflict with theoretically based expectation, especially as regards
the higher temperature. What we have to remember is that the micro-
wave emission comes from outer layers of the sun which are invisible,
being transparent to light, and that therefore onr conception of the
sun based on the facts revealed to us by visible light has little bear-
ing on the state of its invisible cnvelope, which indeed does turn out
to be hotter than the underlying visible surface. Even so, we depend
a lot on very reliable principles such as the laws of thermodynamics,
which we confidently extrapolate beyond the limits of actual experi-
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ence. We are generally not disappointed, and yet here we seem to
have a contradiction of the principle that heat always flows from
the colder to the hotter. This principle is applied without scruple
to the theory of the internal constitution of the sun and we say that,
since everywhere within the sun, heat is on the average flowing
radially outward, therefore the temperature must everywhere be de-
creasing outward. On this basis one deduces that the temperature at
the center of the sun is 20,000,000 degrees, or some different value
depending on precisely what chemical composition is adopted, and
cveryone scems to be gencrally happy with this kind of calculation
in spite of the fact that radiation from the inside of the sun is ab-
solutely unavailable for observation. I think there is foud for thought
in the fact that the temperature gradient runs the wrong way in the
outer envelope of the sun; the cluc to the difficulty lies in the fact
that the envelope is mostly transparent in the spectral region where
the vast flood of outward bound radiation is concentrated.

If we now take another look at the sun at a still longer wavelength,
we find that the size has increased further, the shape has become
noticeably elliptical +ith flattening at the poles, the temperature has
gone up further, and that occasional fireworks are noticed. By the
time we reach the longest wavelengths that can penetrate t¢ ground
level through the terrestrial ionosphere, the sun is five times bigger
than the visible sun, approaching a million degrees in temperature,
and in a disturbed state where great cruptions and flashes occur
which may take the brightness up by further factors of millions.

IMPACT OF TIIZ RADIO SUN ON PRACTICAL MATTERS

Because of the coniralling influence of the sun on our environment,
it is not hard to give examples of the practical utility of the new
knowledge about the sun that has come from the pursuit of radio
astronomy. For example, for astronauts there is concern about the
damaging cffect that could occur if large solar flares were to take
place during a lengthy mission, such as a trip to the moon. Just as
with expeditions to the Antarctic it is necessary to avoid the bad
weather, so it will be in interplanctary space with expeditions to
the moon. In this case it will be the solar weather that dominates, nst
the weathcer on earth. Solar flares emit ultraviolet light and high
energy protons that could be lethal and so it becomes important %o
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have a weather prediction service that can forccast the likelihood of
the occurrence of flares. Unfortunately, not enough is yet known
to do this with any great accuracy, (a situation that one can ap-
preciate, knowing how difficult it is on carth o forccast the weather,
in spite of much longer experience). However, there are some clues.
For cxample, flares always occur in sunspot groups and, therefore,
it there are no sunspots on the sun on a particular day, it is safe to
predict that there will be no flares. But a lunar mission will take
many days so if there were a large sunspot group due to appear on the
east limb of the sun the day after launch, it would be a bad thing.
How tu sce what is on the other side of the sun presents quite a prob.
lem, but with the aid of radio we can do this and so contribute just
a little extra input to the total solar prediction eflort. The way this
happens is as follows. As mentioned carlier, the microwave sun cx-
hibits bright spots approximately in the position where the dark
sunspots are scen in visible light. Although the visible sunspot is a
cool region, being only at a temperature of 5000 degrecs, nevertheless
it is overlain by a volume that is hotter and denser than its surround.
ings. It is from this volume that the extra microwave encrgy coines
that we describe as a radio hot spot. When the sunspot is just behind
the solar limb, and so invisible, there is a distinct possibility that the
hot spot above it, because of its clevation, may still be perceptible
from earth. ‘This proves to be the case at wavelengths around 10
centimeters, where advance notice of three days has been shown to
be possible on some quite modest hot spots that were approaching
the sun's limb from the far side. With the strongly active regions
that arc feared in the space travel context this microwave contribu-
tion to advance warning will be welcome. The range of wavelengths
in which this jub can be done is rather narrow. At a wavclength of
1 centimeter the hot regions tend to become obscured by poor
visibility and can only be detected when they are in the vicinity of
the center of the sun's disc; so there is no possibility of prediction at
all. At a wavelength of | mcter, one is dealing with levels so far above
the sun’s surlace that the conncction with visible surface features
can only be made with difficulty and it is not yet known whether it
will be possible to associate the radio events with sunspot groups on
the far side of the sun.

Another example of the impact of the radio sun on practical affairs
may be taken from the field of navigation technology. It has been
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demonstrated that a miccowave antenna can be causcd, by means of
a scrvomechanism, to point itself at the sun and o do this with full
accuracy even when there is cloud and the sun cannot be seen. This
instrunient theicfore tikes the place of the sextant. Its use is sug.
gested in situations where a ship might have o keep station with a
high degree of accuracy in a cdondy occan out of range of other navi.
gational aids. A rescue operation for an astronaut in the south Indian
Ocean in poor weather would pose such unusual navigational diffi-
cultics and there are military applications also,

Finally, I might mention an imaginary case to tllustrate how new
discoveries about our radiv enviroment can have a bearing on a
weapons system. When an atomic explosion occurs or a racket s
launched, the hot gas gencrated must give out a burst of radie waves,
a phenomenon that might be made the basis of a satellite-borne
surveillance system to monitor explosions or launchings. But the
sun may emit similar buists of radio waves. So, before such a system
could be properly desighed, taking the false alarm rate into account,
it would be absolutely necessary for radio astronomial rescaveh to
have stockpiled a sufficient backlog of information. A solar buist
prediction service would seem desirable and, at the very least, simul-
tancous sular monitoring would scem to be requited. Then, counter-
nmeasure tactics would have to be taken into account—perhaps the
surveillanee system would be confused if the events (o be detected
were deliberately synchronized with large solar events. This 1s a pur-
fealy valid illustiation of the way in which new vesearch results in
apparently fay-out ficldy can have a ditect bearing on sonue practical
matter in another field of human inteiest entirely. It reminds one of
that other connection hetween the sun and weapons that atese with
magncetic mines, which could be so sensitively adjusted that the sun
could, and did, set chem off by virwue of the small changes in the
carth’s magnetic ficld that it produces during times of solar disturb-
ance.

THE RADIO MOON

The moon is not as warm as the carth and thercefore any thermal
radiation that could be picked up fiom the moon on vadio wave-
lengths would be less than could be picked up by pointing the same
antenna at the ground, Anyone with expericnee with antenna: knows
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that the giound is not a good source of radio emission although, of
course, we recognire from the laws of thermal radiation from hot
objccts that it must give out something. We receive even less from
the moon. Nevertheless, in the niiccowave range the moon can be
readily studicd because the sky background against which the moon
is projected sends us even less radio emission than the moon. There.
fore, if the antenna beam is kept fixed, and earth rotation carries
the bram across the moon, an increase in received energy will be
detectable. By this type of experimesi the lunar radiation was first
deiected by Dicke and Beringer in 1916, As with almost every new
detection of radio signals from the sky, prior expectation turned out
to be insufficiently accurate to avert surprises. In the case of the noon
the surprise was that full moon, as observed on a wavelength of 1.25
centimeters, comes three or four days later than full moon as we
percecive it by eye,

An explanation for this phenomenon was immediately forthcom-
ing and [t cvoked the existence of a surface layer having very low
thermal conductivity, The material required had to have very much
higher thermal insulation than any material occurring on carth, and
the obvious way to get such properties is from a finely structured
rock with a large percentage of voids. When placed in vacuo, such
material cannot conduct heat across its pores by gaseous conduction
but only around them, which forees the heat 1o flow in & tortuous
path and to negotiate many highly resistive constrictions. Radiation
uansfer, which is the only other mode of heat transfer allowable,
depends for its efficacy on the temperatures of opposite walls of a
pore being sufficiently different, and if the pore structure is on a fine
cnough scale radiative transfer of heat becomes negligible. Labora-
laiy ﬁl\’pci‘iiiiciiu uil p(fw’dcu ML Viacuo Lumpicicly documenied ihese
ideas and for this and other reasons the insulating lunar surface was
often described as dust. ‘The thermal resistance required by observa.
tions could be expressed in terms of a layer thickness. A good deal of
literature exists in which mathematical models are discussed which
are cquivz ent to a moon covered with a layer of dust so many milli-
meters thiclk. Of conrse, the thermal resistance was a better expression
of the radio obscrvations, which did not bear at all on the state of
comminiution, or presence or absence of cohesiveness, of the particles
of matcrial. As it Jawer developed from soft landings on the moon’s
surface, the material docs not blow about looscly like dust, and fears
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that camera lenses and windows would be fogged by dust were not
realized,

The eflect of an insulating surface can be understood as {ollows. If
you spread a large rug out on the groun '. you find that after sunset
the ground underncath the rug will still preserve some of the heat of
the afternoon and will be waumer than aveas wheie there is no rug.
Likewise, when morning has come, the ground under the insulating
rug will still have the pre.dawn cooliess, In the same way, the tem-
peratuic of the subsurface lunay material fags behind the suiface
temperature. The surface temperature is controlled by indident sun.
light and rises and falls with a period of 29.53 days, which is onc
synodic month. Now the thermal microwave radiation docs not comie
from the surface where visible moonlight (and lunar infraied radia-
tion) originate, because the lunar material is a reasonably good di-
cl-ctric that allows migowave radiation to pass through it, at least
to some cxtent. Thus what we receive on earth is a combination of
rays originating at all depths down to a meter or so, the radiation
from the deeper layers showing the greater tme lags, which is, of
course, most weakened by attentuation on the way out. The net re.
sult is that maximum emission is not reached until threc or four
daysafter full moon,

‘The pussibility of seeing below the surface is potentially important
for subsurfacc mapping which may be especially necessary on the
maon to penetrate the monotonous gray coating that it ha= developed
through exposure to its harsh environment of bombardment by
particles and radiation,

JUPITER

Onc of the unique compartments of radio astronomy is the story of
unfolding discoveries about the radio emission from Jupiter. First
accidentally detccted as a strong source by Burke and Franklin in
1955, Jupiter has since remained a fascinating object as more and
more new things have come out about it. 1t will be immediately ap-
preciated that severe technical problems are involved in determining
where on Jupiter radio signals originate since the angular diameter
of the planct as stcen from the carth is under one minute of are. The
technigues of tine angular discrimination developed well beyond the
preexisting state of the antenna art by radio astionomers have been
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the key to the unraveling of some of the difficult obscrvational items,
and form an interesting topic in themselves. However, here it must
suffice to state the facts baldly. To begin with, one might expect
Jupiter to be at a temperature of about 140 degrees Kelvin, on the
grounds that a sphere at that temperature would radiate thermal
powers at a rate balancing the solar radiation intercepted by Jupiter.
Of course, if Jupiter had its own internal source of heat, its surface
could be hotter, but as a mauer of fact, optical evidence as to the
temperature of the visible cloud surface supports the figure of about
140 degrees. This is cold enough to mean that the clouds could be
composed of solid particles of many gases other than H,O, which is
the only gaseous constituent of the earth’s atmosphere that can freeze
in the earth’s atmosphere. But Jupiter's clouds can contain crystals
of methane and ammonia. When the temperature was measured by
Mayer, McCullough and Sloanaker, by radio methods at a wave-
length of 3 centimeters, they obtained a value of 140 degrees. Now
when the application of a new observational tool tells us approxi-
mately what was already expected, the scientists do not regard this
as a very exciting development, but fortunately for their cnjoyment,
new measurciments soon revealed a temperature of 2000 degrees at 21 [
centimeters and 5000 degrees at 31 centimeters. In reading these
temperatures we have to bear in mind the explanation given above
in connection with the sun as to how onc and the same body can ap-
pear to have different temperatures when the wavelength is changed.
The real fact is that as the wavelength is changed the source does
a0t remain exactly the same because of the wavelength dependent
opacity and emissivity of its various parts. Furthermore, in the case
of Jupiter, the calculated temperatures include an allowance for
the angular diameter of Jupiter which varies between aboui 14 and
21 seconds of arc depending on the date. But this is the optical diam-
eter, and if the source of radio emission were to have a diameter
that was different for diffcrent wavelengths, then again the apparent
temperature could change with wavclength.

The interesting speculations raised by the radio observations that
Jupiter was not behaving merely as a cold cloudy sphere as regards
its emission of microwaves led quickly to a determination by Rad-
hakrishnan and Roberts that the microwaves were coming, not from
the visible surface, but from an invisible ellipsoid surrounding the
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planet and having three times its diamcter, in the equatorial plane.
In view of the small angular size of Jupiter, it will be appreciated
that this was an impressive observational achicvement.

It thus seemed that Jupiter must possess a radiation belt, similar
to the carth’s radiation belts, containing electrons at relativistic
encrgies, rhis interpretation being confimed by the high degree of
lincar polarization detected in the radiation, a {eature that is not
characteristic of thermally generated radiation.

Much more could be said about Jupiter, especially its sporadic
emission in the vicinity of 25 MHg, the source of which is localized
and rotates with the planet. Because of this fact, the rotation period
<an be measured, the radio value being 09" 55 29:37. The very high
apparcnt precision of this valuc comes from the fact that a large num-
ber of rotations could be counted over the decade of observation on
which the value rests. Rather interestingly, this period is in distinct
disagrecment with values obtained by watching the motion of fea-
tures in the cloud surface with the telescope, a disagreement that
can be cxplained by assuming that the upper surface of the clouds
does not necessarily move in perlect synchronism with the solid sur-
face below but is convected by global winds, just as on carth. The
good stability of the radio value thus suggests the conclusion that we
have here the true period of solid-body rotation of Jupiter. It might
also lcad one to infer that the source of this radiation is below the
clouds, perhaps in some sporadically erupting volcano, whosc erup-
tions have unprecedented ferocity by carthly standards, cven caus-
ing lightning or other electrical phenomena on a scale sufficient to
explain the leve] of interference reccived on earth, (Jovian lightning
would have to be on a magnificent scale because the static it gives us
dominates that produced by our tropical electrical storms despite
the immenscly greater distance of Jupiter. In fact, Jupiter noise is
the strongest kind of non-manmade interference in the 20 MHz
neighborhood.)

It is now clear, however, that this type of Jupiter emission is not a
ground level phenomenon b originates some distance out in space
from the planet. One indicator of this conclusion is the extraordinary
discovery by Bigg that our reception of Jupiter noisc is influenced by
the satellite Io, which is the same size as our moon and moves in an
orbit not much further from the surface of Jupiter than our moon
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does from the earth. When Io is in the right place in its orbit, it can
practically turn off the signal that we receive and so it secms that the
volume of space responsible for the emission is well out from Jupiter’s
surface.

THE COSMIC FIREBALL

When the universe originated 10!" years ago in the great expand-
ing freball whose still receding fragments are visible i-.day as the
remote galaxics (if indced the universe did originate this way), the
temperature, for a time, exceeded 107 degrees, which reduces matter
to a state of ylem, to use Gamow's term for it. Gamow proposed that
the atomic species formed as the expanding fireball cooled and also
said that the radiation exising at the time when the density fell to
the point of allowing the material to become transparent, would still
be with us today. Because of the expansion that has taken place since,
however, this radiation would now be weak. The recent fact is that
weak microwave radiation corresponding to a temperature of 3 de-
grees above absolute zero has indeed been found by Penzias and
Wilson and by Dicke’s colleagues at Princeton and it possesses the
attribute of arriving uniformly from all directions, which is just
what the fireball radiation would be expected to do. So it may be
that we are seeing the origin of the universe when we look at this
radiation. We do not know yet whether this interesting discovery is
the beginning of a new branch of radio astronomy, but if it is to be,
then there will have to be structure discernable in different directions,
for there is nothing that can be said about a strictly isotropic radia-
tion field once its intensity has been established. Conklin has been
looking for such structure and as of now has failed to find any but can
say that departures from the nominal temperature value of 3 degrees
cannot exceed 2 millidegrees. For the time being this result is less
exciting than wou!d have been a discovery of a pattern showing how
the fireball originally broke up, but it does enable us to contemplate
a different line of development.

Everyone remembers the famous Michelson-Morley experiment
which aimed to detect the absolute velocity of the earth through the
ether, and how the null result became a cornerstone of relativity
theory. Today we always proceed on the assumption that there is no
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favored frame of reference, and this thought, embodicd in the theory
of special relativity, has proved a reliable daily basis for the design of
all manner of instruments, devices and machines involving high
speed particle streams. Still, if you think globally about the universe
itis a hard thought to accept that ihere is no favored frame. A very
interesting new observational possibility is now opening up.

Suppose that there are two observers at the samc place and that one
of them observes himself to be surrounded by an isotropic radiation
field, let us say using an antenna connected to a 8-centimetcr recciver.
The other observer has identical equipment and is in motion with a
speed v relative to the first, in a certain direction that I can call the
forward direction. Now it can be shown from classical considerations,
not involving relativity, that the second observer will not observe
an isotropic field but in the forward direction will sce a temperature
that is higher by a factor 1 4 v/c, where c is the speed of light, and
in the backward direction the temperature will be lower. Thus, if an
isotropic radiation ficld cxists, an observer embedded in it can tell in
what direction he is moving and with what speed, relative to the
radiation ficld, simply by surveying the temperature distribution
over the sky. The considerations involved in demonstrating the effect
include (a) astronomical aberration, which changes the apparent
dircction of arrival of light from a star and consequently crowds the
forward hemisphere into less than « hemisphere, and (b) the increase
of electric and magnetic field strengths when a measuring instrument
is in motion with respect to the source of the fields.

In the case of the earth, the highest systematic velocity component
of which we know is the motion around the center of the galaxy at
250 kilometers per second, which is about onc thousandth of the
speed of light. Therefore, we expect the sky to appear 3 millidegrees
hotter in the dircction in the sky where we know the galactic rotation
is carrying us. There are some corrections to be made for the peculiar
motion of the sun and for the earth’s motion about the sun, but they
are rather small. The prerequisite for the absolute velocity experi-
ment is that there be an isotropic field to begin with and it appears
now from Conklin’s measurements that the degree of isotropy is
really adequate. The only difficulty remaining, therefore, is the ex-
perimental one of reliably determining temperature differences of a
few millidegrees betwecn different directions. I am quite sure these
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difficultics can be overcome but not yet suie how long it will take to
make progress in this unfamiliar type of measurement.

PULSARS

In a most exciting developinent, radio astronomers in Cambridge,
England, discovered four radio sources that are ticking. Ycs, they are
giving out brief radio pulses about once a second, and the stability
of the pulse interval is extremely high as clocks go. For the moment,
our knowledge of the stability is subject to observational limitations
on our part. The stability could prove to be better than we can gen-
erate under the best conditions in our laboratorices, in which case the
definition of the sccond could be uprated, as has already happencd
once recently. However, there are reasons to think that the present
standard of time will be hard to supplant. Neverthelcss, the pulsars
are unique as astronomical objects go, and they have raised much
agitated discussion as to their nature.

One class of suggestions invokes neutron stars or white dwarfs, with
sizes comparable to that of the carth and masses like that of the sun,
and these extraordinarily dense objects arc supposed to be under-
going mechanical vibrations. Other suggestions invoke rotation of
such an object on its axis or of two objects about cach other. Thesc
suggestions are prompted by the need to propose mechanical systems
that can vibrate at the very short period required, have good fre-
quency stability, and at the same time be substantial enough to fur-
nish the energy nceded to account for the observed strength of the
pulses when they reach earth. Of course, to work back from the re-
ceived energy to the cncryy developed at the source, one needs to
determine how far away rae pulsar is. In radio astronomy, distance
measurement has always deen a vexing problem. But in the case of
the pulsars a bonus in the form of dispersion in time of arrival on

different frequencics permits a reasonable order of magnitude esti-
mate of the distance that would have to be traversed by the radiation
in order that the interstellar electrons might introduce the observed
dispersion. This measurcment, which is not availakie on a source
that is not pulsed, has yielded distances of the order of 60 parsecs
(comparable with the thickness of the galaxy, but less than one per
cent of its radius). The energy at the source then proves to be large
and requires something massive to be able to afford it. However,
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the micchanical models proposcd must be able to generate radio
pulses and it may be somce time before the explanation is forthcoming,
but during this time much interesting rcading is likely to e gen-
erated.

Here I would like to digress on a potential application to general
relativity, which is an important part of physics and still in n=ed of
good experimental support. According to the theory, a photon falling
into a gravitational field gains energy and accordingly appears at a
higher frequency. Thercfore, if a remote source of sinusoidal oscil-
lations was rececived when the earth is closest to the sun (perihclion),
the frequency would appear higher than when received six months
later at aphclion. From the difference in gravitational potential be-
tween the two places, the change in frequency can be walculated to
be one part in 2 ) 10° Clearly, to do this experiment, all that is
needed is a stable remote source, because laboratory clocks have
ample capacity to detect the small frequency change expected. Now,
it is suggested by Hoffman, the pulsars may fill the bill. You may ob-
ject that the pulsars arc not sources of a single pure oscillation but
give out pulses, and you may not feel that radio pulses falling into a
gravitational field can spced up so as to be observed in greater nu-
bers per unit time. However, it appears that, if the constituent
photons of a pulse .ire raised in frequency, then the interval between
successive pulses will shrink as a consequence, and to encourage you
to continue thinking about radio astronomy I shall close leaving
this interesting item for you to think about,
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V. Recent Advances In Glass
Science and Technology

J. D. MACKENZIE

INTRODUCTION

GLASS IS ONE OF THE MOST important and oldest materials of engineer-
ing. The value of the current annual production of glass in the
United States is approximately $3 billion. By far the most common of
all glasses are those based on sand (8i0;), soda (Na,CO,) and lime
(Ca0). Such silicate giasses are aiso the cheapest because of the raw
materials involved. For more than 10,000 years the chemical composi-
tions of these soda-lime glasses have not been changed significantly.
Despite the long history of the technology and the relative constancy
of the chemical compositions, however, glase science is actually a
fairly recent development. In Table 1, it is seen that although mass-

TABLE
SOME MILESTONES IN THE HISTORY OF GLASS
SCIENCE AND TECHNOLOGY

First man-made glass 10,000 B.C.
First glass with date 2,100 B.C.
First glass light bulb 1879
Pyrex glass 1904
Fiber glass 1931
First theory on structurc : 1932
First theory on glass formation 1933
Surge of scientific interest 1950's

JOHN D. MACKENZIE has been Professor of Materials Science at Rens-
selaer Polyiechnic Institute since 1963. Dr. Mackenzie has been siudying
the relationship between physical properties and structure of glasses. In
1964, he was presented with the S. B. Meyer Award of the American
Ceramic Society for the most creditable papers published in glass science
in 1963 and 1964. He is currently a member of the Executive Committ.c
of the International Glass Commission and also Chairmun of the Com-
mission’s Commitiee on Electrical Properties of Glass.

LAE <

e SO el LA

b been i eememmit - Ton




T e

GLASS SCIENCE AND TECHNOLOGY 85

production of glass had taken place before 1900, it was not until the
1930°s when the first theoretical attempts were made to gain an under-
standing of the structure and nature of common glasses. This belated
fundamental study of glasses is partly due to the lack of cconomic
competition from other engineering materials, since there are few
cheaper raw materials than sand, soda and lime. What little progress
way made in the 1930's was soon halted because of World War 1L
Since the 1950's, the need for newer and better glasses and competi-
tion from plastics have gencrated much more fundamental a5 well as
applied research. In this paper, I will attempt to review soine of the
important advances which have resulted from such recent studie:,

WHAT IS A GLASS?

Most crystalline solids will form a relatively fluid liquid on fusion.
The viscosity of most liquids at or near the melting tempcrature is
usually less than 1 poise!, The viscosity of water, for example, is less
than 0.1 poise. Second, the viscosity of most liquids does not increase
significantly on cooling. Although a liquid can often be supercooled
some tens of degrees below its thermodynamic freezing temperature,
itg viscasity is still fairly ow. Slight physical disturbances or the
presence of impurities will lead to rapid crystallization. The trans-
formation of a liquid to the corresponding crystalline solid involves
migration of atoms, ions or molecules. Such inotion is, of course, easier
for a fluid mele. Thus for most liquids exposed to the atmosphere jt
is difficult to maintain the supercooled state indefinitely.

Some solids, however, do yield extremely viscous melts on fusion.
The viscosity of molten silica (8i0y), for instance, is about 107 poises
at the melting temperature of 1710°C, Further, smaii decreases of
temperature can lead to large increases of viscosity, Molecular motion
is now difficult. Thus crystal nucleation, as well as growth, also be-
comes difficult. It is now relatively casy to urdercool molten silica
appreciably without crystallization. The viscosity increases rapidly
on cooling and by about 1200°C, it reaches a value of 10t poises.
For most practical purposes the liquid has now become a rigid solid.
At such a higher viscosity, this solidified liquid is termed a glass. The
material is said to he in the vitreous state. Silica (or sand) is called a
“glass-former”. The highly viscous melt which forms on the fusion of
crystalline silica is termed a "network liquid” on account of its poly-
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meric structure. Other matcrials of this family are boric oxide, ger-
manium dioxide and phosphorus pentoxide.

Becausc of its high viscosity and high fusion temperature, silica
glass is difficult to form. Sodium oxide and calcium oxide are added
to the fusion mixture to lower the liquidis temperature as well as
the viscosity. The reaction which results can be conveniently repre-
sented by a bond rupture of the type: :

| | o My
—Sli-—O-—?i—--}-rv{,O-;—?i—O_ 'O—?i—-
M

Such fusion products which have solidificd without crystallization
are thus common glasses. Theoretically, any liquid which can be
rendered highly viscous (viscosiry greater than 101 poises) without
crystallization will give a glass. The condition of “highly viscous
without crystallization” is, of course, a difficult experimental prob-
lem. Nevertheless, even liquid gold-silicon alloys and other “metallic”
melts have been rapidly quenched to the glassy state?, The earlier
concept that only "glass-formers™ like SiO, can form glasses is now
considered incorrect.

The most convenient figure which illustrates the differences be.
tween crystal, liquid, supercooled liquid and glass is probably the
simple volume-temperature diagram shown in Figure 1. 1he specific
volume of a glass and its so-called glass transition temperature, T,
are dependent on cooling rates. The specific volume of a supercooled
liquid docs not vary with time, whereas that of a glass at high tem.-
peratures does change on holding. The difference between the slopes
of the V-T plot for liquid and glass, that is, the occurrence of T,, is
the resuit of the extremely high viscosity v: 10! to 10 poiscs at the
temperature in question. At such high viscosity, the molecular relax-
ation times are now greater than the duration of the experiments. A
lower value of T, will be expected with slower cocling rates. There
has been considerable theoretical work on the limiting value of T,.
It is now generally considered that such a limiting value does exist
and that, depending on the material, it is some 10-100° below the
average experimental T',.

Because a glass is a “rigid liquid” and yet at low temperature it is
physically a solid, a number of technological advantages are evident,
First, one can regard a glass as a fluid solution at high temperatures.
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As long as immiscibility does not occur, “solutes’” can be dissolved, On
cooling, they may be precipitated out and are uniformly suspen..4d
in the solidified glass. The precipitate is normally cry<talline and the
sizes can now be controlled accurately through heat treatment of the
glass. Second, as a liquid mixture, the constituents can be varied in
any desired proportions, It is easy to imagine how optical, electrical
and mechanical properties can be “tailored to measure” this way.
Third, since a glass does not “melt” on heating, but only softens
slowly, it lends itself to many advantageous forming techniques. Sheet
glass, fiber glass, pressed wares, and blown wares are all examples of
such advantageous forming methods which result from the unique-
ness of the nature of glass.

STRUCTURE OF GLASSES

Techniques which have been successfully used to determine the
strucure of crystalline solids have proven to be disappointing when
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applicd to glasses. A typical x-ray diffraction pattern of a glass and
its “parent”’ aystal is exemplified by germanium dioxide (GeOy) in
Figure 2. Because of the diffuscness of the pattern, it is extremely
difficult to perform detailed structural analysis. B. E. Warren and
his associates have made significant contributions in this field®. How-
ever, the significant information which has been obtained is confined
to “nearcst neighbor” interactions. From x-ray analysis, for example,
it has been found that on the average, the number of oxygen ions
surrcunding a silicon ion is four for silicate glasses; the building unit

Ficure 2. X-ray diffraction pattern of crystalline and glassy germanium
dioxide.
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is a SiO, tetrahedron; the oxygen-silicon separation is about 1.60A
and the $i-O-Si angle is about 150°. This “short-range” structure of
silicate glasses is thus essentially the samc as that for crystalline sili-
cates. X-ray diffraction, however, is unable (o furnish "long-range”
information. For instance, in crystalline silicates of the same SiO;y:
Mctal Oxides ratlo, the long range structure may take different forms
such as rings, chains, sheet or three-dimensional groups, It is not pos-
sible from diffraction experiments to say which of thesc structures are
present in a glass. Relatively little additional information is obtained
from other diffraction measurements such as clectvon diffiraction or
neution diffraction.

Since the physical properties of glasses are similar to those of the
corresponding crystalline solids, and since their short-range struc
tures are also similar, it is not unrcasonable to assume that their long-
range structurcs are also not too different. The differcnce in the x-ray
diffraction patterns is then explained by the lack of long-range order
in glass. Such a hypothesis was first advanced by W. H. Zachariasin
and formed the basis of the so.called “Randuom Newwork Theory”
of glass structure. In the last twenty years many modifications of this
theory have been made but experimental verification of the different
models is still lacking. Often, indirect information, for example a
particular physical property, is used to augment short-range struc-
tural results to indicate long-range structures.

Although the short-range natuie of silicate glasses is rclatively easy
to obtain, this is not so for othe: glasses such as borates and german-
ates, In crystalline borates, it is known that the coordination number
of boron can be three and/or four. That is, the boron ion can be
surrounded by three or four oxygens. There were numerous contro-
versies concerning borate glasses. This age-old problem was only
solved recently through the use of nuclear magnetic resonance ab-
sorption techniques by Bray and co-workers.! The coordination num-
ber of germanium in crystalline germanates can be four or six. Here
again there are controversies regarding the coordination umber in
germanate glasses and the problem remains unsolved at present.

Relative to silicate and borate glasses, much less structural informa-
tion is available on other glasses, especially non-oxide glasses. In
general it can be concluded that a combination of many different
cxperimental tools, both direct and indirect, are necessary to obtain
unambiguous structural information on glasses.
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100 VISTAS IN SCIENCE
IONIC PROPERTIES

Most oxide glasses are good electrical insulators. The room temper-
ature resistivity gencrally exceeds 10 ohm-cm. At higher tempera-
tures, however, the metal ions, especially alkali ions, become mobile
and are the main cause for ionic conductivity®, For common glasses
it has been proven that the transfersnce number for alkali ions is
unity. Since the random network theory suggests that oxide glasses
have open three-dimensional disordered structures with the metal
ions randomly distributed throughout the silicon-oxygen {framework,
it would seem logical to assume that ionic properties, especially con-
ductivity, are directly dependent on the nature and concentration of
the alkali ions present. However, this proves to be an erroneous
assumption.

In Figure 3, a glass of the composition 18w/0 Na,O — 82w /o 8iO,

T ¥ T T

LOG MESISTIVITY

A A i A
0 0 0 30 0
MOLE % MO

Ficure 3. Effects of divalent ions on the electrical resistivity of a binary glass
of the composition 13 w/o NagO-82 w/o,.7
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was madified by replacing the SiO, with a number of divalent oxides?.
The corcentration of NaO, was kept constant. Since the Na* ions
are the current carricrs, the resistivity is not expected to alter drastic-
ally. However, it is seen that only 10 w/o of CaO is sufficient to in-
crease the resistivity by three orders of magnitude. It is now con-
sidered that the Cat** jons are themsclves immobile and that they
tend to block the motion of the Na* ions. This, of course, indicates
that the random network theory on structure is oversimplified. Per-
haps “fine structures' or “preferred paths" exist in glass which govern
the motion of ions. The verification of such models, however, must
await further experimentation.

A detailed understanding of ionic transport is cf obvious impor-
tance to the use of glasses as insulators as well as substrates in micro-
electronics. It is not gencrally appreciated that it is also intimately
related to the strengthening of glasses.

STRENGTH AND STRENGTHENINGS®

The theoretical tensile strength of oxide glasses has been estimated
tobe E/5 to E/10 where E is Young's modulus. Since E is 1 — 2 x 107
psi, the theoretical strength must be at least one million psi. The rea-
son is the presence of so-called Griffith flaws (surface defects). How-
ever, even ‘pristine’’, that is untouched, glasses do not approach
theoretical strengths. Further, the strengths of different samples of
the same pristine glass can vary significantly. It is clear then, besides
the common Griffith flaws which are present and which are caused by
mechanical handling, molecular defects of another type must also be
present, and these also affect the strength of glass, The exact nature
of such molecular defects is not known at present.

Since Griffith flaws are always gencrated in use, and since fracture
of a glass invariably occurs through tension rather than compression,
the only practical methods to increase glass strength must be the
creation of a compressive “skin” on the surface. Thus, tensile forces
must first overcome the surface compression before they are effective
towards normal brcakage.

The first successful attempts to strengthen glass this way were by
“tempering”. The glass object is first heated to near T, and the sur-
face is quenched by cold air. The surface layer is now relatively cold
and rigid. When the whole object is cooled the interior contracts

e X 3 BA e =t -
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against a rigid skin. The skin is thus put into compression. Strengths
in excess of 20,000 psi have been achieved by this method.

A second method to strengthen glass can be termed “ion stuffing”.
This is conveniently illustrated by Figure 4. The sample is immersed
in a bath of fused salt at a temperature just below T,. The glass is

O 0|e ®®®®
09 @?@, ©
O

| gl

GLASS

Ficure 4. Ion stuffing strengthening of glass.®

still rigid but now the temperature is sufficiently high to enable alkali
ions to undergo ion-cxchange. In Figure 4, for instance, Nat ions in
the glass are exchanging with K+ ions of the fused salt. The larger
K+ ions migrated into the surface layers of the glass will exert a
pressure on the rigid silicon-oxygen network resulting in surface
compression. Strengths of abraded glass samples in excess of 40,000
psi have been obtained by this technique.

In yet another technique, surface compression is obtained via dif-
ferential thermal expansion. A sodium alumino-silicate glass, for in-
stance, is immersed in a molten salt containing Li+ ions. Exchange
between Na* in the glass and Lit* in the salt occurs to give a surface
composition enriched with lithium. The glass is now heat treated out-
side the bath. In the presence of suitable nucleating agents, beta-
Eucryptite (Li;0-Al,0425i0;) will be crystallized in the surface lay-
ers. The average thermal expansion coefficient of beta-Eucryptite
crystals formed this way is negative. Thus on cooling to room tem.
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perature, a compressive skin will be formed on the glass. Tensile
strengths in excess of 100,000 psi have been obtained with no de-
crease of transparency. It is obvious that such "“chemical strengthen-
ing" methods will lead to a much wider usage of glass as a structural
material.

EFFECTS OF HIGH PRESSURE AND HARDNESS OF GLASS

Glasses are generally considered as “perfectly’” elastic solids. It is
not widely known that under high pressure, particularly in the
presence of shear forces, glasses can flow readily, even at very low
temperatures, This type of flow is anomzlous in that it is not plastic
flow nor viscous flow. It has been separately observed in two areas ot
experimental studies of glass. In 1933, Bridgman and Simon!® first
reported that if silica glass is compressed at room temperature and
at pressures in excess of 100 kilobars, its density will be *“‘perma-
nently” increased. Subsequent work showed that this increase of
density is very sensitive to the degree of shear forces present.!! Under
shear conditions, densification will take place for silica glass at pres-
sures of less than 30 kilobars. For glasses with lower [, pressures of
less than 10 kilobars will cause densification at room temperature.
Recent work also showed thai the densification is not “permanent.’13
In Figure 5, it is illustrated that the density of a sample of densified
silica glass need only be heatcd to 300°C to show a decrease of density.
At room temperature, however, densificd samples have shown no
variation of density even after three years at ambient atmosphere.
Since T, for silica glass is about 1200°C, this volume flow to give a
lower density at 300°C is anomalous. Glasses of lower T,, for instance,
boric oxide glass which has been densified, will exhibit such anoma-
lous volume flow even at room temperature. It is likely that such
anomalous densification and subsequent “cold” flow is the result of
entanglement and disentanglement of the glassy network. The effect
of shear on the entanglement leading to densification is illustrated by
Figure 6. The behavior of glasses under pressure is thus very differ-
ent from that exhibited by crystalline solids.

The hardness of a material is often measured by some form of
load-induced indentation. The indentation is essentially the result
of high local pressure under conditions of shear, because of the
geometry of the indentox. Indentations made on silica glass, for ex-
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FicuRe 5. Decrease of density of compressed silica glass at low temperatures.It

ample, will show partial "healing” at temperatures as low as 300° C.13
This is again anomalous volume flow probably similar to that de-
scribed above for densified samples. The nature of atom transport
giving the indentation is different between a glass and a crystal. Thus
it is scientifically not meaningful to compare the hardnesses of crys-
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Ficure 6. Idcalized mechanism of shear-pressure induced densification of
glaws.1

talline and non-crystalline solids, Hardness of glass has frequently
been corrclated with strength. It is obvious that it is also related to
“scratchability” and modulus. It is, therefore, an extiemely important
physical property, the further understanding of which is most neces-
sary.

Another intercsting cffect of high pressurc on glass is the exposure
of molten glass to gases at elevated pressure. Many gases will undergo
appreciable solution and can be trapped when the glass solidifies. As
much as 5%, solution is common. When hydrogen was dissulved in
the glass (0.02 ta 29,), it had a remarkable effect on radiation resist-
ance towards x-rays, gamma-rays and neutrons.}* Normally the glass
would color on irradiation. The hydrogen-containing glasses, how-
ever, did not. This was attributed to the following reactions:

O-S'i-0-$i-0 irradiation o -$'i 00 0—$i- o diffusion
d of Hg
(color centers)

-$iH 4 HOSi-
(destruction of color centers)
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The measurement of physical properties, for example viscosity, un-
der pressurc can give uscful structural information. This has been
recently carried out on borates and has provided interesting insights
into the mechanism of flow as well as the polymeric nature of glass.?®

OPTICAL PROPERTIES

Coored glasses have been in use for many centuries. Although
empirica! information exists which tells us what metal oxides will
give what color to a glass under certain conditions, scientific under-
standing is still minimal. Perhaps the most significant and impressive
experimental achicvement is that glasses of extreme purity (less than
10 p.p.m. of coloring ions) can be made.!* The empirical assignment
of absorption bands in the visible region of the spectrum is no longer
ambiguous. This, together with the application of <rystal-ield theory,
will no doubt lead to rapid advances in fundamental studies of color
in glass. It is perhaps worth remarking that, at present, there is still
controversy concerning the exact nature of the brown color in com-
mon beer hottles.

If silver nitrate and sodium chloride are dissolved in a molter .

glass at high temperatures, controlled cooling can produce silver
chloride crystals. Such crystals can be as small as 50A in diameter and
are uniformly distributed in the glass. The resulting material is still
transparent but is now photochromic, that is, it can be colored on
exposure to light of one wavelength and then bleached by another
light source.)? Glass made this way differs from photographic films
in that the latter are not reversible. Corning Glass Works claimed
that their photochromic glasscs are stable after more than 300,000
cycles of coloring in the ultraviolet and bleaching. Photochromic, or
phototropic, glasses hold promise in ophthalmic, automotive, archi-
tectural, optical display, data processing and data storage applicaiions,

Ordinary oxide glasses will not transmit further than 4 or 5 microns
in the infrared. Preliminary attempts to produce infrared transmit-
ting glasses were oriented toward the replacement of small ions in
the glass with larger and heavier ions.!® Thus germanate glasses were
considered to rcplace silicate glasses. Since the oxygen ions were not
replaced, the improvements gained were really insignificant. In the
1050's, it was recalled that oxides are not the only known glass-
formers. Sulphides and selenides also form glasses readily. Arsenic
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trisulphide (As,S,) immcdiately proved to be a good infrarcd trans-
mitting glass.*® Its main disadvantage is the 1clatively low value of
T,. The scarch for higher softening non-oxide glasses has led to the
discovery of many new glass-forming systems based on covalent-type
clements such as Si, Ge, P, etc.}® Glasses are now available which can
transmit to beyond 15 microns and with T, as high as 400° C. Some of
these arc shown in Table 2,

TABLE 2
PROPERTIES OF SOME INFRARED TRANSMITTING
GLASSES FROM TERNARY SYSTEMS

Max. Soft. Refrac. Absorption
System Point *C Index 814,
Si-P-Te 180 [X] slight
51-8b-Se 270 33 Yes
§i-Sb-S 280 -_ Yes
Ge-P-Se 420 24.26 Yes
Ge-P-S 520 2023 Yes
Si-As-Te 475 29.8.1 Slight
Ge-As-Te 270 85 v. slight
Ge-P-Te 380 35 v. slight

ELECTRONIC PROPERTIES

The infrared transmitting glasses based on S, Se, etc. are gencrally
known as chalcogenide glasses. They are also electronic conductors
and form a new family of semiconductors of low conductivity.20. 3
Unlike common semiconductors such as silicon and germanium, the
conductivity of chalcogenide glasses range from 1073 to only 103 at
room temperature, Most of them are also chotoconducting. The com-
bination of relatively low electrical conductivity and photoconduc-
tivity leads to the very useful application of amorphous selenium in
Xcrography. ‘The carrier mobility in these semiconducting glasscs is
extremely low and perhaps accounts for their high resistivity. Under
a field gradient, however, they often undergo electronic svitching.
At some critical field, the insulator abruptly switches to a highly
conductive material. This switching behavior is reversible and switch-
ing times are less than nanoscconds.?? Considerable efforts are now
directed towards the exploitation of this switching phenomenon in
clectronic devices.

Electronic conduction in glass is not confined to the chalcogenides.

I




 —— . ———— e =

s N ———— - o e ik

—

108 VISTAS IN SCIENCE

In 1957, Baynton and co-workers first reported that phosphate glasses
containing more than 109} vanadium oxide were semiconductors.™
Since then nany cther sem’conducting oxide glasses have been re-
ported.3* Electionic conduction is thought to occur by a charge-
transfer type mechanism exemplified by:

Vit 0 — V3 Vo () e+

The extra electron attached to the V¢+ jon “hops’ to an adjacent Y8+
ion to constitute the current. The same principle is applicable to
glasses containing Fe?* and Fe+ ions. These glasses, like the chal-
cogenides, also have relatively low conductivity 10 to 103 ohm!
cm\. We again have a new class of “semi-insulators,” which for many
electrical applications are preferable to the ordinary “ionic-insula-
tors,” such as soda-lime glasses. Since conduction occurs through the

-.{
// Fused silica (300%C)

— .

20 Ba0>20V, 0y~ 60 G0,

Microscope slide (80°C)
(RT)

45 PO - 46Y; Oy~ 8Fe, OfRT)
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FiGure 7. Effects of 200 volt DC vu electrival resistance of glasses.24
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motion of clecirons rather than jons, elecholysis is absent and ma.
teiial deterioration will not occur under a DC field. This is illnstrated
in Figure 7 in which the deterioration of the jonically-conduction
glasses is cvident. Some important applications have alvcady been
found for these semiconducting oxide glasses.2® As for the chalcogen-
ide glasses, scientific understanding is far behind empirical knowledge
and applications for these oxides.

GLASS CERAMICS?s

A glass is essentially a metastable solid and under certain condi.
tions will devitrily, that is wansform to the appropriate crysialline
phase Normally, if the crystallization is not controlled, 2 mechan.
ically weak material iy formed. This is primarily because nucleation
is relatively easy un the exposed ghass sweface after which erystals are
formed, These aystals grow inward toward the interior of the sample
and tend to be columnar in shape. A fnge grained and anisotropic
pulyarystalline material results, which is generally undesirable for
structural purposes.

8. . Swokey of Corning Glass Works discovered that crystallization
can be controlled by the addition of suitable nueleating agents to
glass. 'The nucleating agents arve added to the glass batch hefore melt
ing and are therefore uniformly distributed through the body. Ex-
amples of nucleating agents are copper, gold, platinum, titanium
dioxide, zirconium dioxide, phosphorus pentoxide and metal fluor-
ides. Because of the uniformly distributed nucleating paiiicles, crystal-
lization now takes place simultancously a: all parts of a sample as
soon as the appropriate temperature is reached. The lnge number
of nucleating particles results in the formation of wany smali crysals.
Dense and fine-grained bodies with erystal size of less than one micron
can be formed. The glass-ceramic so formed can bz more than 999,
crystalline and yet can still be highly aansparent in the visible region
of the spectrum,

In the production of a picce of glass-ceramic, the appropriate oxides
containing small amounts of the nucleating agents are first melted
to form the glass. The glass is then rendered into the desived shape
before a controlled heat-tieatment schedule as depicted in Figure 8.
The sumple is usually nucleated at a lower temperature A, before it
is taken to a higher temperature B, for maximum crystal growth rate.
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ZaN

PN

Time

A Nucleahon lemperohure
B. Marimum crysialiization tempanture

Ficure 8. Heat-trcaument schedule for a glassceramic. A is the nudeation
temperature and B is maximum crystallization temperature,

Temperature A is sufficiently low so that, during the time necessary
to complete the nucleation weatmens, no deformation of the sample
will occur, Further increase in temperature to B s accompanied by
crystal growth and the sample is progressively stiffened because of
the crystals now present in the glassy mauix. An almaost entirely
crystalline piece of ceramic is thus formed with no change in shape
of the starting solid glass, :

Glass-ceramics have many advantages over both the “parent” glass
and conventional e @ aics. Because they are essentially aystalline
and the liquidus or melting temperatures of ceramic crystals are very
high, glass-ceramics can be used at higher temperatures than the
corresponding glass. Their obvious advantage over conventional
ceraniics is that of ease of [abrication. A common picce of ceramic
is usually fabricated by sintering or hot pressing the powder or by
slipcasting. Both methaxds are accompanied by large volume shuink-
age and also necessitate higher temperatwes than chose 1equired for
glass-ceramics,
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112 VISTAS IN SCIENCE

In Table 3, the density of glass-ceramics is compared with that of
the “parent” glass. It is scen that the density differences are either
negligihly suall or are absent. This clearly illustrates the absence of
shrinkage during processing. In Table 4, a comparison is made of the

TABILEF ¢
THERMAUEXPANSION COEFFICIENTS AND DILATOMETRIC
SOFTENING TEMPERATURES OF GLASSES AND CORRESPONDING
GLASS-CERAMICS®
Thermal expansion

\Weight percentage cocflicients x 107
composition (20-400 =C)

§i0, L0 MO ALO, K.O | Glass  Glassceramic
81.0 1257 = 49 28T 83 180
7.5 12,5 — 10.0 — 78.0 50.0

62.1 LY 176 184 - 42.0 50.9

66.4 10.0 3.0 20.6 - 63.4 0.7

6u.2 8.5 238 28.5 — 60.5 —424
76.7 147 86 — - 92.8 92.5

62.4 2.4 25.2 —-- — 78.8 748

thermal expansion cocflicients of some glass-ceramics and those of the
glasses from which tiiey ase prepared. It is to be noted that glass-
ceramics can have a very wide 1ange of thermal expansion. Large
sheets of glass ceramics which have a negtigibly small cxpansion co-
efficient 2and are as transparent as a nicee of glass are now being made
by some glass companies in this country.

Another versatitity ol glass-ceramirs is their adaptability to chem-
ical machining. When u glass containing small amounts of copper,
silver or gold ions iz irradiated with ultraviolet light througi a mask,
metal atoms are formed in the unmasked region via reactions of the
kind:

Cut 4 hy-> Cu?* ¢ (i)
and Cu* 4 ¢— Cu (2)

A senzitizing agent such as ceriunt oxide can he present to cnable the
following reactions to oceur:

Ce3t 4 hy = Cetr - ¢ 3)
and Cu* 4 ¢— Cu 1)

ol bl AT BT,
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The irradiated glass is then heated to cause the metal atoms to ag-
gregate together to become a nucleation catalyst. A ceramic crystalline
phase is thus formed in those unmasked regions which were exposed
to the ultraviolet light, In some Liy0-AlO;8i0, type systems, the
crystalline regions are many times mare soluble in dilute hydrofluoric
acid than the surrounding glass. These regions can therefore be etched
away, lcaving the clear glassy regions relatively untouched. Intricate
patterns or hules can be produced on the glass. Now the entire sample
is exposed to the ultraviolet, nucleated and subsequently totally
crystallized to give the glass ceramic, Holes up to 14 inch in diameter
can be produced to within one thousandth of an inch tolerance and
360,000 fine holes have been chemically machined per square inch of
glass-ceramics.

Becausc the structure of glass-ccramics is essentially made up of
i.weriocking fine crystals of high melting oxide phases with negligible
porosity between grains, good tensile strengths are expected. The
swrengths of glass-ceramics are comparable to these for high alumina
ceramics.

Similar to the case described for glass, chemical strengthening can
also bc applied to glass ccramics through surface compression.??
Nepheline (NagK,AlSi O,.) glass-ceramics have been subjected to
ion-cxchange in molten KNQ; or KClor K.S0, The Nu* ions in the
glass-ceramic are replaced by K ions from the fused salt resulting in
the formation of 2 compressed surfac. ..~2r. The abraded modulus
of rupture of the unereated sample is ::o.at 8,000 psi. After chemical
strengthening, it has increased to 205,000 psi.

Becausc of their transparency, high strength, negligibly small ther-
mal expansion, chemical incrtness, relatively low density, and ease of
fabrication and machining, glass-ccramics are rapidly becoming an
important material of cngincering. Although most glass-ceramics now
made are insulators, it is obviously possible to apply the same prin.
ciple to the preparation of electronic ceramics. For instance, ferrites
and ferroelectrics have been made via the glass-ccramic technigue.?s
Similar studics can be made on chalcoenide glasses and will, no
doubt, generate a n-w area for scientific studies as well as technical
exploitation ir the ncar future.

Related to glass-ceramics is the study of phase-separation in glass,
* - addition to se-tslled classical nucleation which leads to formation
and growth of spherical droplets, another mode of phase-separation
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termed “‘spinodal decomposition” is possible. This latter mechanism
leads to the formation of continuous “channcls” of a second phase.
A well-known product which is made via this mechanism is Vycor
glass which has a negligible thermal expansion coefficient.

SUMMARY AND CONCLUSION

In the last two decades, under pressure of competition from plas-
tics and the demand for glasses with superior propertics, a *'renais-
sance” has taken place in the ficld of glass science and technology.
This review is an attempt to present some of the important advances
made. A valid conclusion is that the phrase “people in glass houses
shouldn’t throw stoiles” is certainly no ionger valid.
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V1. On The Theory of Optimum
Aerodynamic Shapes

ANGELO MIELE

1. INTRODUCTION

The determination of optimum acrodynamic shapes has interested
the scientific community for centurics. Historically speaking, the
first problem of this kind was the study by Newton of the body of
revolution having minimum drag for a given length £ and thickness
t (Fig. 1). Not only did Newton employ analytical techniques anal-
ogous to the modern calculus of variations, but he also formulated
pressurc laws which arc good approximations for certain physical
flow.. 'n studying the impact of a gas molecule with the body, New-
ton postulated two possible models: (a) the normal velocity compo-
nent s reversed, while the tangential velocity componet is conserved;
and (b) the normal velocity component is annihilated, while the
tangential velocity component is conserved. In maodern aerospace
terminology, we recognice that Model (a) is the specular-reflection
modecl of frec-molecular flow and Model (b) is an approximation to
that of a hypersonic, inviscid flow.

In the carly pare of this century, the use of advanced mathematical
techniques in the analysis of subsonic and supersunic fows stimulated
a renewed interest in optimization problems. In particular, Munk
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(o)

FIGURE . Newton's problem.

determined the lift distribution which minimizes the induced drag of
asubsonic wing having given span and hift; furthermore, Von Kidrmiin
determined the shape of the slender forebody of revolution of given
length and thickness which minimizes the pressure drag in linearized
supersonic flow. In more recent times, the advent of jet and rocket
engines as aircraft propulsion systems and the parallel increase in
flight velocities and altitudes have madc it necessary to extend the
optimization of acrodynamic shapes to a wider range of Mach and
Reynolds numbers, thereby including the hypersonic and free-molec-
ular flow regimes. :

Since the distributions of pressure cocfficients and friction cocffi-
cients depend on the flow regime, it is clear that a single optimum
body does not exist; rather a succession of optimum configurations
exist, that is, one for each flow regime and sct of {reestrcam condi-
tions (Ref. I). In addition, the optimum geomeury depends on the
quantity being extremized as well as the constraints employed in the
optimization process, whether aerodynamic constraints or geometric
constraints. A summary of the varicty of problems which may be

encountered in the study of optimum acrodynamic shapes is shown
mTablel,
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TABLE 1
STUDY GF OPTIMUM AERODYNAMIC SHAPES

Flow regimes " Subsonic, transonic, supcrsonit, hypersonic, free-
molccular

Criteria of optimization Pressure drag, tota) drag, Iift, Hit1o-drag ratlo,
heat-transfer rate, sonic boom, thrust

Acredynanilc constraints || Lilt, pitching moment, center of pressure

Geomeiric conatraints || ~Length, thickness, weited arca, planform area,
frontal area, volunie

Idealiy, one would likc t¢ optimize an aircraft or a missile as a
whoie. Stnce this approach is extremely difficult, optimization studies
have been concerned cnly with the main components of a configura-

tion. In this connection, the catcgories of shapes most frequently in.
vestigated arc shown in Table 2,

‘TABLE g
CATEGORIES OF SHAPES
Wings Two-dimensional, Th: cc-dimensional -
Bodies — 1T Axisymumetric, three-dimensional —
Nouzles, diffusers Axisymumetric, two-dimensional,
three-dimensional

In this paper, the physical models of interest in the theory of op-
timum acrodynamic shapes are reviewed in Sectior. 2. Then, the cor-
responding mathematical models arc illustrated in Section 8. Con-
cerning variational problems, those involving one independent vari-
able are reviewed in Section 4 and thosc involving two independent
variables are reviewed in Scction 5. The solution piocesy is considered
in Section 6. Finally, new trends in the theory and certain physical
problenws of interest in the immediate future are outlined in Section
7. Here, only considerations of a general nature are presenied; for
detailed results, the reader should consult the specialized literziure
on the subject (see, for example, Refs. 1 and 2).

2. PHYSICAL MODELS

In this section, some of the physical models of current interest in
the theory of optimum aerodynamic shapes are reviewed.
2.1. Linearized Supersonic Flow. For rclatively slender shapes in
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flight at Mach numbers not too close to unity and yet not too Jarge
with respect to unity, the small-perturbation theory can be employed
when estimating the aerodynamic forces acting on a body. In other
words, the set of nonlinear equations governing the motion can be
replaced by one which is linear: this is equivalent to assuming that
the Mach lines originating from the surface of the body arc parallel
(Fig. 2).

{b)

FIGURE 2. Linearized cupersonic flow.

Because of the linearity, the method of superposition can be em-
ployed, and general analytical solutions car. be derived for the aero-
dynamic forces acting on either a two-dimensional shape or an axisym-
metric shape whose contour is arbitrarily prescribed. For a two-

dimensiona! shape (Fig. 2-a), the presiuie coeflicient at a point P has
the form

Cp:.' C,y (l)

where C, is a constant which depends on the free-stream Mach num-
ber and y is the inclination of the tangent to a surface element with

anll
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respect to the free-strcam direction®., On the other hand, for an
axisymmetvic shape (Fig. 2-b), the pressure cocfficient no longer de-
pends on the local slope of a surface clement, hut it is governed by
the gromeuy of the entive body portion preceding that clement,
Symbolically, this can be written as

C, = (, (shape) (2)

2.2. Nonlincarized Supersonic Flow. Whenever the combination of
thickness ratio and Mach number is such that the linearization
process is not permissible, a more precise approach to the determina-
tion of the fluid propertices is necessary. In this connection, one can
employ a pressure cocfficient derived from second or higher order
approximations to the equations of motion or, where possible, one
can use the complete set ol equations.

Neglecting the interaction between tie shock wave originating at
the leading cdge of the body 1 and the Mach lines originating at
points downstrcam (Fig. 3), one can employ a pressure coefficient
derived from a second-order approximation to the compression
processes and expansion processes. Thus, for a two-dimensional shape,
the pressure coefficient at a point PP has the form

Co=Cyy + Ca? 3)

/ / :Moch linas

Ficure 3. Nigher order approximations.

* The symbol x denotes a coordinate in the undisturbed flow direction, y a
coordinate perpendicular o x, and § the daivative dy/dx.
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where G and C; are constants which depend on the frec-strcam
Mach number.

If mwre precision is desived, one can cmploy shock-expausion
theory. That is, the compression through the shock wave originating
at the leading edge 1 is caleulated using the exact cquations of a
shock wave; the subsequent expansion from point T o point P is
caleulated using the equations of a Prandd-Mcyer expansion. For a
two-dimensional shape, this leads o the following functional ex-
pression:

Co = G5 L)

If further precision is desired, the interaction between the shock-
wave and the Mach lines must be accounted for (Fig. 4). Thad is, one

Right- going
7" charocteristic

Fusure 4. Nenlinearizod supetsonic flow,

must study the Huid region (R) limited by the body surface 1F, the
shock wave IC originating at the leading odge, and the right-going
characteristic line CF passing through the final point. Along the line
IF, the fluid vclocity must be tangent to the body; along the line 1C,
the equations of a shock wave are valid; and, along the line CF, the
dircction and compatibility conditions hold. Finally, within the
region (R), the partial diffcvential equations governing the gas flow
must be satisficd. "This type of study is called method of characteristics
and leads toa pressure law of the form

C, = C, (shape) (5)

A . Xt S aiem e o
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Thiy means that the pressure cocflicient at a point P depends on the
geometry of the entive body portion preceding this point.

2.9, Newtoninu Hypersonie Flow, Whenever the Lree stream Mach
nnnber is sufliciendy Loge with respect to unity, the shock wave
generated at the leading edge of the body lies so close to the body that
it can he regarded to be adentical with it (Fig. 5). Consequently, the

Shock layer -
/

- i ———

Shock wave \’,/C_. —

™ Body contour
{://' P

\\M_,

Ficure 5. Newtonian hypersonic flow.

pressure distribution can be detevmined with the assumption that
the tangentizl velocity companent of the particles striking the body
is conserved, while the normal velocity component is annihilated,
This is precisely Muodel (b) of the inttoduction. For slender, two-
dimensional shapes and axisymmetric shapes, the pressure coefficient
ata point P iseiven by

Cp = 2;’9 (6)

2.4. Newton:-Busemanun Hypersonic Ylow, A basic hypothesis of
the Newtonian flow madel is that the pressure at 2 point immediawly
hehind the shock wave is identical with the pressure at the correspond-
ing point of the body. Even if one admits that the layer of gas between
the shodk wave and the body is infinitely thin, the equality of the
pressures is justified anly if the gas particles, after crossing the shock
wave, move along veciilinear paths; this is precisely the case for a
wedge or a cone, O the other hand, il the body is cither convex or
concave, the gas particles in the thin layer between the shock wave
ani the body move along curvilinear paths, that is, they are subjected
to centripetal accelerations. Therefme, the actual pressine on the
budy is Jower than that predicted with the Newtonian theory for
conveX bodies but higher for concave bodics.

b
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‘The 1esulting pressure correction was first calculated by Buse-
mann; hence, this flow modet is called the Newton-Busemann model
and, while more complicated than the Newtonian model, it is still
relatively simple for analytical purposes. The reason is that, if the
slender body approximation is made, the pressure cocfiicient at a
point Pisgiven by

Co = 2y" + kyy ™

where k = 2 for two-dimensicnal flow and k = 1 for axisymmetric
flow. Therefore, C, depends only on the geametric properties of a
surface clement and is independent of the geometry of the body por-
tion preceding that element.

2.5, Free-Molecular Ylow. In the previous sections, it was tacitly
assumed that the gas is a continuum, that is, the mean [rce path is
small with respect to a characteristic dimension of the bedy. When.
ever the mean free path is large with respect to a characteristic dimen-
sion of the body, the nature of the flow is free molecular. The inci-
dent molecules are undisturbed by the presence of the vehide, that
is, the incoming and reficcted flows are transparent to each other.
For analytical purposes, two idecalized madels have been employed
thus far and are now illustrated.

In the specular 1eflection model (Fig. b-a), the molecules hitting
the surface are reflected optically, which means that the tangential
velocity component is unchanged while the normal velocity cow-
ponent is reversed. This is Model (a) of the introduction, Under
convenient approximations, the pressure coeflicient at a point P of a
slender body is given by

C, = 4 (®)

thatis, itistwice that of Newtonian hypersonic flow.

In the diffuse reflection model (Fig. 6-b), the molecules hitting the
surface are fust absorbed and then reemitted with a Maxwellian
velocity distribution corresponding to an equilibrium temperature
intermediate between that of the incoming flow and that of the solid
surface. Under convenient approximations, the pressure coeflicient at
a point P of a slendcr body is give by

C, == 27 + 2k ©)

——
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{a)

(b,

——

FIGURE 6. Free-molecular iow.

where the constant k depends on the surface temperature and the free-
stream conditions. Clearly, C, depends only on the orientation of a
surface element with respect to the free-stream direction and is inde-
pendent of the geometry of the body portion preceding that element.

3. MATHLMATICAL MODELS

In the previous section, a discussion of the principal flow regimes
was given. After the physical model has been established, and after
the criterion of optimization, the aerodynamic constraints, and the
geometric constraints have been decided upon, a well-defined optimi-
zation problem arises. In this connection, two mathematical models
can be identified: (a) problems in which the optimum is sought with
respect to a finite number of parameters and (b) problems in which
the optimum is sought with respect to a finite number of functions.
Problems of type (a) belong to the theory of maxima and minima,
also called mathematical programming; problems ot type (b) belong
to the calculus of variations, also called optimal control theory. For
the sake of brevity, only problems of type (b) are reviewed in the
following sections. Specifically, the case of one independent variable

——— et givmare o i
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is considercd in Section ¢4 and the case of two independent variables
is considered in Section 5.

4. VARIATIONALPROBLEMSIN ONE INDEPENDENT
VARIABLE .

In the theory of optimum acrodynamic shapes, certain functional
forms involving one independent variable and one or several de-
pendent variables are of frequent interest.

4.1. Simplest Problem. The simplest problem of the calculus of
variations consists of extremizing the line integral

=] “xy.)dx (10)
£

with respect to the class of continuous functions y(x) which satisfy
certain prescribed boundary conditions. 1n this relation, x denotes
the independent variable, y the dependent variable and y the deriva-
tive dy/dx; the subscripts i, f stand for the initial and final points
respectively.

Variational problems of this type arise whenever two requirements
are met. First, the configuration must have special geometric proper-
ties so that the body is described by a single curve; this is precisely
the case with a two-dimensional wing, a body of revolution, and a
conical body. Next, the flow regime 1nust be such that the pressure
and friction cocficients are functions of, at most, the local coordinates
and the slope of the contour; this situation occurs in linearized super-
sonic flow, Newtonian hypersonic flow, and free-molecular flow.

Examples of functionais of type (10) are the following:

[3
D,/2Cq, = Lyﬂdx 38))

and

14
Dy/4eq_ = joyyadx (12)

where D, is the pressure drag, q_ the free-stream dynamic pressure,

e e e R em =
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x a coordinate in the flow direction, and y a coordinate perpendicular

_to x. Equation (11) pertains to a two-dimensional wing, symmetric

with respect to the chord, in linearized supersonic flow; Eq. (12) per-
tains to a budy of revolution in Newtonian hypersonic flow.

4.2. Isoperimetric Problem. A modification of che previous prob-
lem arises whenever the following integrals are considered;

J=["txyax, K=/ gy (1%)
| L]

where K is a given constant. The extremization of (13-1) is sought
with respect to the class of continuous functions y(x) which satisfy
certain prescribed boundary conditions and the isoperimetric con-
straint (18-2).

The following are examples of this type:

D,/2Cq, =] o‘&!dx. Az=[ :ydx (14)

and

D/teq, =[ yiMdx,  Vie=[x (15)

Problem (14) pertains to a two-dimensional wing, symmetric with
respect to the chord, in linearized supersonic flow: the pressure drag
D, must be minimized for a given enclosed area A. Problem (15) per-
tains to a body of revolution in Newtonian hypersonic flow: the
pressure drag D, must he minimized for a given volume V.

4.3. Ratio of Integrals. A modification of the isoperimetric prob-
lem arises whenever the following integrals are considered:

ny . t .
h=[torian  Ja=[laeaiex 09)
£t
and the extremizatioin of the ratio

J=1/]a an

is sought with respect to the class of continuous functions y(x) which
satisfy certain prescribed boundary conditions.

U S
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The foilowing example illustrates the above situation:

1
Lr2q = [ y2dx, D/z7g_ = I:(ys +Cpdx  (18)

E=L/D (19)

where L is the lift, D the total drag, E the lift-to-drag ratio, and G,
the surface-averaged frictiun coefficient. Problem (18)-(19) pertains
to a two-dimensional, flat-top wing in Newtonian hypersonic flow:

the lift-to-dray ratio E is to be maximized for given length £ and
thickness t.

4.4. Boiza Problem. In the previous scctions, several particular
problems were considered. Here, we formulate a very general prob-

lem, which includes all of the previous problems as particular cases.
We consider the set of derivated variables

Yk :y.(x), k=1l..n (20)

and nonderivated variables
Uy = w(x), k=1L..m 21)
whi hsatisfy the isoperimetric constraints
K= I ::q:,(x.y.&..m)dx + [Y:("»Yn)]j» j=Ll..p (22)
the differential constraints |

w,(x.y..&k.u,) —_ 0, j -_— l,u.-,q (23)

and certain prescribed boundary conditions. It is required to find the
combination (20)-(21) which extremizes the functional

3 =[ Hrpoduudx + o), (@)
|

This problem, called the Bolza problem, i¢ the most general problem

i t-\um
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of the calculus of variations in onc independent variable. It reduces
to the Lagrange problem for

g = 0, Yy = 0, ] = ],...,p (25)
and to the Mayer problem for
f = 0, (p, = 0, J= l,....,p (26)

In turn, the Mayer problem reduces to the Pontryagin problem
when the differential constraints (23) have the form

¥ — wxyeum) =0, j=L.q (€7
with

g=n (28)

Problems of the Bolza type arise in the study of two-dimensional
or axisymmetric bodies in nonlincarized supersonic flow, providing
the acrodynamic forces and the geometric constraints can be expressed
as one-dimensional integrals to be evaluated along the same refercnce
line (e.g., the contour of the body or a characteristic line of the flow
field). As an cxample, consider the shock-free, supersonic expansion
of a gas in a two-dimentional ur axisymmetric nozzle of given length
{Fig. 7). In this problcm, the thrust, the mass flow, and the length can

charactetishic

Axis of |ymmﬂry]

o] x

Ficurk 7. Rocket nozile.
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be cxpressed as integrals of quantities evaluated along the left-going
characteristic line DIF joining the axis of symmetry with the final
puint, The minimal problem is a Bolza problem, with this undci-
standing: the quauntity | is the thrust; the constants K, aic the mass
flow and the length; and the constraints §, = 0 are the differential
equations to be satisfied along a characteristic line, namely, the direc.
tion and compatibility conditions.

Problems of the Bolza type also arise in the study of two-dimen-
sional or axisymmetric bodics in Newtonian hypersonic flow, Newton-
Busemann hypersonic flow, and frec-molecular flow whenever an
incquality constraiut is imposed on the configuration and/or deriva-
tives of second and higher order are present. At first glance, these
problems do not secm to be covered by the Bolza formulation: in Eqs.
(22)-(24), inequality constraints arc not mentioned and only first-
order derivatives are present. However, by the judicions use of aux-
iliv. ; variables, cach problem can be converted into a Bolza problem.
As an example, the slope of a configuration in Newtonian hypersonic

flow may be required to be nonnegative everywhere, that is, the in-
equality constraint

y=0 (29)

is to be accountead for. This inequality constraint can be converted

into a differential constraint if the auxiliary variable u defined by
the relationship

j—ur=0 (30)
is introduced.

5. VARIATIONAL PROBLEMSIN TWO INDEPENDENT
VARIABLES

In the theory of optimum acrodynamic shapes, certain functional
forms involving two independent variables and one or several de-
pendent variables are of frequent interest.

5.1. Simplest Problem, The simplest problem of the calculus of
variations consists of extremizing the surface integral

] = [ fxy,nez,)dxdy (31)
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with 1cspedt to the clasy of continuous functions z(x,y) which satisfy
certain prasaibed boundary conditions. In this relation, x and y
denote the independent variables, z the dependent variable, z, the
derivative 0/0x, and 7, the derivative 02/0y; the symbol S denotes the
domain of integration in the xy-plane.

Variational problems of this type arisc whenever the flow regime is
such that the pressure and {riction coefficients are functions of, at
most, the local coordinates and the slopes of the surface defining the
body. ‘This situation occurs in certain problems of lincarized super-
sonic flow, Newtonian hypersonic flow, and free-molecular flow.

Examples of functions of type (31) are the following:

D,/2q, = [f,dxdy (32)

and
D/2q, = ff,(@} 4 Cpdxdy (33)

where x and y are planform coordinates and z is a coordinate perpen-
dicular to the xy-plane. Equation (32) represents the pressure drag
oi a three-dimensional, flat-tup wing in Newtonian hypersonic flow;
Eq. (33) is the total drag of the same wing.

5.2. Isoperimetric Problen:. A mudification of the previous prob-
lem arises whenever the following integrals are considered:

J = fhat(x.y.zz.2,)dxdy, K = ffap(x,y,t.2,5,)dxdy (34)
where K is a given constant. The extremization of (34-1) is sought

with respect 1o the class of continuous functions z(x,y) which satisfy

certain prescribed boundary conditions and the isoperimetric con-
astraint (34-2).

The following is an example of a problem of this type:
D/2q_ = ff, (2} + C;ydxdy, V = ff,udxdy (35)

Prublem (35) pertains to a three-dimensional, flat-top wing in New-
tonian hypersonic flow: the total drag D must be miniinized for a
given volume V.

5.8, Ratio of Integrals, A modification of the isoperimetric prob-
lem arises whenever the following integrals are considered:

b= fGheeynte)dxdy,  Ja = ffyfixyze,z)dxdy  (36)
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and the extremization of the ratio

J=J'h b))

issought with respect to the class of continuous functions z(x,y) which
satisfy certair prescribed boundary conditions.
The following example illustrates the abuve situation:

L/2q, = ffytidndy, D/, = ff, (11 4- Cdxdy  (%8)
E = L/D (39)

Problem (38)-(39) pertains to a threedimensional, flat-top wing in
Newtonian hypersonic Row: the lift-to-drag ratio E. is to be maximized
for a given planform.

5.4. Bolza Problem. In the previous scctions, several particular
problems were considered. Here, we formulate a very general prob-
lem, which includes all of the previous problemns as particular cases,
We consider the set of derived variables

3 = n(x.y), k= 1,..n (40)
and nonderivated variables

My == U (X,Y), k=1...m (41)
which satisfy the isoperimetric constraints
Ky=f§, P00yt Ty ydxdy -} .‘.W("l"l%?#t-h)dh
j= Lewp (42)
thedifferential constraints
Y(XY i Tatay ) = 0, j=l.q 49)

and certain prescribed boundary vonditions. Here, S is the domain of
integration, B the boundary of this domain, and s a curvilinear ab-
scissa along B; the dot sign denates total derivative with respecr to s.
It is required to find the combination (40)-(41) which extremizes the
functional

J= .U. (.Y 20 202y, )dxdy + i.ﬂ(x:"‘»Yo":’nin)d' (44)

This problem, called the Bolia problem, iy the most general problem
of the calculus of variations in two independent variables. 1t reduces
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tothe Lagrange problem {u

g = 0, Yy = 0, j = L..,p (45)

and to the Mayer prrolilem for
f.- 0, =0, j=L..p (46)
Problems of the Bolza type arise in the study of axisyminetric bodics
in lincaticed or nonlincasized supcrsonic low, whenever constraints
are imposed, not only on the length and the diamicter, but alse onan.
teprated quantities such as the wetted area or the volume. Ag an ex.
ample, consider the problem of finding the axisymmetric dosed body
which minimizes the diag in lineaticed supersonic flow for given con-
straints imposed on the length and the volume (Fig. 8). One deals

Fruure 8. Closed eudy of sesolution,

with the flow propertics in a region (RV limited by a boundary B
formed by the body contour, the leltgoing characteriaic through
the initial point 1, and the right-going characteristic through the
final point F. After the drag and the volume are expressed as integrals
of quantities evaluated alung the bady contour IF, the minimal prob-
lem can be treated as a Bolza problem, with this understanding: the
quantity ] is the dvag: the constant K is the value presuribed for the
volume; and the constraints y, = ¢ are the irrotationality condition
and the continuity equation which hold at every point of the region
(R). Of course, the tangency conditions must be satisficd along the
body contour 1F and the direction and compatibility conditions must
be satisiied along the remainder of the conteur B, that iy, e charac-
teristic lines IC and CF,
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6. SOLUTION PROCESS
| In the previous sections, a discussion of the principal iathewatical
+ . . -
. mudels wits given, After an optiniization problem has been torm

Lated, the dassical tools of the calcufus of varidations must be cme
. ployed: they inivolve fustorder conditiony ay well as sccond and
higher order conditions. While a detaled analysis s bovond the
scope of this paper, a summary of these conditions s presented in
Table 8. We note that the basic eqquations, the Fular cquations, are
ordinary differcutial cquations for the problems of Sectnon 4 and
patial ditferential equations o the problews of Scoaan b Thoe
fure, the problems of Secrwn b are considerably more diticnlt than
thuse of Scction 4.

With the aid of the above vatiational wols, a wide vaticty of prob-
lems has been solved in tecent years. Wings, hodies, and wing body
combinations have heen optimized in supersonic, bhypetsonic, aiul
free molecular flow. The discussion of ald the 1esults obtained gms
beyond the scape of this paper. Therefore, the yeader s yeforred to
the specialived literature on the subject (see, for example, Rets,

/ aud 2).
' TABLE S
OPTIMUM CONDELIONS
Hist-onder conditions - ] Fules equattony, transsersality condation,
cornes tonditions
Higher vrder conditions - “] T Legendie wonidition, Weienatrass condi-
tion, Jawbi condition

7. ENGINEERING TRENDS AND UNSOLVED PROBLEMS

Despite the variety of the results already obtained, the theory of
optimum acrodynamic shapes is only at its beginning. There are
interesting and useful variational problems in one independent
variable yet to be sulved in evary flow 1egime. An analogous remark
is even more appiapriate for variational problems involving two,
thiee, or four independent vaiiables, since these mablems have been
treated in the literatuie only occsionally, Among the engineering
problems which deserve to be investigated in the near futuie, the ful-
lowing deserve to be mentioned:

(a) Supersonic flow: Determination of the axisymmetric clused
hody, forcbody, or ducted forebody which minimizes the total drag,

SRv—.
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the sum of the pressure drag and the friction drag, for a given volume.

{b) Supersonic flow: Determination of three-dimensional wings,
fuselages, and wing-fuselage combinations which minimize the total
drag under the condition that the lift is given, the volume is given,
and the boom intensity on the ground does not exceed a prescribed
limit,

(¢} Hypersonic flow: Determination of the axisymmetric body
which miniinizes the surface-integrated heat transfer rate.

{d) Hypersonic flow: Determination of three-dimensional wings,
fusclages, and wing-fuselage combinations which minimize the total
drag or maximize the lift-to-drag ratio for given conditions imposed
on the hift and the volume.

(e) Frec-molecular flow: Determination of three-dimensicnal shapes
having minimum drag for a given volume.

Mathematically speaking, these problems are problems of the Bolza
type in one or several independent variables, not generally amenable
to analytical solutions, This being the case, numerical techniques
must be developed, more specifically, first-variation methods (steepest-
descent methods) and second-variation methods (quasi-linearization
methods).

While the theory of optimum aerodynamic shapes is only at its
beginning, the vista is exxpanding rapidly on its promising applica-
tions. Therefore, it is not difficult to predict that, providing sufficient
research efiort is expended in this area and providing the present
rate of progress is mainiained in the design of digital computing
machines, the calculus of vai.ations approach will become a funda-
mental iastrument in the design of optimum aerodynamic configura.
tions.
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VII. Arc Jets In Science and
‘T'echnology

CHARLES SHEER

INTRODUCTION

The generation and management of arc jets is a segment of the
broader field of plas:na physics which, during recent years, has pene-
trated deeply into science and industry. Motivated chiefly by the
need 1o solve technical problems involving hyperthermal aerospace
environments, the development of the arc jet has, within a suprisingly
short space of time, borne fruit in many areas of modern technology.

An arc jet generator is a device for producing a con.inuous stream
of plasma, or “plasmajet,” by means of an electric arc. Phenomeno-
logically, the popular notion of :he plasina medium is that of an
ionized gas in which there exists some mechanism for maintaining
a supply of charged particles. Moreover, the concentration of charged
particles must be sufficient to impart to the gas the normally absent
property of electrical conductivity. This relatively simple idea, how-
ever, is transcended by the recently expanded concept of plasma,
which includes condensed phases of matter as well as gases. For ex-
ample, it has been pointed out! that the concept of Debye screening,
which is a fundamental idea of considerable impor.ance in nlasma
physics, was first introduced by Debye and Hiickel to describe the
motion of charged particles in aqueous electrolytic solutions. Simi-
larly, the oscillations of the electron gas within a solid metal were
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ber of advisory bodies to government agencies.

LS Y] gk

id e

.o




[pp———

136 VISTAS IN SCIENCE

predicted and found by direct analogy with the natural oscillations
of a gascous plasma, The phenomena of charge avalanches and cyclo-
tron resonance, both characteristic of gasccus plasmas, have been
observed in semi-conducting solids. In fact, the term “miicroplasma’
has come into common use in solid state physics to describe events
featuring the collective motions of charged particles in semi-conduc-
tors.

In additicn to maintenance of mobile charged particles, there are
other requirements? which are essential to the generation of plasma,
but which are too involved to include here. For our purposes it will

TABLE 1

RANGES OF PARTICLE DENSITY AND TEMPERATURE FOR VARIOUS
TYPES OF PLASMAS

Particle
Density Temperature
(No. Per cc) (*K)
Natural Plasmas
Stellar Interiors 10% . 10= ~10
Stellar Atmospheres 10% - 10 104 - 10°
Nebulae 10° 104
Interstellar Space 1100 10
Earth's lonosphere 10v. 10v 10*- 10
Marni-Made Plasmas
Thermonuclear Plasma 104 . 10 10°- 10°
Constricted Arc Plasma Jets 101 10 1-5x10¢
Free Burning Electric Arcs 10' - 10* 7-10x100
Combustion Flames 10+ . 10 3.5x10°
Low Pressure Arcs 10t . 10 1-3x10°
Glow Discharges 10%. 10 309 - 600

be useful to adopt the following qualitative description of the plasma
medium:

A macroscopically neutral body of matter containing an appreciable
concentration of mobile charge carriers,

Implicit in the rather indefinite term “appreciable” is the notion
of an adequate degree of electrical conductivity. In the case of gaseous
plasma, the flow of electricity through the medium provides an ex-
cellent mechanism (electrical resistance heating) for suppiying energy
to the medium, a requirement which, as we shall see, is essential to
steady-state arc jet generation.
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The first appearance of plasma physics as a scicatific discipline
arose out of the astrophysical inquiries into such topics as solar
prominences and the motiun of stellar clouds, wherein the ionized
nature of the medium and its consequent interaction with magnetic
fields led to a new understanding of these phenomena. Thus, widen-
ing our scope to a cosmic scale, it might be said that the study of
plasma is as old as astronomy.

The various natural and man-made plasmas diffcr from each other
chiefly with respect to particle density (pressure) and average particle
kinetic energy (temperature). Table I shows the ranges of density
and temperature encountered in the various types of plasma. In
particular, for the arc jets to be discussed b='ow, we shall be desiing
with free-burning arcs and constricted arc plasma jets. Therefore,
for the balance of this chapter we shall restrict our attention to ion-
ized gases having particle densities in the range of 1019 to 108 particles
per cc, and temperatures in the range 7x 103 to 5 x 104 °K.

PLASMA GENERATION

All devices or environments in which plasma is gencrated have in
common some mechanism for the continuous ionization of the med-
ium. Since charged particles are continually lost from a given plarma
zone, either by direct recombination of oppositely charged species,
or by diffusion or convection out of the plasma zone, continual ion
production® is mandatory for the continued cxistence of the plasma
state. In the glow discharge, direct ionization by impact of free elec
trons, which have been accelerated to energics in excess of the ioniza-
tion energy by the high electric ficld used in this device, provides for
the generation of new ions. In equilibrium, the ion generation rate
equals the rate of depletion by volume recombination and diffusion
to the walls. In the ionosphere, the mechanism is photoionization by
the short wavelength component of solar radiation, which is absorbed

® More appropriately, ion-pair production. The most common nechanism is the
dislodgenent of a free electron from a neutral gas atom, creating a heavy positive
ion, which, together with the free election, forms the ion pair. In any macro-
scopically small plasma volume there will occur equal numbers of positive gas
ions and free clectrons. Except in quile rare circumstances, the formation of heavy

negative ions, e.g., by the attachient of a free electron fo a neutral gas atom, does
not oceur.
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in the upper atmosphcere and which makes up for recombination and
for the ions lost to outer space.

In the case of the electric arc, the ionization level is maintained by
the so-called ““thermal” ionization process. As a result of the appreci-
able electrical conductivity of the arc column, relatively high cur-
rents can be made to flow, resulting in the dissipation of Joule (I*R)
heat within the rolumn. This occurs mainly by elastic collisions be-
tween the currer  arrying free clectrons and the neutral gas atoms in
the column. Although the energy per collision may be considerably
below the energy required for ionization by impact, the gas can be
maintained at an elevated temperature. Siatistical considerations indi-
cate that a fraction of the gas atoms, namely those comprizing the high
energy “tail” of the velocity distribution, will receive enough energy
to become ionized upon collision.

In a free-burning arc, i.¢,, one subject only to the influence of
natural convection, the depletion rate is relatively small. This is due
to the fact that at clevated temperatures and normal pressure (¢.g., 1
atm.) volume recombination becomes less likely and ion depletion
occurs to a large extent by the slower diffusion process plus gentle
convection of the ambient atmosphere. Hence a steady-state situation
may be maintained with relative ease. However, this state of affairs
is dependent on a rather delicate balance between the generation and
depletion of charge carriers. Therefore, when the balance is upset
to any significant degree, as for example when the attempt is made
to transfer energy from the arc to an external fluid, the arc becomes
unstable. Thus a free-burning arc can tolerate the injection of
“forcign’ material at a rate only slightly in excess of the mild natural
convection of the ambient atmosphere. It is therefore inherently in-
effective as a heat transfer device.

An arc jet is a device which utilizes the arc to heat a continuous
stream of fluid tc plasma temperatures. For efficient operation, a
major fraction of the energy dissipated within the conduction zone
must be transferred to the working fluid, Therefore, the central prob-
lem in arc jet generation is the stabilization of the arc against the
influence of vigorous forced convection. More specifically, the prob-
lem is concerned with the maintenance of the requisite ion concen-
tration in the arc column under conditions of high depletion rate.
This is obviously a necessary condition, but it is not in itself sufficient.
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1t is also necessary to maintain the geometrical integrity of the con-
duction zone within certain well-defined limits.

In order to appreciate the significance of these requirements, let us
consider what happens when a stream of gas is blown against the
column of a free-burning arc. The first effect of the convected gas is
to cool the column by the admixture of cold gas. This lowers the
temperature and hence the ion gencration rate. In principle, this effect
could be compensated for by increasing the arc voltage while main-
taining the current constant. The increased voltage gradicent in the
column would increase the average kinetic encrgy of the free elec
trons and this added energy would be transferred to the gas by elastic
collisions, thus restoring the thermal ionization rate to the required
level.

A more significant cffect arises from the fact that the collision
cross-section for momentum transier between a neutral gas atom and
a positive ion is several orders of magnitude greater than that be-
tween two neutrals. Interactions betwecn the incoming gas atoms
and the ions in the column are therefore highly probable and these
interactions displace the ions in the direction of injected gas flow.
The free electrons are dragged along with the ions by ambi-polar
diffusion with the net result that the column is deformed by an
amount depending on the momentum and flux density of the in-
jected atoms. The dcformation causes the cflective arc gap to increase
in length and thus require a high arc voltage to maintain a given
voltage gradient in the column. The column of a free-burning arc is
very sensitive to this effect and drastic lengthening of the column
occurs with only moderate gas flow rates. What usually happens is
that the voltage needed to sustain the column ip its deformed posi-
tion becomes greater than the maximum voltage available from
the power supply and the arc goes out.

The above description is perhaps somewhat oversimplified since
other factors, such as self-magnetic field effects, enter into the phe-
nomena iavolved in arc instability. However, it serve. to delineate
the basic requircments for effective arc jet generation. These are:

(1) Availability of a power source which can supply enough addi-
tional energy (in the form of increased voltage) to replenish
charge carriers at the highest depletion rate to be sustained.
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(2) Immobilization of the conduction column, i.e. maintenance of
positionai integrity, under the influence of the most rapid
forced convection to be sustained.

The second of these 1cquircincats implies the imposition of some
form of physiral constraint on the conduction columnn of the arc. In
other words, the discharge in an arc jet generator cannot be allowed to
burn frecly. A survey of the various forms of arc jet devices developed
within the past two decades indicates that thesc devices may be con-
veniently classificd in terms of the type of physical constraint used to
stabilize the arc against convective deformation. Such a classification
is shown in Table 1I. Four basic types of constraint are represented,

TABLEII
CLASSIFICATION OF PLASMA GENERATORS

Type of Constraint Physical Form of Constraint |Type of Plasma Generator

(1) Thermal Water—Cooled Channel Wall Stabilized Arc;

Constricted Arc Torch

(2) Fluid Mechanical |Fluid Vortex Vortex—Stabilized Arc

Magnetically Stabilized Arc
(Stationary or Rotating);
RF Induction Torch

Lorentz Force Induced by
Magnetic Field

(3) Electromagnetic

E-—Field Due to Electron
Space Charge Sheath in
Contact with Anode.

(4) Eleciroatatic High Intensity Arc;

Fluid Transpiration Arc.

namely, thermal, fluid mechanical, electromagnetic and electrostatic.

Before the discussion of techniques it will be instructive to dwell
briefly on the tributary subject of energy dissipation within the arc
column, This will help to focus attention on specific problems and
generally illumine the subject of arc jet stabilization.

Figure 1 contains a sketch of a typical free-burning arc. The arc
current is carried between the anode and cathode through the dis-
charge zone by means of the charge carriers, i.e., the positive ions and
the free electrons. Owing to their small mass and high mobility the
electrons are responsible for virtually all of the charge transport. The
heavy positive ions are required for charge neutrality, at least in the
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FiGURE 1. Sketch of (a) free-burning are, and (b) axial voltage distribution
of the discharge zone.

column proper, although they carry very little of the arc current.
Figure 1 also contains a curve of the axial voltage distribution along
the inter-electrode gap. The voltage distribution, a dircctly mcasur-
able quantity, also provides a picture of the primary distribution of
encrgy dissipation within the gap. This follows from the fact that the
arc current density docs not vary much between the clectrodes. The
volure rate of Joule heating is given by ] where} is the current
density and E is the clectric field. For approximately constant ] this
product is determined by the local voltage gradient.

From the voltage curve it is observed that the arc gap may be
divided into threc regions. The principal region is the colur:r
proper, occupying the major portion of the gap and charicterized
by constant cross-sectional arca, rclatively low and uniform axial
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potential gradient, and macioscopic charge neutrality throughout its
volume. At the ends of the wolumn are two regions joining the column
with the anode and cathode surlaces, known as the “fall space” or
“sheath” regions. They are associated with charge transport across
the gas-solid boundarics of the discharge, and are characterized by a
lack ot charge neutrality and consequent high potential gradicnt. In
the cathode fall space a preponderance of positive ions causes a net
positive space charge while in the anode sheath a negative space
chaige 15 ostablished due to an excess of free electrons, For the
present discussion the importance of these regions is that, although
they occupy only a very smail fraction of the arc gap, they account for
a relatively large fraction of the total arc voltage. Since both fall
space regions arc in intimate contact with the electrode surfaces, we
mey consider the energy dissipated in the fall spaces to be transferred
dircctly to the electirodes.® Thus if Va and Ve are the anode and
cathode fall spacc voltages, respectively, and J is the magnitude oi
the current density, then the energy transferred by the discharge to
unit area of clectrode surface is JVa for the anode and JVe for the
cathode. This does not, however, represent the net dissipation on the
electrodes, which is influenced also by charge transport considera-
tions. As mentioned earlier the arc current is carried chiefly by elec-
trons. This holds also for the electrode-gas interfaces. At the cathode,
clectrons are emiitted to provide current continuity across the surface.
In order to surmount the surface potential barrier the electrons must
possess a kinetic energy at least comparable to the height of the
barrier; hei.ce, when they leave the cathode they remove a certain
quantity of energy, thus effectively cooling the cathode. This may be
thought of as rc.nuval of heat by electron evaporation, and, per unit
surface area, amounts to Je., where ¢, is the work function of the
cathode material. Similarly, current continuity is mainiained by the
entry of free elecuons into the anode surface. These clectrons release
energy apon traversing the anode surface potential barrier, which
may be considered as heat of clectron condensation, and is given by
Jé. per unit area, where ¢, is the work function of the anode

® Thins is conalstent with the dissipative mechanism which involves the acceler-
ation of charged particles across the fall voltages. Owing to the short distances in-
volved (~ one or iwo mean free path lengths) most of the energy gained in
traversing the fall space iiclds is aciually transferred to the surfaces by direct
particle bombardment.
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material. We have then the following gioss division of primary
energy digsipation within the arc:

At the cathode: J(Ve—e)
Within the column: ]V,
At the anode: J(Va+-¢2)

V,, being the total drop across the column.

Whereas V,, is direaily proportional to the arc gap distance, V, V,
é. and ¢, are independent of the gap so thar the relative auiount of
energy released in the column, compared with that transferred to
the clectrodes, depends on this parameter. For a typical laboratory
frecburning arc at 1 atm, pressure, the division of dissipated energy
will be approximately as follows: 809 to the column, 159 to the
anode and 59, to the cathude. This represents the usnal compromnise
between too short an are, which oveiloads the electiodes and s in-
convenient to handle, and too long an arc which requires an expen-
sive high voitage power supply.

Even for relatively short arcs (1 or 2 cms) most of the energy ap-
pears to be dissipated in the column. This is, therefore, the logical
zonc for transferring the Jeule heat to a working fluid.

One additional effect should be mentioned which may significantly
alter the distribution of encrgy dissipation frora that depicted above
and which may, under some circumstances, influence the perform-
ance of a given arc jet generator. This is the cathode jet effect® which
occurs in all arcs for which there is a significant contraction of the
discharge diameter in the transition region of the cathode fall space.
The eflect may be explained by reference to Figure 2. The arc
column near the apex ol a conicai cathode is shown with a marked
contraction of the column crosssection. This configuration is typical
of the conical tungsten cathodes used in most plasma jeu generators.
Since there is a sharp rise in current density in the contraction
region, there will also be a similar rise in the flux density of the
self-magnetic field generated by the arc current. A magnetic field
having a space-variable flux density will exert a body force on a
conductor immersed in the field, whese magnitude depends on the
space rate of change of flux density and which is oriented in the
direction of the maximum decrease in magnctic ficld.® Since the

® This is idenucal to the s-called “maguctic migror” geomeiry used to con-
tain thermonuclear plasmas.
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Ficure 2. Diagran iltustrating cathode jet effect.

plasma in the contraction zone is an electrical conductor, it will ex.
perience a body force which propels it along the columin axis away
from the cathode tip. The motion of the plasma away from the
cathode decreases the local pressure at the base of the contraction
2one, 30 that the arc in this region aspirates gas from the surround
ing atmosphere to form a continuous cathode jet. The strength of
this jet depends chiefly on the total arc current and the degice of
tolumn contraction near the cathode. In any case, the net effect is to
aspirate ambient gus, propel it along the column where it absorbs
sume of the column energy and, if the arc geometry is collinear,
prujert the heated gas sgainst the face of the anode, Under the right
conditions, thercfore, a significant fraction of the encigy viiginuily
dissipated in the column is transferred by convection to the anode
due 10 the cathode jet eitect. In extreme cases, as much as 759, of
the total energy dissipated in the arc region may e transferred by
both direct and convective processes to the anode, resulting in severe
thermal loading of the anode structure.

TECHNIQUES OF ARC JET GENERATIONS

In this section examples of the four classes of av jet devices listed in
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Table 11 are described. The order of presentation iy phenomenclog
ital rather than chronological.
A-THermar,

Figure 3 is a diagram of a typical arc jet gencrator in which the
column is stabilized by means of a thermal constraint in the form of a
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Ficunx 8. Watl-stabilizing arc jetgenerator,

water-cooled cylindrical channel. The arc s formed between the tip
of a tungsten cathode and the inside surface of the channel which
scrves the anode, as well as the exit arifice for the efiuent jet, The
nozle is vigorously watcr-cooled to preveat thermal damage 10 the
channel surface. The working gas flows axially around the cathode,
entering the channel codirectionally with the arc colunm, In this
device the cold wall of the channel immobilizes the column on the
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axis of the channel, since any lateral deformation of the discharge
by the gas flow causes the plasma to contact the cold wall where it is
rapidly cooled and deionized. The arc current can, therefore, no
longer flow in the layer of gas adjacent to the wall 2nd so must remain
centered along the channel. For this reason the arc jet devices em-
ploying cold-wall constraints for column immobilization are called
“wall-stabilized arcs.”

If the channel is sufficiently long, the column will ultimately
terminate on the inside surface of the channel® at a point downstream
of the entrance, whose location depends on the gas flow rate. If the
concentricity of the cathode and anode nozzie is carefully adjusted,
the conduction column will flare outward, umbrella-fashion, to con-
tact the nozze in an annular anode spot. This condition is essential
for reasonable nozzle lifetime.

The working gas flows initially in the concentric layer between the
hot column and the cool wali. As one proceeds down the channel
more and more of the gas stream becomes heated to plasma tempera-
tures and enters the conduction zone. When the column extends
across the entire channel (except for a very small film of cool gas at
the boundary) the column is said to be “fully developed” and virtually
all of the injected gas reaches plasma temperatures. The stream
leaves the conduction zone near the nozzle orifice from which it
emerges as a high speed plasma jet. The jet, in addition to a con-
siderable quantity of sensible heat, carries away a sizeable number of
ion pairs, which must be replenished in the arc zone. For this reason
the arc, under these conditions, requires a much larger voltage than a
free burning arc of the same length. The power sour e must be cap-
able of supplying the requized voltage for this device to operate
stably.

It has been found that the axial temperature of the plasma jet
issuing from a wall-stabilized arc operating at a given current can
be increased by utilizing a channel orifice smaller than the diameter
of the corresponding free-burning arc operating at the same current.
In this situation the channel is used to constrict the columy, ie., to
squeeze it into a smaller diameter than it would normaliy occupy,

¢ If the gas flow ia too high for the channel length a situation can arise wherein
the conduction column extends clear vut oi \he channel and turns backwards to
terminate on the outside surface of the nozzle tip. This condition, known as a
“blown arc" is generally an unsatisfactory mode of operation.

LR
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thus increasing the current density and hence the temperature, For
this reason the term “constricted arc” is sometimes applied to this
device. Axial jet temperatures for commonly-used wall-stabilized
arcs are in the range of 15,000 to 20,000° K, although severe con-
striction has produced temperatures in excess of 50,000°K.

B~-FLuiD-MECHANICAL

In this type of device the column is stabilized by means of a fluid
vortex, established by the tangential injection of fluid near the peri-
phery of a cylindrical vessel on whose axis the arc electrodes are posi-
sioned. A schematic diagram of this type of arc jet generator is shown
in Figure 4. The arc is ignited between the rod-shaped axial electrode
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FiGure 4. Vortex-stabilized arc jet generator.

and the inside surface of the channel comprising the exit port of the
nozzle. This configuration is similar to the wall-stabilized arc except
that the column is maintained almost entirely in the unconfined
region of the chamber instead of almost wholly within the exit
channel.

The rapid vortex motion of the injected gas imposes a fluid
mechanical constraint on the arc column by virtue of the outwardly

-
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directed radial pressure gradient characteristic of a fluid vortex. This
means that the gas pressure has its lowest value on the axis of the
cylinder. The arc discharge is therefore constrained to remain on the
axis in accordance with Steenbeck’s minimum energy principle for
gas discharges.® In effect, this principle states that a gas discharge
is most stable in the configuration requiring the least energy for its
maintenance. Since the higher the pressure the more the voltage that
is needed to sustain unit column length at a given current, it follows
that least energy and thercfore maximum stability is obtained when
the column remains on the vortex axis. This type of device is ac
cordingly known as the "vortex-stabilized” arc jet generator. For suf-
ficiently strong vortex motion the resistance to lateral deformation of
the column can be made to approximate that of a water cooled
channel. The column can also be constricted by strong vortex motion,
thus raising the axial temperature.

Since the vessel is pressurized the swirling gas is gradually forced
into the column as it approaches the nozzle and complete mixing
occurs in this region. The rotary motion is also largely converted to
linear motion® as the gas passes through the nozzle. In addition, the
motion has the desired effect of rotating the arc attachment point
at the nozzle end of the discharge which mitigates nozzle wear to some
extent. Care must be taken to avoid the “blown arc” mode, men-
tioned earlier, which is caused by too great a gas flow rate and which
causes the column to attach on the outside surface of the nozzle (see
Figure 4). Electrode polarity in this device is relatively unimportant.
iTowever, the rod electrode is usually made of tungsten while the
nozzle is copper, both electrodes being vigorously water-cooled.

This represents one of the first types of plasma generator to be
developed, having been mentioned as early as 1908.7

C—ELECTROMAGNETIC

There are various ways in which an electromagnetic constraint may
be imposed upon an arc in order to stabilize the column against the
influence of forced convection. These include both DC and time-

* Some remnant of rotary motion usually remains in the cfluent jet in this

type of device. Proper design can reduce this to 3 minimum where it might be
objectionable, as in wind tunnel applications.
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variable discharges and involve both stationary and rotating arcs.
The stabilizing force in each case is due ultimately te the fact that
the plasma in the column, in addition to being a fluid, is also a good
electrical conductor. Hence current flow in a plasma immersed in
a magnetic field will induce a Lorentz force on the plasma volume in
which the current flows. When properly oriented, this force can be
used to resist flow-induced deformation of the conduction column.
When applied to an arc jet generator, the device is commonly called
a "magnetically stabilized arc.”

(1) Stationary Arc

The simplest cenfiguration in which an electromagnetic constraint
may be used to stabilize an arc is depicted in Figure 5. Here an arc
column is maintained in the vertical (Y) direction, having a cutrent
density, I The column is immersed in a magnetic field orthogonal
to the current flow (i.c., in the horizontal or X-direction) with a mag-
nectic flux density, B. A Lorentz force-fx B, will therefore be induced
in the column, which, in the absence of an external force_.will dgform
the column in the Z direction /i.e., orthogonal to both J and B). In
fact, for a free-burning arc at 1 atm carrying 100 2mps or more, a field
of only a few tens of gauss is sufficient to “blow” the arc out, i.e., ren-
der its operation in the field unstable. However, if we assume that an
external stream of gas is projected against the column so as to produce
2 net fluid mechanical drag force of magnitude F in the —2 direction,
then if we adjust either B or'_f. or both, such that

F=(Tx B

both forces cancel and the column will remain stationary on the
Y axis.

The configuration of Figure 5 is not a very effective type of arc jet
generator since much of the gas does not penetrate the column but
is deflected around it. The column is “stiffened” by the magnetic
field and takes on some of the characteristics of a heated solid cylinder.
Also the condition of stability under high flow rates requires critical
adjustment of the magnetic field. It does have the virtue of providing
a convenient arrangement for studying the basic physics of the inter-
action of a cross-flow with an arc column.?
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FicuRe 5. Stationary magnetically stabilized DC arc.

(2) Rotating Arc

The first practical use of magnetic stabilization in an arc jet device
invalves the use of a rotating arc. A typica) configuration is sketched
in Figure 6. An arc is struck between a central electrode and the in-
side surface of a cylindrical containing vessel with the the usual water-
cooled nozzle orifice at one end. The working gas is introduced at
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Ficune 6, Rotating magnetically stabilized arc.
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the opposite end and flows axially across the arc zone, emerging in a
jet at the nozzle exit. In the absence of a magnetic field the convective
force would blow the column toward the nozzle, and, for any reason-
able flow rate, would extinguish the arc. A solenoid, concentric
to the vessel, establishes a strong axial magnetic field which induces
a Lorentz force on the column in the azimuthal direction, The arc
therefore rotates about the axis. If the Lorentz force is made much
grcater than the convective force, the former dominates and the
column is displaced only slightly in the direction of flow. In other
words, the column is “stiffcncd” against the effects of cross-flow as a
result of the imposition of the clectromagnetic constraint.

There are two advantages of the magnetic rotation of the column,
As the field strength is increased, the specd of rotation increases, and
at sufficiently high rotational spceds the column will merge azimuth.
ally into a pin-whecl shape enclosing the entire cross-sectional aper-
ture of the vessel. This insures that all of the injected gas will be
maximally heated by the column. (At lower speeds it is obvious that
some of the gas will traverse the device without coming into intimate
contact with the column.) The second advantage is the fact that both
electrode attachment points move rapidly on the respective electrode
surfaces. Thus, the heat dissipated in the fall spaces, which is es-
sentially all transferred to the electrodes, is spread over a much larger
surface area thar if the arc were stationary. This increases the thermal
loading capability of the electrodes and reduces electrode wear, which
is of considerable importance at high power levels.

(3) RF Induction Torch

One ol the more recently developed arc jet generators is the Radio
Frequency induction torch.® This device, which has demonstrated
interesting properties for many applications, is based on the coupling
of high [requency alternating electromagnetic energy into a gas
stream. Referring to Figure 7, we onserve that the gas is introduced
into a confining cylinder, usually of quartz or similar refractory in-
sulating material, which is situated inside a coil designed to carry
appreciable RF currents. The coil generally consists of a relatively
few turns of heavy copper tubing and is water-cooled during opera-
tion. It is energized by a high power RF generator similar to those
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Ficure 7. RF induction torch.

used in 1adio transmitters. Frequency of operation is no: critical and
is chosen in a given apparatus for optimum coupling. It generally
lies in the range of 4 to 20 MHz. A movable conductive rod, usually
carbon, is used to ignite the RF arc, once the RF power is turned on.
The starting rod is lowered into the coil region where it is heated by
induction. ‘This heats the gas into the immediate vicinity of the rod.
Since the breakdown potential of a gas decreascs with increasing
tempcrature, a point will be reached at which the hot gas surround-
ing the starting rod will beceme ionized Ly the RF electric field in-
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duced by the coil. Anelectrical discharge wiil therefore become cstab-
lished in this region in the form of a local eddy current sheet. This
will dissipate more energy iu the gas, thus heating neighboring layers
to ionizing tempcratwres and enlarging the conduction zone. This
process will continue until the eddy current sheet reaches its max-
imum size dictated by the size of the coil. The starting rod is then
withdrawn from the coil.

Since the induced eddy currents can flow only within the volume
enclosed by the coil it follows that the RF arc cannot be displaced
by the flowing gas. It is therefore obvious that this device is scabilized
by means of an elcctromagucetic constraint. While it is true that ion
pairs arc rapidly convected out of the arc zone by the gas stream, the
zone of primary dissipation of electrical energy, i.e,, the zone of ion
genetation, is constrained to fixed position within the coil, this
Leing the zone of maximum coupling. The cddy current sheet may be
viewed as a one-turn secondary of a transformer of which the coil com.
prises the primary winding and to which it is constrained to remain
in a fixed spatial relationship.

The basic requirement for sustained operation of this device is
that the power fed to the coil be sufficient to generate new ions at a
rate commensurate with that a1 which they are lost to the efluent jet.
In other words (as in all other arc jets) the power input must be ad-
justed to the gas How rate. It is significant that the problem of elec-
trode erosion, whici: is often a vexing problem in most other arc jet
types, does not exist in this device.

D—ELECTROSTATIC

(1) The High Intensity Arc

Arc jet generators stabilized by an electrostatic constraint are based
on the intcraction of the gas stream with the space charge sheath in
the anode fall space of the arc (sce Figure 1). The prototype of this
type of arc jet is the high intensity arc discovered in 19100, This type
of discharge is similar in configuration to the ordinary carbon arc
(or “low intensity” arc) except that the current density of the anode-
column boundary is much higher, and the two electrodes are usually
maintained at a mutual angle less than 180°. When an arc is strurk
between refractory electrodes such as carbon, then at low current den-
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sitics the heat absorbed by the anode® can be dissipated, by conduc
tion alung the anode and radiation from its face, without causing the
cquilibrium face temperature to reach the melting (or sublimation)
pointof the anvde material. This is the case for the low intensity arc
modc of operation. 1E, however, the current density is increased suffi-
ciently, a point will be rcached where the cnergy absorbed is greater
than can be dissipated by conduction and radiation. ‘I'he anode face
temperature will thercfore rise. 1f the net heat absorbed reaches a
valuce great enough to raisc the ecquilibrium anode face temperature
to its boiling (sublimation) point and also to supply the requisite
latent heat for phase change, the anode will emica stream of vapor
from its facc into the arc discharge. This strcam of vapor must first
wraverse the anode fall space region, which is contiguous to the cur-
rent-receiving surface and normally extends for a few electron mean
free path lengths into the column. Although the details of the interac.
tion!® ! between the vapor stream and the space charge sheath have
not as yet been completely worked out, there is little doubt that this
interaction is responsible for the shift to the high intensity arc mode.

‘T'he flux of vapor from the anode in the high intensity arc imposes
a strang convective force on the column, which would be expected to
deplete the column of ion pairs quite rapidly if an equivalent stream
were introduced through any other houndary than the anode fall
space. In the fall space, the layer of gas adjacent to the electrode is
cooled by conduction beiow the temperature required for thermal
ionization. Also the anode vapor, even at the sublimation tempera.
ture of carbon (4500°K) is essentially un-ionized. However, because
of the cxcess of free electrons (negative space charge) in this layer a
high voltage gradient is established across it in accordance with the
well known laws of cletivosiaiics. In a typical arc this may be as high
as 5000 volts per cm. Hence, although the high electric field extends
for only a {raction of a millimeter, the vapor atoms traversing the
layer will have a higher probability of colliding with energetic elec-
trons than in the column. Despite the lower temperature, therefore, a
much larger fraction of electron-atom collisions will be characterized
by energies cxceeding the ionization encrgy than is the case in the
column. The net result is that an appreciable number of the vapor

* Aa discussed carlier, the heat tranxferred to the anode is at least several times
that abserbed by the cathode. Hence the energy balance at the cathode does not
enter into the establishment of the high intensty effect.
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atoms arc ionized by direct clectron impact while traversing the
sheath, before entering the column proper, This mechanism of ion-
ization is known as "fichl ionization” and, by pre-ionizing the vapor
stream, automatically stabilizes the discharge against convective ion
loss.

T'he ionized vapor flux, upon entering the columg, becomes super-
heated within a fow millimeters of the surface and exits from the
sides of the column as a long plume of hot vapor pliasma known as the
“anode tail flame."" According to ance view!! the supetheating of the
vapor in the anode end of the column is due to the acceleration of
positive jons in the Gl space whee the high potential gradient i
parts to them kinetic encrgy in excess of the average thermal kinetia
energy. This directed kinetic eneigy hecomes tandomized by succes-
sive collisions and thus establishes a local steep rise in temperawne
near the origin of the vapor jet.

Since the anode in the high intensity arc is vaporized it is con-
tinwously consumed. Steady state operation, therefore, requires that
the anode be continuovsly pushed forward to maintain a constant
arc gap. This is accomplished by a suitable feed mechanism which
pushes the anode forward at exactly the rate at which it is consumed.
Electrical contact to the anode is made by means of sliding brush
contucts.

The flaw of vapor in significant amounts® through the dischaige
radically alters the clectrical characteristics of e arc. For example,
the terminal (volt-ampere) curve, which (or the low intensity arc
always demonstrates a ncgative slope, bends upward te assume a
positive shape soon after the vapor fow is initiated. This cffect is due
to the interaction of the vapor siream aad thie {icc electrons carrying
the arc current, which causes an increase in the potential gradient in
and near the anode sheath, This appears to the external circuit as a
positive resistance cumponent of the arc which more than compen-
sates for the normal negative resistance characteristic of the arc
column. A net positive resistance is therefore established across the
arc terminals causing the slope of the voltampeie curve to bend
upwards.

The potential distribution across the arc gap is also consideriubly
altered. A typical distribution for a high intensity arc’? is shown in

*i.e, in amounts such that the vapor partice flux density leaving the anode
approxinates the electron number density entering the anode.
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Figure 8. Comparing this with Figurc 1, we note that the anode fall
spivce is enlaiged amd convumes a major haction of the tutal arc
voltage. Most of this drep occurs in what may be termed the “transi.
tion region”” between the space charge sheath and the colum proper.,
‘This is the region where the vapor fiom the anode is superheated
prioy to breaking oud of the column to form the plasma tail flame.
As much as two thirds or mere of the total input eneigy is therefore
wansferred to the anwde and to the vapor arising thereftom, The
high intensity arc is therefore an cifective arc jet generator differing
{vom other types mainly in the composition af the plasma jet,

(?) Fluid Transpiration Arc

Although the high intemity arc is finding increasing application,
particularly in the field of high temperanne chemistry, there are
many other uses for which a plasma jet oi refiactory vapor is objec-
tionable. The question therclore arises whether an arc jet generator

might not be constructed based on the same principle, but in which
an external gas is substituted for the vapor of the anode, and the
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Ficune 8. Volage distributiun in the high intensity arc.
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material of the wnode itself is not consunied, This led 10 the concept
of the socalled "Auid nanspiration are,”* the most recently devel-
aped type of are jot gencraton, Like the high intensity aic, it is stabil-
ized by causing the working gas to pass through the space charge
sheath at the anode sface where it is preionized sufticiently to com-
pensate for subsequent convective depletion of ion paits from the
conduction ¢olimn, This is accomplished by using a portous anwde
through which the gas tianspites and emeiges into the anude sheath.
Since the space charge sheath iy constiained by the laws of gas dis-
charge physics to form only at the conent-icceiving surface, and since
the high electric field in this vegion prewonizes the gas before it entars
the column, it follows that in this device, as in the high intensity arc,
the arc is stabilized against convective force by an clectrostatic
constraint,

A diagram of a rudimentary form of this device is shown in Figure
+. The anode must be fabricated of a suitably refractory porous elec-
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Fiure 9, Fluid transpiration arc.

trical conductor generally mounted in a copper holder which is water-
couled to retain structwsal integrity during long term operation,
Porous graphite has been used successfully, but a more satisfactory
anode cunsists of sintered tungsten powder, which has been hot.
pressed to the right degree of porosity. The tungsten anodes are then
conveniently shrunk-fit into a copper anude holder. A conventional
cathode is used, but, as noted in Figure 9, the conical cathode tip is
provided with a nozzle for introducing some slight additional gas
mto the column at the cathode end. This is minor compared with the
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gas introduced through the anode, but has a number of beneficial
cffects.’ For example, it provides some gas cooling of the cathode;
also, when operating with a particular gas such as argon, in the open
air, it inhibits oxidation of the cathode surfacc and substitutes argon
for atmospheric components as tlic gas aspirated into the column by
the cathode jet effect.

A photograph of the fluid transpiration arc operating in the con-
figuration of Figure 9 is shown in Figure 10. This arc was run in the

Ficure 10. Photograph of iluid transpiration arc.

open atmosphere with argon injected at both anode and cathode, in
the respective amounts of 50 gm per min through the anode and 6
gm per min around the cathode. The anode face was approximately
1.5 cm? and the arc current and voltage 200 amps and 40 volts, re-
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spectively.® In this configuration the cathode js generally inclined
at a sufficient angle o the anode to allow the two jets to merge
smoothly and minimize turbulence, In Figure 10 the emergent
plasma jec is relatively smal) owing to the large gap (about 12 cms.
in the illustratior:). The merged pertion of the jet can be made
larger by shortening the g4p. However, the jet derived in this way is
not so well defined as in the nozzle type of arc jet generators. In the
extended position of Figure 10, this device has the same degree of
accessibility as a free-burning arc and s therefore quite uscful for
probe and optical studies of an arc column under the influence of
convection.

A well defined jet may, if desired, be generated by an alternative
geometrical configuration of the fluid transpiration arc. This is shown
in Figure 11. The Pporous anode in this unit is in the shape of a trun-
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Ficurk 11. Conical modification of the fluid transpiration arc.

cated conical shell providing an annular anode surface as one termi.
na) of the arc. The cathode i positioned axially, with the tip forward
of the anode annulus, and separated from the anode holder by a
cylindrical insulating insert. The arc column begins at the tip and
then reverses, flowing backwards to the anode in the form of a conicaj
lamina (heavy dashed lines in Figure 11). The transpiration gas, after
being energized in the annular anode sheath, fiows convergently
througk: the conical column and merges with the cathode jet to form

® Reference is mude 1o the zelively non-luminous zone near the anode (or
anode “dark 3pace”). Measuremer  have shown the gas temperature in this re-
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a single well-defined plasma jet. It is interesting to note that most of
the converging gas flow remains within the column despite the ab-
sence of a confining nozzle wall, and emerges in the main jet on the
axis. This is evident in the photograph of Figure 12 which depicts

Ficure 12. Photograph of plasma jet generated by conical fluid transpiration
arc.

a conical fluid transpiration arc operating with argon gas at 1 atm and
25 kw power input. This apparent confinement of the gas flow within
the column is probably a result of “collision coupling” beiween the
convected nuetral atoms and the ion drift current, which is con-
strained by the electric ficld of the arc to remain within a well defined
boundary.

ARC JET CHARACTERISTICS

As is usually the case when more than one type of device has been
developed to perform a given function, none of the above four classes
of arc jet generators can be singled out as being markedly superior to
the others in all possible applications. Selection of a particular type
is best made after the functional requirements have been specified.
Often some advantage is gained by using a hybrid generator employ-
ing more than one type of stabilization, particularly at high power
levels. Nevertheless, a general comparison of the important features
of each type of generator is necessary for an appreciation of the utility
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of these devices in the manifold applications to which they have been,
and will continue to be, used.

No cxaci comparison among arc plasma generators with respect to
a particular feature can be made since the performancc of a given
generator will vary with design, power level, ambient pressure and
other operating conditions. However, a set of performance parameters
has been selected with the aid of which generalized comparisons may
be made and which indicate performance trends under commonly

encountered conditions for the several classes of arc jet devices. These
parameters arc listed in Table II1.

TABLE III
PERFORMANCE PARAMETERS FOR PLASMA GENERATORS
EFFICIENCY — TOTAL JET ENTHALPY/INPUT POWER

MAX. ENTHALPY (h_, ) — Btu/Ib. at EXIT NOZZLE
DIMENSIONLESS MAX. ENTHALPY — (h

max/ R T,)
OPERATING LIFETIME — ELECTRODE EROSION RATE
JET CONTAMINATION — PPM OF CONTAMINANT IN JET

The first of these parameters, efficiency, is of obvious importance
since the arc jet is a device for converting one form of energy to
another and it is of interest to the user to minimize the amount of
energy lost in the process. For most applications® the total enthalpy
of the effluent jet is the desired form of output energy. Hence the
efficiency of an arc jet device may be defined as the ratio of total jet
enthalpy to the electrical power input.

The second parameter is the maximum enthalpy (hy,,) which the
device is capable of imparting to the jet and is measured as the Btu
content per lb, of gas at the orifice of the exit nozzle (or base of the
eflluent jet where no nozzle exists). This is not unrelated to efficiency
and usually increases when a particular device is operated at reduced

efficiency. It does, however, reflect to some degree the quality of the
instrument design.

Since hg,, varies with the molecular weight of the working gas,

® Plasma generators are currently under development as high power light
sources, For this application effluent jet enthalpy is wasted energy and the effi-

ciency must be redefined as the ratio of total radiated power to electrical power
input.
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itis also sometimes desirable to make comparisons on the basis of the
dimensionlcss enthalpy, hy,.,/RT,, where R is the universal gas con-
stant and T, is a convenient reference temperature (generally taken
as273° K.)

The remaining parameters, operating lifctime and jet contamina-
tion, are obviously qualitative in nature, although they can be mea-
sured in terms of hours and parts per million of contaminant in the
jet, respectively, They are both strongly dependent on operating con-
ditions which are often adjusted to meet the requirements of partic-
ular applications with respect to each parameter. Obviously, both
operating lifetime and contamination have no significance for the
consumable anode high intensity arc, and the major limitations on
opcrating lifetime for all other devices, namely, the electrode erosion,
is not applicable to the R.F. induction torch,

Table 1V lists the cficiency ranges within which the various in-

TABLE IV
COMPARISON OF PLASMA GENERATOR EFFICIENCIES
(~ 1 ATM ARC CHAMBER PRESSURE)

TYPE OF GENERATOR EFFICIENCY RANGE

WALL - STABILIZED ARC 50 75%
VORTEX - STABILIZED ARC 10-65%
MAGNETICALLY - STABILIZED

ARC (ROTATING) 15 459
RF INDUCTION TORCH 25 - 407
FLUID TRANSPIRATION ARC 80- 959,

dicated arc jet generators operz.te in practice. As a general rule, when
long operating lifetimes are required, i.e., hundreds of hours, the best
efficiencies obtainable with each device lie near the lower end of the
ranges given in Table 1V. Conversely, when the use is such that only
a few hours of operation (before a maintenance shut-down) is accept-
able, the efficiencies can be pushed toward the upper end of the
range. In almost every device the major loss in efficiency results from
the necessity for water cooling of the nozzle or chamber as the only
means of avoiding thermal destruction of the device under operating
conditions. In the wallstabilized arc the confining water-cooled
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channel is smaller for a given gas flow ratc, than, for example, either
the vortex or magnetically-stabilized arcs. In both of the lauter, and
particularly in the magnetically-stabilized device a large arc chamee

is cssential to provide the required stabilizing force, ‘Therefore, in
addition to the hcat losses in the water-cooled nozzle, further losscs
in the arc chamber are suflered duc to radiation and conduction to
the walls. Hence a higher fraction of the input power is lost with a
consequent reduction in efficiency.

In the RF induction torch the cfficiency of energy transfer from
the high frequency field to the gas is quite high. The relatively low
overall efficiency {or this device arises from the lasscs cncountered in
gencrating RF power from electrical input at power line frequency.
The high efficiency of the fluid transpiration arc arises from the
absence of chamber or confining walls and from the fact that energy
dissipated at the anode is regeneratively fed back to the plasma via
transpiration cooling of the anode by the injected gas on its way
through the porous anode.

The influence of the working gas on the maximum enthalpy is
illustrated in Table V for the wall-stabilized arc. Although a con-

TABLE V
MAX ENTHALPY OF WALL-STABILIZED ARCIM VARIOUS GASES®
(1-5 ATM ARC CHAMBER DPRESSURE)

RT, Poos
GAS MOL. WT. (Btu/lb) (Btu/lb) h,e/RT,
H, 2 188 140,000 290
He 4 244 70,000 o 290
N, 28 348 15,000 130
A ) 244 8,000 330

* Taken [rom reference 5.

siderable variation is observed in h,,,,;, among the four gases listed, the
corresponding values for the dimensionless maximum enthalpy,
hpmas/RT,, are roughly of the same order. This leads to the approxi-
mate generalization that, other things being equal, the amount of
energy delivered by an arc jet generator to each particle of the woik-
ing gas is roughly the same for all gascs.

Since the total energy content is different for different gases at the
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same temperature, it follows that plasma jet temperatures from a
particvlar device operating with a given jet enthalpy will depend on
the gas. For example, diatomic gases, such as nitrogen and hydrogen,
require more cnergy to reach a given plasma temperaturc than mon-
atomic gases like argon and helium, owing to the energy absorbed in
molccular dissociation. Also different gases require varying amounts
of energy for the ionization process, so that for a particular gas the
maximum jet temperature that can be reached is largely dependent
on the maximum efluent jet enthalpy.

Both maximum enthalpy and efficiency are strongly influenced by
pressure. The curves in Figure 13, illustrating this dependency, were
compiled from average operating data for wall, vortex, and rotating
magnetically-stabilized arcs. As noted, enthalpy and efficiency decrease
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Ficure 18. Maximum enthalpy and cfficiency vs. pressure for typical 2i¢ jet
generators.
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with increasing ambient pressure. The major rcason for this effect
is the fact that the ratio of the amount of encrgy radiated from the
hot gas in the arc chamler o the amount which leaves the chamber as
sensible heat increases with increasing pressure. At high pressurces, e.g.,
near 100 atm, radiation accounts for a major fraction of the clectrical
energy delivered to the gas. The radiant encrgy is absorbed by the
arc chamber walls and clectrodes, and must be removed by water-
cooling. Hence less energy lcaves the chamber as jet enthalpy and the
efficicncy is lowered. Thus there exists what might be termed a “radia-

tion barrier” to the efficient operation of arc jet devices at very high
pressurcs.®

APPLICATIONS OF ARC JET DEVICES!'®

The single most valuable feature of arc jet devices for purposes of
application is the capability of hcating materials in a continuous
stream to ultra high temperatures. The historic use of the low inten-
sity electric arc to heat materials was limited by stability considera-
tions to the role of a point source of heat, as in the submerged arc
furnace, wherein the maximam temperature achievable in the ma-
terial itself was necessarily below the temperature of the arcand rarcly
cxceeded 3000° K. With the advent of the arc jet devices described
above, the peak tempcratures of practically achievable hyperthermal
environments were incrcased by an order of magnitude, and the rates
of material through-put in and out of these environments were
similarly advanced. It is therefore easy to appreciate that a vast new
frontier has been cstablished in both science and technolegy.

A compilation of the various groups of applications of arc jet tech-
nology is shown in Figure 14. The grouping is arbitrary and the ex-
amples listed are by no means comprehensive, It douvs, however, pre-
sent some of the more important areas in which arc jet devices are
already advantagcously being used or are under serious development.
Lack of space precludes the discussion of all, or even the major part,
of the examples shown. In the following a few selected applications

are briefly described chiefly to illustrate the breadth of applicability
of arc jet devices.

® By the same token, the cfficicncy of plasma light sources increases with in-
creasing pressure.
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TECHNOLOBY

PLASMA GENERATION

| 1. 1 1 1
AADIANT ULTRA MIGH
] BIAQGNDSTICS PROPULSION N TEMPERATURE INDUSTRIAL
SOURCES CHEMISTRY
THERMAL ARC MIGH INTENSITY txoTIc -l CutTiNg l
WIhD TUNMEL JET ENGINE SEARCH LIGHT VATEMIALS
HYPERTHEAMAL MHO PLASMA . MIGH SPEED
| ENVIRONMENT THRUSTON SOLAR SiMULATOR PRUCESSING
{srnv COATING J
] HIGH SPEED ULTRA FINE
KINETICY PARTICLES
L] cRowve WIGH TEMPERATIE
PROPAGATION ¥
IN PLASMA VRNACES

Ficure 14. Applications of arc jet technology.

A. WinD TunNELS

ROCH ORILLING

‘The need for upgrading the performance of wind tunnels to pro-
vide test facilitics for hypersonic and reentry vehicles stimulated the
carly development of a high power arc jet heater.

There are several parameters which are used to assess tunnel per-
formance, depending on the diagnostic function under consideration,

TABLE VI*

FLIGHT STAGNATION ENTHALPIES FOR VARIOUS REENTRY VEHICLES

VEHICLE CLASS
ICBM—m—— ——

FLIGHT SPEED

STAGNATION ENTHALPY

23,000 ft./sec.

10,500 Bru/lb.

SATELLITE

LUNAR 'ROBE—

25,000 It /sec,

12,500 Bru/Ib,

$5,000 ft./sec.

— [ 25,100 Bru/lb,

MARS PROBE-

45,000 ft./scc,

—1 40,000 Btu/lb.

’E'rlken from reference l}:.
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The most important single parameter for

classes of hypersonic vehicles, It is evident that for such vehicles an
ultra-high temperature heating device is indicated. In addition to
achicving high chambcer enthalpy, simulation of the flight Mach mum.
ber is also desired, as well as low jet contamination (e.g. 1000 PPM)
and an operating lifetime of at least several howrs,

Until now, no heater has been developed which provides complete
simulation for all classes of vehicles under consideration, However,
the closest approach to the ideal test condiiions is provided by an
arc jee heater!® of the type skewched in Figure 15. ‘This consists of

INSULATOR

TANGENT{AL GAS INLET PORTS

FIELD COIL N
— CATHODE
ANODE
NOANAN AT P EXHAUST
ST iy vET
LSS SIS -~ 7,
" o &7 G By £ S b & a8 Vs %
ARC COLUWN
SWIRL CHAMBER ~NOZZLE
o+ _&

Fieure 15. Sketch of four megawatt high voltage arc heater developed for
wind tunne] use,

w70 long cylindrical sections comprising the two electrodes, the front
(nozzle) section usually serving as the cathode, while the rear section
serves as an anodc. A larger diameter portion at the base of the front
clectrode provides a swirl chamber into which the gas is injected
tangentially. An early form of this device has been in use for over 20
years in the commercial production of acctylene.'?

modern aciospace diag:
nostics is the maximum cnthalpy content of the gas leaving the cham.

ber, This must be somewhat gicater than the maximum flight stag-
nation centhalpy developed by the vehicle whose flight iy being sim-
ulated. Table VI lists the characteristic stagnation enthalpies for four

-
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~—- EFFICIENCY x (00 (%)

60007
50004 ARC VOLTAGE (VOLTS)
— /— AVERAGE 0AS ENTHALFY
4000 - (8TU/Ib)
3000 4
2000 POWER YO GAS
(KILOWATTS )
STAGNATION PRESSUNE
IOOO-l P (psia)
o ¥ L] L A 1
) .20 40 .80 .80 1.0

AlR FLOW RATE (b /esc.)

ARC CURRENT - BOO AMPS,
NOZZLE THROAT DIAM, -0 325"

Fiivre 16, Perfommance cutves for four megawatt are heater. (Couttesy of
Linde Division, Union Carbide Company, Indianapolis, Ind.)

B. FABRICATiON!®

Flames have been used to fabrivate wmaterials into desired shapes
since the dawn of civilication. The basic task in this application is one
of heating the material, usually & metal, o iis melting point. This is
the case whether the objective is cutting, joining (welding), coating
(lame spraying or surfacing), or sitaply massive melting for subse-
quent casting into molds. Until the introduction of arc jeis the lames
usedd in performing such tasks have always been devived from com-
bustion. In modern times the development of oxygen-{uel gas tordhes
has been an important factor in setting the pace of industrial advance-
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ment. When practical are jet devices were developed, almost simul-
tancously with the need for fabricating refractory metals and alloys,
the application of the arc jet to fabyication was a logical consequence,

There are several reasons why an are jet is superior to combustion

torches in flame heating applications.® The obvious one is, of course,
the high temperature capability of the are jet. However, because of
the greater complexity and cost of arc jet cquipment, the relative
merits of the two types of flames must be assessed for tasks within the
capability of both. A uscful comparison for this purposc is provided
by Figure 17, The curves in this figure show the percentage of the
heat content of the flame which is available for transfer to a matcerial,
plotted as a function of the temperature at which the heat transfer
takes place. Thus, if it iy desired to use a methane-air combustion
flame 1o heat material to 10007 €, only 507 of the heat content of
the flame can be transferred, the remainder being catried off as sen-
sible heat of the combustion products. A similar situation would ot
cur at 2500° C for the octanc-oxygen flame. At the flame temperature
the percentage of heat available for transfer goes to zcro, and it is
impossible (o melt materials such as tungsten, whose melting points
are above the flame temperature of oxy-fuel gas combustion flames.
No such limitation exists for a plasma flame, which, of course, does
not have combustion products. The shight drop of heat content avail-
able for transfer in the plasma jet reflects a minor increase in water-
cooling requirements for arc jets operated so as to achieve higher
temperatures in the work piece. Under practical conditions from 709,
ta 8597 of the cflluent jet enthalpy in arc jet torches is available for
useful transfer.

In addition to superior heat transfer capability, the usc of plisina
flanies has the important advantage of providing a compatible at-
mosphere for the heating process. In the case of combustion flames,
the combustion products can often contaminate the work piece, par-
ticularly in the heat-affecied zone, causing scale to form and embritde-
ment of the material. Metal working plasma jets are charac? ristically
formed in inert gases, such as argon or helium, or mixtures which do
not adversely atfect the material propertics at clevated temperacures.
For this reason plasma torches are currently used even in the low
temperature region where energy wransfer efliciency is no longer a
major consideration.

A significant advantage of the arc plasma jet is its high clectrical
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Ficure 17. Available energy from plasma and combustion flames. (Taken
from relerence 19).
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CUTTING .-
POWER
SUPPLY

<

Ficure 18. Transferred arc cutting torch. (Courtesy of Linde Division, Union
Carbide Company, Indianapolis, Ind.)

conductivity which permits operation of the torch in the so-called
“transferred arc”’ mode.?* This is illustrated in the schematic dia-
gram of Figure 18. Here the (metallic) workpiece is connected directly
to the positive terminal of the power supply, while the torch nozzle
is connected through a resistor. Initially the torch is ignited only to
the torch nozzle; however, as soon as the jet contacts the work piece
a major portion of the current flows through the cenductive jet and
enters the metal at the sides of the cutting kerf, This has the consider-
able advantage of increasing the enthalpy of the cutting jet by addi-
tional Joule dissipation and also largely transferring the anode fall
space dissipation from the nozzle, where it is wasted, to the workpiece
where it is uscfully absorbed. This arrangement increases the rate
at which heat may be delivered to a metallic workpiece by a factor

of 3 to 5 times. The transferred arc mode is also used in plasma weld-

ing and plasma flame spray coating of a metallic substrate. The util.

ization of arc jets in the fabrication industry, particularly in the areas

involving cutting, welding and flame spraying, are now commonplace.
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C. CHEMICAL APPLICATIONS OF THE HIGH INTENSITY ARC

Chemical applications of arc jet devices have, with thie exception
of afew carly developments,!? lagged behind the physical applications
listed in Figure 14. A considerable body of research®!- 22 has been ac-
cumulating in recent years which delineztes the unusual difficulties
facing the development of practical techniques employing ultra-high
temperature environments for chemical purposes. The media are
thermodynamically very complex, even for relatively simple con:
positions, and arc not conducive to theoretical analyses. Residence
times at the high temperatures are very short and kinetic behavior
in plasma environments are not well understood. Furthermore, the
practical matter of handling very hot gases efficiently and of control-
ling the cowrse of chemical reactivns during the rapid quenching
phase usually involved in arc jet chemistry pose formidable problems.

Despite these difficuities, the overall technology is fast approaching
the point where applications of arc jets to chemical processing are
becoming practical. The fixaticn of nitrogen and the conversion of
methane to acctylene have already been cited. In these examples the
major problems have been overcome to the extent that, under special
circumstances, these processes could be operated competitively with
the traditional processing techniques.

Of special interest are several chemical applications of the high
intensity arc. These show promise of early incorporation into the
industrial processing ficld. Onec of the rcasons for the advanced status
of the high intensity arc in this regard is the fact that no confining
walls are involved in this device thus permitting high energy transfer
efficiency. Also, the reacting materials for these applications are not
gases but refractory solids, which in turn provide a more controllable
situation, as will be demonstrated in the following two cxamples.

(1) Sub-micron Particulates

The use of the high intensity arc to produce an aerosol? of silica
was one of the first chemical applications of this type of arc jet gen-
crator. Since then it has been used?¢ to comminute a wide varicty of
other materials inciuding simple and complex oxides, metals, metallic
carbides, etc.

(2) Refractory Metals and Carbides

One of the problems encountered in past attempts to use arc jet
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techniques for producing refractory metals and carbides from their
corresponding oxides has been the difficulty in condensing pure
products from the tail flamc into which all reactants are initially
projected in the vapor state. The high intensity arc (Figure 19)

POWER

SUPPLY
CATHODE
TERMINALS ITHORIATED TUNGSTEN)

CATHODE
BRUSH CONTACTS

ANODE ‘ = TS TO EXHAUSY
FEED i =F - - 7 e
——— . _

PLASMA TAIL FLAME
(CO OFF GAS ¢ VOLATILE
IMPURITIES)

ANOOE
{STOICHIGME TRIC MOLTEN FiLM OF METAL

MIXTURE OF OROPLE T on
METAL CARBIDE SHOWING
A aroE, o PRODUCT DROPLET" FommATION "
FALLING AwWAY (T~ 8000 *x)

FROM ANOOE

Ficure 19, Diagram of chemically induced high intensity arc used for pro-
duction of refractory metals and carbides.

provides unique opportunity for circumventing this difficulty. By con-
trolling the rate of cnergy transfer to the anode it is possible to estab-
; lish a high intensity arc discharge without the necessity for all of the
! electrode constituents to pass inio the vapor state.*® This possibility
1s based on the nature of the products of a carbothermic reduction
of a refractory oxide. The reactions are;

MeO 4 C - Me 4 CO for a metal;

where “Mc” stands for a refractory mctal.

The high intensity arc process is useful for the production of a
varicty of high purity metals, such as uranium, thorium, niobium,
tantalum, molybdenum, tungsten, ete. it is also applicable to the pro-
duction of the various carbides of these and similar metals, cither as
single carbides or as true solid solutions of multiple carbide systeins.

l

I

. or

1 McO 4 2C— MeC + CO for a metal carbide,
|
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CONCLUSION

From the foregoing survey of arc jet technology, it is clear that
this field has become a technical discipline in its own right and that
it will continue to pervace both rescarch and industry with growing
importance within the next few decades. Arc jet technology may
properly be regarded as the engincering aspect of the more general
fields of plasma physics and chemisiry. As such, it is presently in-
volved in the evolution of a number of exciting ncw developments,
including MHD power generation and controlled thermonuclear
fusion, whose successful accomplishment can alter the course of civil-
ization.

It is perhaps appropriate to conclude this discussion by quoting an
evaluation of the economic impact of arc jet technology on the tech-
nical community.?® Annual expenditures on research, development
and testing in the field of plasma technology, approximately 909, of
which have Leen borne by governmental agencies, amount to some
$30,000,000. As a direct result of these expenditures, it has been esti-
mated that, in addition to the benehits to defcnse and space programs,
more than $100,000,000 has been added to the gross national product.
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VIII. Biological Sensors

T'HEOoDORE H. BULLOCK

YrAR “FTER YVEAR SENSORY PHYSIOLOGISTS continue to discover new
sensibijities and new forms of transduction. No other system in the
body parallels the pleihora of distinctively differentiated organs,
many of them in lower animals of still unknown function and yield-
ing one by one to combined behavioral and clectrophysiological
study.

The old five senses, sight, hearing, taste, sme'l and touch have been
replaced in current literature by classes or modalities based on the
form of the normally adequate stimulus. ‘[’hese are photorcceptors,
phonoreceptors, tactile, vibration, position, acceleration, stretch, pres-
surce and other mechano-receptors, chemoreceptors, thermoreceptors,
electroreceptors (a recently discovered whole class, treated below) and
nociceptors (stimulated by noxious, often pain-inducing, ¢vents),
These in turn comprise a larger number of submodalities such as the
unit afferent nerve fibers responding to particular assortments of
tastes, or smells or colors. A far larger number of lines (we will use
as virtually equivalent nerve fibers, axon, unit receptor, channel, and
lie) are labelled, that is, “known” to the part of the nervous system
which receives and analyzes the input. There are labelled lines repre-
senting each topographically separate receptive field on the skin, each
warm spot and cold spot, each distinguishable unit field of the visual
world, the auditory units distinguishable by their frequency responsc,
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member at Yale, Missouri, UCLA and the Marine Biological Laboratory
ai Woods Hole.
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the muscle, tendon, joint, scmicircular canal, blood pressure, and
other receptor units geographically defined.

In man there arc something more than 108 receptor units, most of
them rods and cones in the retina.

But to gain some fecling for the process of investigation of biolog:
ical sensors let usstart with an actual experiment.

INFRARED RECEPTORS

If you decide to test the hypothesis inferred from anatomical struc-
ture that the curious Iacial pitof the pit vipers (Fig. 1) is a scusc or-
gan, you could perform the following simple maneuver. Exposing
the nerve sirgically some place between the facial pit, which lies just
in front of the eye and its entrance into the skull, one can tic a thiead
around the nerve and sever it between the knot and the skuli pre-

Ficure 1. Head of a rattlesnake showing the facial pit, dissected to reveal
the thin membrane at its bottom, which is the sensory structure.
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scrving as long as possible a peripheral sturap, that is, the length of
nerve coming from the facial pit to the point of the cut. One can then
lift the whole s.ump onto an ddecrrade consisting of a platinum wire
bent into a convenient hook, Another electrode is placed anywhere
clse on the snake; we would choose a place close to the nerve in order
to wvoid picking up the electrical signs of the heart beats or the
respiration. Connecting these clectrodes to an amplifier, you would
find a continual roar or sh-sh-sh sound which is the combined activity
of many nerve fibers, cach carrying a nerve impulse, which contrib-
utes a one millisecond “pop,” several times to many times per sccond,

Now you are ready to test different stitmuli and look for effective
and ineffective forms of environmental change. You would find that
a wide variety of odors had no effect, nor a wide varicty of sounds,
nor changing the position of the animal, accelerating it this way or
that. If you touched the membrane at the bottom of the facial pit
with a wisp of cotton or a camel’s hair brush you would find a
threshold above which the background roar or sh-sh-sh sound would
dramatically increase in general level. The same thing happens if you
turn on a flash light, directed at the pit from the front and only a few
centimeters away or a spot light, like an automobile headlamp, {rom
a few meters away.,

Do we then have an ambiguous detector of touch and light? If you
filter the light with a thin layer of water and Mohr's salt, the radiation
ceases to be effeciave whereas if you filter with a pitch black infrared-
passing glass the lamp is once more eflective. Evidently it is the infra-
red component of the radiant energy that stimulates. Fxtension of
these simple tests shows that the response depends on the contrast
between the source of long wave length radiant energy and the pre-
vailing background radiation which is effectively measured by the
surface temperature of the objects in the field of view. The tempera-
ture of the intervening air is without effect. Even the temperature of
the snake and its sense organ is, over a wide range, without effect.
We have, then, an infrared change detector which is sensitive over
the rauge of wave lengths, from about 1 to 15 or more microns, re-
sponding with a marked acceleration of the spontaneous background
activity to a dose of 5 x 10710 calorics delivered in less than 100 milli-
seconds onto the area of terminal branching of onc receptor (Bullock
and Diccke, 1956).

This finding has diffzrent sorts of significance to different people,
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depending on their prior interests. For herpetologists the feature
that catches attention is the possession of this ability by all specics of
the family of the pit vipers including the vattesnakes, copperheads,
water moccasins and their allies and by all members of the Family
of the boas and pythous, which is not a closely related group, and by
no other snakes in a considerable series examined in the recent study
by Barrct and me.

From the point of view of the evolution of the senses in the verte.
brates one is struck by the presence of this specialized sensory develop-
ment in certain biandhes of the fifth aanial nerve whercas nerves
supplying other portivns of the skin in the same and other groups of
vertebrates cither possess no such receptors or they are excessively
scarce.

For the general physiologists concerned with mechanisms of trans-
duction the point perhaps most immediately of concern s the evi
dence that the infrared detector is actually a warmereeeptor, That is,
its response depends on a rising temperature of the sensory nerve
endings (Fig. 2) rather than on the radiation as a wave length-specific
or photochemically active stimulus. This means chat the organ is in
the class of temperature veceptors, of which the best studied aic cold
receptors, that is, those which incarease their firing upon cooling.
These snake receptors are the best understood warn receptos at pres-
ent. We believe they are essentially like the warm receptors in our
own skin.

However, the differences are what concern the camparative physiol-
ogist, who is impressed by the outstanding illustration here of the
principle that modest changes in sccondary features such as the
anatoniy cain make a profound ditterence in the use to which an organ
1 put in the life of an animal. Although the sensitivity scems to be
about the same for man and rattlesnake in terms of threshold tem-
perature change, about 1/1060 of a degrec centigrade if reasonably
abiupt, (Fig. 2), there is a millionfold difference in favor of the rautle-
snake when given in terms of calories of flux at threshold, This is
mainly due to the seasitive endings being within 2 icrons of the
surface instead of more than 500 microns as in our own skin, Other
anatomical details confer a high vesolution of detail and a basis for
localization of the radiant source. This, together with integration
over time and moveinent of the snake, can give information on size
and distance. The secret here is an exvraordinarily fine grain or high
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Fiutre 20 Respouscr ol a single sensory fiber in a brandh of the Vi cianial
perve supplying the Liad pitin a rattdesnabe o thiee different danges in
tonmperatute. These were imposed by a tiny stream ol flowing water dineeted
onto the mrmbranc and carrying a warm front, due to a loop of 1esistance
wire heated by a sudden cusient, Note thenmaconple records of temperature
of water ia the pit- Spontatecous fiting is relithbly fucreastd within less than
Htysed. (Fiotn Botok and Decke, 1950).

density of sensory nerve fibers per sqquare mitlimeter of the sensory
membrane (Fig. 3), combined with its location at the bottom of a
pit with a somewhat vestricted mouth that casts shadows on the sen-
sory membrane (Bulfock and Fox, 1957).

It you me interested in the ultiastructure of receptor endingy, this
is one of the most extraordinary, The unmyelinated tenininals are
fice and cxtremely abundant, ramifying, and parked solidly with
mritechondrin, The whole laycr Hes between 2 and 5 microns ielow
thesurface.

If you are interested iy the mechanisms of transduction at the
molecular and chemical level, this should be extraordinarily Favor-
able material but nothing can be said o satisfy your curiosity at
present. To pique your interest the equivalent Qg for thie increase in
ﬁring vate with a thieshold stimulus of about 1/1000° C is  10%9

Space limitations prevent more than a brief mention of other
featues of interest, Recent work in Japan has achieved suceessful
mitoclecnode recording of the subthreshold receptor potentials.
1'he phenomienon of spontancity referied to at the outset is itsclf a
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Ficure 3. Nernve endings in the ratdesnake pitinembrane as seen in a whole
mount, fortanately impregnated with seduced silver. Note capillavies and
bloaxd corpuscles for scale, The number of sciary asons per sgaie mm s
greater than the number of optic nerve hhers per squine nan of yedn in
man. Fach is highly branched: the clecron microscope shows even e
branching than this silver stain, The saale is 50 micrometers long. (brom
Bullock and Fox, 1957).

property of major importance in the brain and can be studicd haie
with particular advantages. Certain statistical propertics of the spon-
taneity, both short range irregularity and longer term swging, are
of theoretical and mechanistic interest. On and on go the probhlems
of basic principle invoived in a given instance of sensory reception.

Let us pass on. We could develop the picture of recent advanees in
chemoreceptors in the taste buds and in the nose as well ws the anten-
nac of insccts, A great deal of work has been done on the stretch
receprors that measure passive or active pull on a muscle. We conld
develop the sull unknown receptors for many environmental stimuli
that animals 1espond o behaviorally including hydrostatic pressure
in the range of a few centirreters of water, x-rays far below lethal
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dose, gamma 1ays, magnetic fields and others; in most of these we
have no idea whether a nervously innervated sense organ is involved
or the detection is a property of gencralized cells. Instead of any of
these alternatives, I want to teli you about the recent discoveries in
electroreception.

ELECTRORECEPTORS i | ELECTRIC F'SH

Herc is a group of receptors, interesting in their own right as a
recently discaovered new class of seinse organs and also for the insights
they provide into questions of general principle.

The encyclopedic ichthyologists of the last century knew about

Gymnotidss

Giathonomus
curvirostiis

Mormyrops boulenge-i
el 1
Mornyrops - Gy '
sttenuatus Gymnarchiost
- - o aprp S ——— =

e o

Gymnarchus maciops
niloticus

FiGURE 4. Some of the many genera of electric fish. A1l of the fresh water

families Gymnarchidae and Monnyridae (African) and Gymnotidace (South

Amicrican) are deciric, i.c. possess an elecric organ and disd:arge pulses
] 1§ 8 4

into the water, {(From Lissmann, 1958).
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the possession of small electric organs by thrce familics of fresh
water fish, the Mormyridae and Gymnarchidae of Africa and the
Gymnotidae of South Aimerica (Fig. 4). But since the organs were
patently too small to generate clectricity of offensive or defensive
magnitude these fish were referred to as pseude-electric fish and re-
mained an enigma in evolutionary theory since there was no ade-
quate explanation for the evolution of organs to a stage not yet
developed enough to be of value for the only functions that were
conceived of.

Only a few years ago Lissman (1958) at Cambridge re-examined
these fish and proposed a new theory of the function of these organs,
which has opened up a large field of investigation from behavior to
cellular mechanism and brain processing. These fish are found to
discharge the electric organ in the form of brief pulscs from several
to many times per second, continuously night and day (Fig. 5). The
voltage is low, one or a few volts open circuit, and rapidly attenuated
with distance from the fish. Nevertheless, says the hypothesis, this

- 4 4 i N i i | i 4 - [
v T r 0t
105066 056 05008006 00G006006 00605605005 0050051

(1) Gymnotus carapo

1l ]L —]L 1L_—1L lLﬁL lt IL ]L_jL

(2) Stostogenes elcgans

SNNNNNANNNNNTVL

[} 0000UOOUOOQDUOODOODOQDODOOQODBOUDOOOQQODO

(3) Swerncpygus

WWMMMWWMWMWMWWWWNW

o0oo0Ouvoboado o0noldopoBoov0oobodoodoaQdoodo

(4) Elegenmannia virescens

Ficure 5. Some of the kinds of electric organ dischiarge pattern. Note lower
ant bigher frouencics, respectively more and less irregular, broader and
= ver pulses. (From Lissmann, 1958).
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pulsatile ficld of current is used by the animal to detect inhomo-
gencities in the conductarice of the environment such as those caused
by dielectric or conducting objects, therefore virtually anything that
is not identical to the water in its conductance. The distortion of the
field by objects (Fig. 6) is detected, according to this picture, by an
array of special detectors in the animal, each reporting to the brain

WA
Ay

FiGure 6. Dmgnm of the ficld around a (half) fish and its distortions due
to objects in the water, thervefore, a diagrmn of the usual adequate stimulus
according to Lissmann’s (1938) hypotiesis.

the intensity of the field at its locus, the brain then synthesizing an
analcg of the watery world by computation from the many channels
of input.

This praposal has been supported Ly behavioral, physiological, and
anatomical studies in more than half a dozen laboratorices in recent
years. It has led to the discovery of a class of receptors (Bullock et al,
1961; Hagiwara et al, 1962) which cannot be ascribed to any ol the
familiar categorics such as chemorcceptors, thermoreceptors, photo-
receptors, mediinoreceptors and the like. OF course, many kinds oi re-
ceprors arce subjeci to indluence by applied clectric current but we
cannot, therclore, call them electroreceptors. The necessary and suffi-
cient evidence in the case of the electric fish receptors was the finding
that they respond systematically to the naturally occurring electric
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fields and to its alteration by displaccment of objects in the ficld.
Incidental to this was the demonstration of high sensitivity, abun-
dance, wide distribution and antomical specialization from other
reiated scnse organs.
Let us exarnine this sense organ and its propertics. The first thing
important to realize is that a differcntiation into scveral types has
occurrcd, anatomically and physiologically different, though all an.
swering to the name and criteria of electroreceptors. All these types
belong to the system of acousticolateralis sense organs, which are in-
nervated by the lateral line nerves, a common possession of elasmo-
branchs (sharks and rays), bony fish and aquatic amphibia. This is an
extensive serics of sense organs in the skin of the tail, trunk and head
innerva‘ed by branches of the extraordinary nerve that comes directly
from ti. . cain though running the length of the body. This system
is therefore superimposed upon the regular sensory endings of the
segmental nerves from the spinal cord; these latter are generally sim-
ple, branched, free nerve endings without structural spccialization.
The lateral line receptors are structurally specialized, mainly in two
ways. First, there is a nonnervous cpithelial cell, usually ciliated, and
of special aspect, that appears to be the actual receptor or sense cell,
It receives the endings of the aferent nerve fibers of the first order
neurons in this sensory pathway. In other words, the excitation of the
first order neuron is indirect: the environmental stimulus is detected ?
and transduced by the nonnervous ciliated sensc cell, somctimes
called a hair cell, and this in turn excites the dendritic terminal of
the first order afterent fiber, presumably by chemical transmission.
This indirect method involving nonnervous sense cells is nearly
uniquc among ali animais and senses; perhaps only in the taste buds !
of vertebrates is there another comparable situation. The higher
vertebrate ear with its cochlea and semicircular canals are special
derivatives of the same lateral line system and sharc this feature.
The second gencral feature of this system is that instead of diffuse,
salitary cells, clusters of hair cells occur in organized relation to cach
uther, permitiing the use of the term organ; these may be quite dis-

trunk,

Most recepions of the lateral line system are some variety of
mechanoreceptor, from static position (tilt detectors) to movement
(acccleration detectors), vibration (transmitted from solid substrate)

i E g i - % R




by At S o 7 R St b S et O S g T e S - —

————— e -

bkt

RSTUIEARRP VAW T STV WIERTT PR

vtk e w0

186 VISTAS IN SCIENCE

to near-ficld water-borne disturbance (displacement detectors) to far-
field water-borne sound waves (pressure detcctors).

The clectroreccptors are the only exceptions since their excitability
has not been attributed to mechanical events.

Note the consequence of this arrangement: electroreception is not
as simple as one might suppose, electricity directly exciting the nerve
fiber, hence by-passing a transduction process; instead electric cur-
rent presumably excites the sense cell which then, presumably by
release of chemical transmitter, excites the sensory nerve endings.
One of the fascinating questions of general principle is whether
there is a relation b tween this indirect chain of events and that be-
lieved to obtain in the highest and most studicd cf the acousticolat-
eralis organs, the cochlea or organ of hearing. Here a so-called coch-
lear microphonic potential faithfully reproduces the sound waves and
is thought to mediate the excitation of the cochlear nerve endings;
it is not really known whether the hair cells generate the cochlear
microphonic and with it excite the nerve endings or rather detect the
cochlear microphonic like electroreceptors and thereupon chemically
transmit the excitation to the nerve endings.

Wiikiin the general scheme of lateral line sense organs the electro-
receptors are apparently histologically differentiated though only a
few speculative proposals have been made about tie relation of struc-
ture and function (Szabo, 1965; Waltman, 1966; Wachtel and Szam-
ter 1966; Lissmann and Mullinger, 1968). Little is known at present
at the light microscope or electron microscope level which would
help to explain the high sensitivity to voltage gradicnts in the water
outside the fish. The structure does offer an explanation of the low
sensitivity to mechanical disturbance, since these organs are vather
well cut off from direct contact with the external medium or the
lateral line canal.

Itis quite possible, although the histology alone cannot clarify this,
that there is a low resistance electrical path from the surface down to
the sense orzan and that the surrounding skin is of unusually high
resistance, thus providing a funnel for current from the external
medium to the inner body tissues which, in turn, offer a low resistance
return path to the electric organ,

The sensitivity of the electroreceptors has been measured on the
whole animal by behavioral endpoint and on the single sensory fiber
of the Jateral line nerve by psysiological endpoint on several species
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of different families with widely divergent results. The most sensitive
are behavioral thresholds in the range 0.08 wv/cm (Gymarchus, Liss-
mann) and 0.01 «v/cm (Raja, Dijkgraaf and Kalmijn). The basis of
estimation, voltage gradient per ccutimeter in the water, is used in
order to compare results. However, an understanding of the receptor
will require conversion into current density and resistance of each
part of the path, or the voltage drop across the receptor membranc.
None of these is known at present,

A principal cffort in the physiological analysis ol the electrorecep-
tors has been to unravel the types there are and (o characterize them.
This is done by laboriously and carefully dissecting the lateral line
nerve to isolate minute bundles of fibers and eventually a single func-
tional unit and recording its nerve impulses with electrodes anu am.
plifiers while delivering controlled stimuli that reveal its properties.

The unexpected result has been the discovery of several types of
nerve impulse code fundamentally distinct from the classical fre-
quency code and this is another main arca of interest for general prin-
ciples of nervous communication,

The classical frequency code has been for many years the answer to
the question: How is information represented in sucams of nerve
impulses in nerve fibers? One of the very first problems we face when
we ask how the brain works is this one of the form in which informa-
tion contained in ncrvous messages is represented, whether from the
sensory receptors to the brain or from the brain to the muscles or
from place to place within the brain and spinal cord. As soomn as
amplifiers and string galvanonicters permitted the discovery of nerve
impulses in the carly decades of this century, it was noticed that nerve
fibers irom sensc organs being stimulated carry more impulses per
second the stronger the stimulus. This has been repeatedly confirmed
and is so reasonable for a code based on nerve impulses—which are
all or nonc events about a millisecond in duration, that the notion
of an average {reuency representation is well established. Some of
the electroreceptor fibers behave in accordance with this coding
scheme (Fig. 7).

In the electric fish we have found scveral other types of nerve fibers
however that do not correspond with this picture. One type has been
described from a species of Sternopygus that fires its clectric organ
consistently at 100 per second. This type of nerve fiber follows the
electric organ discharge with a single nerve impulse from the electro-
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Ficure 7. Average [requency coding. The response of a unit in the lateral
line ncrve of a gymnotid, that appeats to code by the classica: means. Stimulus
was an object brought into and out of the receptive field. (From Bullock
and Chichibu, 1966).

receptor to the brain and this one-to-one relationship is maintained
during stimulation by introducing conducting or dielcctric objects
into the receptive field of the receptor, for cxample by moving a metal
rod along the side of the fish about a centimeter away. The sensory
fiber fires at 100 per second and cannot carry information about the
stimuius by its frequency. The parameter which shows the response
of the receptor is the time between the electric organ discharge and
the sensory nerve impulse. This latent period varies systematically by
about 2 milliseconds for a movement of the metal rod of 1 centimcter
(Fig. 8). Since there are other sensory fibers which do not change in
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Ficure 8. Latency coding. The responsc ol a unit in the Jateral line ncrve of
a gymnotid that cannot be coding by frequency und apparently codes by the
magnitude of the delay between its firing and that of another lass of units,
During the slow vertical sweep of this record an object was moved in and
then out of the receptive ficld. (From Bullock and Chichibu, 1966).

latent period with stimulation the central nervous system has a basis
for measurement of latency and hence of the alteration of the elec
tric field by the metal rod. We can call this a latency code (Bullock
and Chichibu, 1956).

Aunother class of fibers is cncountered in these fish which does not
follow every cycle of the electric organ discharge but misscs either
occasionally or more frequently according to the presence of 2 stimu-
lating object in the water. Missing does not cccur regularly every
second or third or fourth or fifth cycle of the clectric organ discharge
but is significantly nonrandom and oun the averuge codes a stimulus
strength althcugh with a limited dynamic range. This system can,
of course, be treated as an average frequency code but is different
from the classical form in that the intervals are quanial. Whether
the brain reads it in the same way or not is a question for the future.
In the meantime we can call this a probability code.

In specics of Hypopomus the clectric organ discharges at from 5
to 30 per second and a dass of clectroreceptors follows cach dis-
charge, not with just one or no impulses, but with zero or one or up
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to 15 impulses in a short high frequency burst (Fig. 9). Taese fibers
may encode the presence and intensity of a st.mulus by the number
of impulses in the burst or by its duration; typically there is no
systematic change in the intervals between impulses. In any case
we cannot treat this as a frequency code because the average fre-
quency will primarily depend upon the numbar of electric organ
discharges per seccnd which vavies over a wide range at the will of
the fish. It may be called a number code, or what is equivalent, a

duration of burst code, since the intervals are not systematically
changing.
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Ficure 9. Number or duration coding. The response of a unit in the lateral
line nerve of a gymnotid that cannot be coding by mean frequency and ap-
parently codes the intensity of the adequate stimulus—presence ol an ob-
ject in its fivid, by thie nuwmber of nerve impulses at a nearly fixed [requency.
Note the stecp funclion of position and opposite effect of dielectric and
conducting ohjects. (From Hagiwara and Morita, 1963).

The fibers cading by average frequency are as remarkable as any
other. For they are smoathly changing Irequenc: with intensity of
t'mulation in the presence of the pulsatile field of the electric organ
discharge, somehow ignoring that frequency. The possibility sug-
gests itself tha: they are integrating over many electric organ dis-
charge cycles at the expensc of promptness of response to a new
stimulus. But this can be eliminated becausc the fibers in question
continue to fire and to respond to objects even when the electric
organ is silenced by anesthetic or other means. Evidently these re.
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ceptors have a high ut off filter that prevents the brief event of the
clectric organ from stimulating and are mainly sensitive to the fecble
DC and slowly changing voltages in the water from other soutces
of current external 1 (he fish. Under any but the most dhemically
clean conditious there normally exist sources of current in the water
and the walls of the container or objects in the water and while the
voltages ave small the sensitivity of the 1cceptors is quite high enough
to respond to such stimuli.

Considerations of electroreceptor sensitivity and function led us
to basic principles of ncural coding ind these i turn have led us
back to questions of utility. The discovery of this class of elecuo-
receptors that do not depend upon the clectric organ raised the
possibility that such mgans aie widespread among species lacking
a specialized electric organ. New  evidenee, particularly from: be
havi ral studics on sharks and rays without electric organs, stiength-
cns the suggestion that such is the casc. One of the outstanding puz-
zles of sensory physiology since the Lae *30's has been tae function
of the characteristic and abundant sense organs in the skin of all
sharks, skates and rays called ampullae of Lorenzin. Work pub-
lished in Holland (Dijkgraef and Kalmijn, 1966) scems to have
established the function of these receptors scattered through the
skin of elasmobranchs as clectroreceptars, responding to the action
potentials generated by prey species of fish through their heart beats
or respiratory or locomotor movemients, 1 expect still other species
of fish to be found which normally make use of electroreception.

The relevance of such studies for basic brain physiology is that
ordinary nerve cells in the brain in all probability arc normally in-
fluenced iu the frequency of their firing by standing and slowly
changing potentials in the tissue in addition to whatever clse con-
trols them; common nerve cells are in fact electroreceptors. It s the
available stimuli and their meaning that are still in question.

Let us look a little farther into the behavioral function of the
electroreception in electric fish, Lissmann and Machin showed
(1958) that Gymnarchus can learn to distinguish between two ob-
jects that differ in electrical conductivity, for example, two porcelain
filter candles filled with different mixtures of distilted and tap water.
Mohres (1957) indicated a social significance of the discharge in
mormyrids, in connection with territorial defeuse.

I want to tell you of some new evidence that gymnotids use this
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system in close range navigation, obstacle avoidance and detection
of apurtmes or channels. Prcliminary evidendce in my laboratory
indicated that species of eledric fish ot the family Gymnotidae were
much better than a number of species of nonelectric families of
fresh water fish from the tropical fish store in a task involving find-
ing the apertne in 4 baflle beeween two halves of the aquarium when
that aperture was shifted at random between uials. The fish weie
trained on a so-called shuttle-box operant conditioning paradigm.
They learned that when the lights camne on, clearic shocks would
soon follow and shorily thereafter prodding would occor, unless
they reticated thhough a door to the other half of the aguarium,
whercupon lights would go off and they would be left in peace.
After the fish learned to solve the problem, the clear plastic partition
between the two halves of the aquarium was changed to one with
cight holes, of which all but one were covered for each wial accord-
g to a quasi-random number table. Because of position habits and
personality differences a few specimens were refractory to the shuttle
box task but fom teen specimens of eleetric fish (Eigenmannia, Gym-
notus, Hypopopmus and Sternopygus) were cach wained to rouse,
hunt for and pass through the open hole in an average of less than
30 seconds. (The electrie fish commonly rested motionless during
the 3 0 5 nunutes between trials. They did not always rouse and
start to hunt with the Lighton signal but did so with one or an
occasional brief electric shock delivered by hand switch at the
judgment of the uainer. Only in the caily stages of shaping was
prodiding nedesary. These fish will not work for a food reward.) One
or two specimens cadh of en species of nonelectiic fresh water fish
{inn the gevcia Garassins, dnoptichtiys, Barbus, Anostomus, Cay-
doras, dstronotus, Anguilla, Mastacembelus, Protupterus, Petromy-
con) succceded in averaging no less than 300 scconds to find the
aperture even though continually searching or moving about and
icerinitently reisfforced by shock or prod, having come to plateau
perlormance alter a week or two of training ac 20 trials a day. Only
fwo species of noneledric fish tried were able to do as well as 45-60
seconds (Aranthoplithalnus sp, and Xenomystus sp.)

To test the hypothesis that the electrorcception was of some aid
in frnding the apertores (visaal, mechanical, and cther cuces or senses
were not elininated) the following experiment was devised. Clus-
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ters of four carbon rod elecurodes mounted in the same mctal holder
above the water were fixed in position near cach of the aperturces
and became part of the normal furniture of the fish’s world, External
connections pernutied shorting together any combination of the
ecight clusters. A coitain fish was then wained with clusters 1, 3, 5
and 7 permanently shorted together and 2, 4, 6 and 8 permanently
shotted together. Another hish was trained with 1, 2, 8 and 4 shorted
together and 5, 6, 7, and 8 shorted together; another with 1, 2, 5, and
6 shorted together and 3, 4, 7, and 8 shorted wgether, cte. After
reaching platcau perforntance, measuring the time to find the open
apertere, typically about 20 seconds, occasional trials were injected
into a session with an unfamiliar pattern of shorting of the clec
trodes, The results of a preliminary series on fourween fish was a
significant increase in the time required to find the aperture, typi-
cally by about 5 1o 10 sceonds. The same test could not be tricd on
the nonelectric fish since they were unable to find the aperture in a
rcasonable or consistent length of time. The conclusion is that in the
clectric ish a sudden dhange from the familiar in the shape of the
world, conductance-wise—not usually mechanically, or chemically
detectable upscts the fish's performance by a significant amount,
To test the reciproaal problem of providing an electrical clue of
the position of the comrect aperture a new device was coustructed,
‘The partition between the two halves of the aquarium was pro-
vided with swinging doors of which two were used for a given fish;
m any trial one was locked and the other free o swing. A pair of
carbon vods in front of cach door could be extermally shoried or
left unconuected; one of these conditions was the indication of the
uniocked door. The measurcment in this case was not time but
departure from chance level in choosing a door to push upon, fol-
lowing the onssignal, to reach the other side of the aquarium, During
the many days of testing trials the fish is occasionally given an elec
tric shock if it is not active and near the choice points; this main-
tains its motivation te get thiough the partition but doces not give
any clue as to the unlocked door. The result with our atrangement
of clucs was a small departure from chance level of choice but at a
highly significant level. Each of 14 averages of 100 or morce trials in
5 Gsh, (Gymnotus carapo and Guathonemus sp.) were significant at
the 0.5% level with the carbon rod dues and an addiuonal 8 avar-
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ages were slightly less significant at the 19, level. One fish given the
same shaping and training failed to choosc the correct door signifi-
cantly above chance level in 100 or more trials with one geometry
of the carbon rod clues but achicved 0.5%, significance on another
geometry.

Since the conditions were uniform with respect to visual, mechan-
ical, and chemical clues the only modality available in these experi-
ments was electrical and in the form of a very minor change in the
configuration of the electrical world, avoiding the intentional intro-
duction of voltage gradients (although minute inequalitics between
the carbon rod electrodes could not be eliminated). The results
show that the eleciric modality is used by these gymnotid electric
fishes. However, tasks have not been devised which would bring out
the differences we presume must exist in the utilization of electro-
recption in object detection between species, for example, the high
frequency-fixed fiequency species and those discharging the elec-
trical organ at a low and variable frequency.

Some of the difference last referred to may be involved in the
social communication function of the electric discharges and electro-
reception. Experiments (not reported here) in our laboratory and on
the Scripps Institution of Oceanography Research Vessel Alpha
Helix in the Amazon indicate a wide difference among species in
the amount and kind of behavioral response to electric pulse signals
of the type of the fish's own species.

Between the properties of the peripheral receptors and the be-
havioral reactions is anoiher chapter of interest, namely, the study
of second order and higher order processing of the sensory input by
the analy.crs in the brain in order to extract the information of
interest to the organism from the large number of parallel channels
of unit receptors. Enger and Szabo (1965) have successfully recci'~d
from single neurons in the brain that show responses to obj. cts
different from those of the sensory nerve fibers, e.g. phasic change
depending on direction of movement regardless of the nature of
the object, whether dielectric or conductor.

Instead of expanding on this discussion of electroreception, I
want to tell you about some recent work in the same direction in
the ultrasonic auditory systems of bats and dolphins, which my
colleagues and 1 (Drs. Nobiuo Suga and Alan Grinnell and collabora-
tors in Japan) have worked with in the last few years.
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ULTRASONIC AUDITORY ANALYSIS

If an ancsthetized bat is mounted in a holder with its head im-
mobilized and the roof of the midbiain is expc =d by opening the
skull, a microelectrode consisting of a glass capillary drawn tu a
fraction of a micron diameter at the tip and filled with a conduct-
ing salt solution, can be introduced into the portion of the midbrain
called the inferior colliculus and advanced in steps of a few microns
while the potential difference between this and an indifferent elec-
trodc on the skin or muscle is watched on the cathode ray osciilo-
scope screen. This is, in fact, a widely used technique for hunting
for single nerve cells or nerve fibers in the brain in order to study
their properties and responses to stimuli of many kinds. It is a
technique requiring patience and luck combined with skill since
the factors that operate to permit picking up single units that are
still functioning are not really understood, while clearly the vast
majority of nerve cells the electrode encounters or passcs are not
heard from or are damaged. We thercfore have no way of knowing
at present whether the units that we do find and study are a repre.
sentative sarmple of the population or selected for some feature that
biases the sample.

Let us consider some of the kinds of units that have been en-
countered in such «xploration in bats. The reason for studying bats
is that, in association with their elaborate behavioral employment
of echolocation, the auditory system in the brain is enormously de-
veloped and readily accessible and the range of hearing extending
into the ultrasonic above 100 khz gives us more than two extra
actaves of 1uum for @ Tiverirg cauliory stimuli,

First, we shall plot the response of each unit by choosing a pure
tone that is effective in causing impulses in the unit, when delivered
with a gradual rise that prevents the onset click and maintained
for a period langer than the latent period of the unit spike. Now,
we shall weaken the intensity of the sound until an arbitrary cri-
terion of threshcld is reached, for example one spike response in ten
repetitions of the tone pip or a spike probability of 0.1. These stim-
u,as conditions establish a point on a graph of frequency against
intensity at threshold which we may call the excitatory response
arca curve. This curve is typically U or V shaped with a best fre-
quency where the threshold is minimal and rising thresholds at
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higher and lower frequencics. Some of the units encountered have a
broad response arca. Others have a narrow response area with a
much steeper fali in sensitivity on each side of a narrow best fre-
quency. Some units show suppression by high intensitics, at an
upper threshold, therefore giving a graph which is a closed figure.

Now let us add a further test. Delivering a sound within the re-
spoasc arca that is above threshold at some effective frequency, we
will now try the eflect of superimposing sounds of other frequencies
ani intensitics. In some units, particularly those with the narrow
ex Citatory response arca, we find sounds both inside and outside of
tlus area which therefore do not cause any excitation but which are
effective in altering the responsc to the conditioning tone in the
direction of suppression. In this way we can plot the threshold in-
tensities at different frequencies for the inhibitory effect and obtain
an inhibitory arca (Fig. 10). This may overlap the excitatory response
area; that is to say tones in the overlap region not only can elicit spikes
but at the samc time inhibit the responses to other tones simultane-
ously delivered. Inhibitory areas may occur on either high frequency
or low frequency side of the excitatory response area, or on both sides,
In the latter case, they may be quite symmetrical or one inhibitory
area may have a considerably more sensitive best frequency than the
other. On the basis of simple stimuli with pure tones, single or paired,
we have found an array of different types of units by the limited
criteria of wide versus narrow excitatory 1esponse area, high inten-
sity suppression, presence or absence of inhibitory area, one or two
inhibitory areas, and symmetry or asymmetry of two inhibitory areas.
We would probably find still further differentiation ot types of nerve
cclls if we looked ar other criteria such as the time course ol responsc
to stimuli at a fixed moderate intensity or at a certain number of
decibels above threshold.

Instead, let us introduce another form of stimulation, namely, fre-
quency modulated tones. If during the latent period of response the
tone is swept through the frequencies included in the response area
we will get a respanse, providing the intensity is above the best
frequency threshold and the sweep rate is suitable—about one octave
in 4 mscc. If the frequency modulated tone starts in an inhibitory
response arca there will gencrally bo no response cven though
the tone sweeps into an excitatory response area, At these sweep
rates presumably there is an aftereffect of the inhibition which
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*1GURE 10, Threc kiids of auditory nerve cells in the brain of a bat (dia-
grammatic), and an arrangement of them that would cxplain the responses
specialized so that frequency modulated tones are recognized but fixed fre-
quency tones cause no respense. Neurons “a”’ and "b" do respond to fixed
frequency tones (excitatory response area in white); they also have inhibitory
areas (hatched) and these are asymmetrical, in the opposite senses for “a”
and for “b". The result is that "a” responds to upward sweeping FM tones
(solid arrow) at low intensity and not to downward sweeping FM at any
intensity (dashed arrow): "“b" is the opposite. If “a” is inhibitory to *'c”* (here
~hown via an interneuron i) and “b” is excitatory, the result will be that
"¢ responds to no pure tone, but has an inhibitory response area and fires
only to downward sweeping FM tones in the right range. The table shows
the effect of different tones as indicated on the abscissa upon the three
neurons. E and ¢ are stronger and weaker excitation, I and i are stronger
and weaker inhibition, O represents no effect. (Kindness, N, Suga).
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suppresses response during the bricf period of the excitatory stim-
ulus. Therefore, in general, there is no response to frequency mod-
ulated tones in symmetrical units or units with inhibitory arcas well
developed on both sides of the excitatory. In asymmetrical units
frequency modulated tones can cause a response at low intensity if
swept in the right direction, that is, from the excitatory towards the
inhibitory frequencies. The varicty of types of re,punse to frequency
modulated toncs is further increcased because some units have in-
hibitory areas to simultaneously delivercd tones but not to immedi-
ately successive tanes so that the frequency niodalated stimulus does
not show a dircctional prefercnce,

With this background you may sce the great interest in the dis-
covery of some units in the highest level of the auditory system, i.c.,
in the cercbral cortex, which do not respond to any pure tones what-
ever but do respond to frequency modulated tones in the correct
range and direction (Fig. 10). One of the particularly exciting and
pregnant directions in which contemporary neuronal physiology is
developing is in the discovery and analysis of what 1 call recognition
units, that is, units which are property detectors responding to mod-
crately complex combinations of features in the stimulus situation,
for example, small dark moving objects in the visual field or rec-
tangles in a certain orientation. Here is a particularly good onc in
the auditory domain, because it is so quantitatively specifiable, of
intermediate complexity and readily understood on the basis of a
model requirine simply the convergence of two of th . simpler kinds
of asymmetric  units, one presumed to be excitatory and the other
inhibitory (o the recognition unit. In no other recognition unit so
far is there such a satisfactory model (Suga, 1965) based on known
types of simpler units. The model is non-trivial also because it as-
serts that the aucial interaction is bascd on inhibitory action and
not on augmentation or facilitation.

If we add another complication to the stimulus we quickly find
units whose behavior cannot yet be explained fully. In his current
work in our laboratory, Dr. Suga is permuting combinations of pure
tones, frequency modulated tones and bursts of white noisc, band-
limited at chosen upper and lower bounds. Thesc three basic forms
of stimulation simulate rather well the major component; of human
spcech, namely, the formants prominent in vowcls, the transitions
and the wide spectrum bursts dominant in the consonants. Suga
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(1968) finds units which respond to cach of these three alone, and not
to the other two, or to twa of the thiee but not the third {2:n ol stim-
ulation or to all three forms given in combinations. There can be
inhibit -y interaction in many cases but so far no facilitatory inter-
action. The responsc to a given vowel or a transition can therefore
be very much dependent on the other frequencies present besides the
constant frequency or the modulated frequency. Many units are thus
scnsitive to the sound structue, not only to the frequencey, hut to the
succession of intensitics,

Another way of studying the properties of auditery centers is by
recording with clectrodes that see more than onc nerve cell at a
time and give us the compound potential resulting from the summed
activity of scveral or many units. We will call these responses evoked
pote “ials and it is cvident alrcady that their behavior will not be
entirely predictable from what we have learned about units since
it is not to be assumed that we have secn all types of units or know
their relative contributions or their microdistribution within the
tissue.

Grinnell (1963a, b, c, d) has given us a series of thorough studies
of the behavior of evoked potentials in bats at diffcrent levels of the
auditory system and I sclect here only some features for mention. The
evoked potential is chiefly an onset respanse but is nevertheless quite
dependent for its dctailed form upon the frequency composition
of the tonc. It is also very scnsitive to slight changes of intensity,
down t0 0.2 to 0.5 db. A few hundred cycles of differcnce in frequency
around 50 khz produces a distinguishable alteration in the form of the
response. The evoked potential is preferable to the unit spike 1e-
coiding for the study of latent period and recovery after a condition-
ing stimulus since the response is more consistent. The bat is highly

specialized for time resolution of auditory signals and shows cx-
tremely rapid recovery with nearly complete temporal resolution
down to less than 1 msec of interval between two clicks. This recovery
is better at low intensity stimulation and, surprisingly, at higher
levels of the auditory system. Indeed, at higher levels there is a period
following the first tone pip when the response is more excitable than
normally, even at periods as short as 1.5 to 2 msec. The case of spe-
cial interest for the normal behavior of the bat is the case of high
intensity sound simulating the bat's own cry and a low intensity
second sound like the normal echo, Recovery is still remarkably good
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when the it sound is 40 to 50 db stronger than the second; the sec-
ond tone gives 25 to 50 per cent response at 1 to 2 msec interval.
Clearly thete is central procesting bewween the first and the later
auditory centers which enhances the seusitivity to subsequent sounds.

Another evidence of central processing is in the improvement of
directional sensitivity from lower to higher centers. Sensitivity to the
direction of a source of round is important for the bat and is highly
developed; the maximum difference between the mnost sensitive direc
tion and the lcast sensitive direction is from 40 db to 68 db in some
experiments. Some single units at higher levels have shown a differ-
ence in threshold of as inuch as 9 db per degree of arimuth.

The central processing involved in directionality is also relevant to
the resistance to jamming, which is another cvidence of specialization
for the echolocation employed by these animals, Sharp tuning of many
units is no doubt a major part of jamining 1csistance; tuning can be as
sharp as 35 db per khz. This can be combined with the sensitization
brought about by the first tone pip and with the directionality and
binaural interaction, cspecially at higher centcrs, that will reduce the
effcct of a noise source coming fiom a different direction.

A bat and a dolphin are 2bout as dramatic a contrast as the mam-
mal: offer—in size, habitat, appendages—and attractiveness to man.
Yet it was basically a similarity between them that led a group of
Japanesc and a group of American scientists, of whom I was one, to
ccllaborate on the first scries of clectrophvsiological recording studics
on cetaccans, using the recently developed breakthrough in anesthesia
of these difficult animals (Nagel ct al, 1964). That similarity is the use
of ccholocation to detect objects and find and discriminate prey, the
use of ultrasonic frequencies, short click-like sounds, rapid and
supiusticatcd madys; of souads and the possession of large and
elaborate brain regions associated with auditory functions. The kind
and degree of hypertrophy in different regions, from medulla to col-
liculus, to geniculate, to cortex is quite different in chironterans and
cctaccans, and the overall brain development is mostly greater in
dolphins than in bats. Dolphins are highly vocal animals and use a
repertoire of sounds, probably largely for social communication,
that is one of the widest and most varied in the animal kingdom.

All this makes an examination of the physiological capacities and
specializations of the auditory centers of the dolphin brain a most
desirable objective. I want to tell you briclly what we lcarned in two
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short scasons on the coast of the bu Peninsula in Japan where num-
bets of dolphiag ate caught commercially for fowd and we were able
to do & gouod series of more than 20 animals. “Lhe full regovt has just
appeatcd and gives details of techmniques for solving the formidable
problems of ancsthesia, surgery, eledrode placement, underwater
stimulation and so on (Bullock et al, 1968),

We concentrated for this fiust study on an intermediate tevel of
the auditory pathway, i.c. the interior colliculus and nuclens of the
lateral lemniscus (Fig 11). ‘These are midbiain centers. Higher levels
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Fisure 1], Diagram of recording eledtiade in position in the inferior col.
liculus (PC) ot the dolphin, showing method of appoach, The electrade
(detaidy was inserted through the smallest of thiee concentnie metal wbes
devigned w hold the whole assembly in place an the membianows tenoriom
and petmit free advancement of the electide. (From Ballock et al, 1908),

(geniculate or cortex) would mean such a high degree of wopographic
sorting out that it would be difficult 10 do two experiments alike
before making a complete wap, Lower levels ave hikely o show less
of the specialization for processed input that we weve interested in
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Figuae 12, A Recavary ol itsponain igis 1o faiiitor stond silnulic dolplilia
(Stenella) collicular evoked potential. With tone pips of the same frequency
(8% khz, 0.3 msec duration, 0.1 msec rise and deday times), recovery of re.
sponse to the second of two stimuli i plotted as a function of interval, when
t{:‘c stimuli were of equal intensity (31 db abiove thieshold, or 17 4 30), and
when the first was 10, 30, and 40 db louder than the second. Note that
although a louder firat stimulus does prolong depression of a sctond e
sponse, recovery is still considerable at 2 misec interval when the fiast is 40
db mure intense. Note also the dip in the recovery curve at 3 misee, pre-
sunably representing shore wnn inhibition superimposed on relvactoriness
of receptor elements, B Caompatable measurements showing responsivencss
o a hh ke/s signal following exposne at ditferent intervals 10 an earlier
stimulus of 40, 60, 60 and 70 ke /3. hoth stinmuli in the pair were choswen
w be 30 db above thicshold ac their respedtive frequencies. (From Bullock
<t al, 1968).
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studying. The midbiain proved to be an exccllent compromise, with
a target we could hit and a compound evoked potential in response
1o suitable sowudy, that showed a gratifying degice of 1epeatability
in successive expariments.,

An clectrode in the inferior coMiculus iccords a tast and complex
serics of waves, 1epresenting activity in & population of well-synchro-
nized neurons, The compound respouses of many unity making up
the evoked potential often shows more subtle iesponscs ta stimulug
conditions than single units, as well as short Lacncy, carliar rewovery
and a better sample from which to judge the sound fiequency range
of the animal's hearing.

The performance of the dolphin midbrain potentials is remark-
able compared o ordinary laboratory mammals but much like that
of the bat. Furst, the 1ccovery is so rapid that a substantial to a nearly
complete response can be obtaired to the second of two clicks only
one Mmiilisccond oy less after the first one (Fig. 12), and it will follow
a train of clicks up to 2000 per sccond. The response is extremely
phasic and briel and is just as good 1o a tone buist 0.4 ms. i duration
as 0 one of 4 or moure my. Though not semsitive to dwation, the
evoked potential is sensitive to changes in rise time and this in a very
fast range, 0.1 10 1.0 s, Tt is also sensitive to the freguency within a
tone pip even when the duration is only 0.1 ms., therefore containing
only 210 10 cycles. In certain ranges the amplitude and form of the po-
tendial is highly sensitive 1o changes in sound intensity as small as 1
db. The range of eficctive frequencies extends at least up w 135 khz
and best frequencies are usually around 40 khz. Wave form is marked-
ly altered not only by frequency but by the range, rate and direction
of frequency modulation. 1 is also altered, without necessarily any
attenuation, by subtle changes in the quality of sounds, as by a thin
paper sercen held (Fig. 13) at a critical place near the face. Masking
by certain frequencies and especially by white noise, is prominent.

In short, the system is highly developed for rapid, high frequency,
brief sound stimuli and for small differences between such stimuli.
The dolphin has heen shown behaviorally to echolocate. The spe-
cializations are in many ways similar to those of bats but we have
prohably only scratched the suiface; in particular we will doubtless
find other parts of the system specialized more for the longer, lower
frequency sounds of svdial communication than for the clicks and
echos.
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Ficure 13, Evoked potentials from the midbrain of the dolphin, Stenella,
showing the sensitivity of waveform to distortion of the sound field. A piece
of thin notepaper, 10 x 15 cm. was held 2 cm. from the skin over the portion
of the head indicated. Read and loudspe-ker wers in air. Tone pips of 50
khz, 0.5 ms in duration, abrupt rise and fall \:licks) ai § db, repeated at 20
per second, delivered by speaker on animal’s right. Recording electrodes in
both left and right sides of the brain; 64 sweep samples averaged for each

line; two successive averages superimposed; time of full sweep equal 32
msec. (From Bullock et al, 1968).

Incidentally, we found the surprising fact that the receptive field
does not converge on the external ear. The most sensitive region,
mapped with a small roving sound source (animal and source either
in air or in water), is the side of the mandible opposite the midbrain
whose response is being used as endpoint; the next sensitive is over
the ipsilateral melon (forchead) (Fig. 14). The cone of reception is
much narrower and steeply falling off than in ordinary mammals.
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FicurE 14. P-.ttern of sensitivity of an individual Stenslla to sound producsd
by a hydrophonc pressed against the head surface at the points shown. The
numerical values represent attenuation at threshold; therefore, the largest
numbers represent greatest sensitivity. Contour lines are drawn at intervals
of 5 db in sensitivity. Recording was from the inferior colliculus. Note that
sensitivity was greatest along the side of the contralateral manditle (except
for under the tongue), and on the ipsilateral melon. (From Bullock et al,
1968).

These examples have been chosen to indicate about where we are
today in understanding biological sensors. They illustrate a hetero-
geneous and irregular, shifting frontier. We can be confident not
only that many of our ideas and interpretations today will prove to
be wrong but that new types of questions and mysteries will continue
to ernerge faster than old oncs are cleared up.
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IX. Recent Advarices In Organic
Fluorine Chemustry

JosepH D. PARK

THE FIELD OF ORGANIC FLUORINE chemistry was given a great impetus
in the United States by the pioneering work of the late Drs. Thomas
Midgley and Alber. H. Henne who were instrumental in starting the
fluorocarbon refrigerant and propellant industry.

Screndipity has always played an important part in chemistry. Let
us take the above case lcading up to the development of the Freons—
the non-toxic, nonflammable refrigerant now universally used in
electrical refrigeration and air conditioning. In 1929, Midgley, the
inventor of Ethyl gas, and Henne, his assistant, were called upon by
Charles F. Kettering of the General Motors Research Corporation to
find a substitute for sulfur dioxide, a toxic and corrosive chemical
then in use as a refrigerant. An error in the literature jed these men (o
the use of CCl,;F;, now known as Refrigerant-12, as the desirable s1.b-
stitute. From this first pound of Freon made in 1929, United States
production reached over 600 miliion pounds for the year 1967. More
than two-thirds of this tonnage is presently utilized as aerosol propel-
lanis for products necessary for milady's vanity and convenience.

Again, the long arm of coincidence and serendipity played a repeat
performance, as if on demand, i the case of Teflon. True, Tefon was
an accidental discovery, but it was Dr. Roy J. Plunkett’s curiosity and
persistence which eventually paid off.

He and I were assigned to the same project—the syntheses of new
fluorine refrigerants at du Pont. As an intermediate, he had to synthe-
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size and store tetrafluorocthylenc in a pressure cylinder. This com-
pound, which boils at —80° C., was previously reported to be in-
capable of undergoing polymerization. After about six months’ stor-
age, Dr. Plunkett had occasion to use the gas again. When he opened
the valve on the inder, no gas evolved. Many of us would have
discarded the cylinder as being empty. However, Dr. Plunkett had a
good record of the net, tare and gross of the cylinder, which told him
that the cylinder was not empty. Suspecting a clog in the valve, we
cooled the cylinder in liquid nitrogen and unscrewed the valve,
which was found to be unclogged. Laoking down into the cylinder
with the aid of a flashlight, we found a dense white deposit in the
bottom. In order to sccure the material, the cylinder had to be cut
open with a hacksaw. Thus, out of a research for new refrigerants
came the unsought-for miracle polymer, Teflon, which survived many
abortive attempts to bring about its demisc.

Lest one gets the impression that all important advances and de-
velopments in chemistry are the result of serendipity, we must not
forget that the key is that the researcher must retain at all times a
sensitive curiosity which is stimulated to examine these unexpected
results,

Wonderful serendipity had previously reared its beautiful head in
the synthesis of tetrafluoroethylene—the monomer so necessary for the
production of Teflon. Starting out on a program based on a hypoth-
esis which later proved to be incorrect, I first began to study the
pyrolysis of various fluorinated compounds. Availability of the start-
ing materials determined the order in which the various compounds
were to be subjected to this study. Only the first four compounds
studied yielded economically desirable products, among them being
tetrafluoroethylene, a product which we were not looking for. This
method, first carried out in 1989, is still in use as the major process
for the synthesis of tctrafluoroecthylene—another windfall and un-
looked for “spin-off.” This one product gave organic fluorine chem-
istry the biggest boost, not only in economics, but alse by giving
greater impetus to fundamental research in fluorine chemistry.

This material has becn the basis for the production of not only
Teflon but also for Viton-A, Poly HFP, Fluorel, Krytox, E-Fluid,
material of great economic importance, as well as of scientific interest.

Another accidental discovery was that of “squaric acid” in our
laboratories at the University of Colorado. I first passed up this most
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interesting material, chemically known as 1, 2-dihydroxy-3, 4-cyclabu-
tenedione, which onc of my students, Dr. Cohen, had accidentally
preparcd. Preliminary examination showed this compound to be
devoid of any fluorine atom. I told him to let it lie since we just
couldn’t be caught synthesizing, cven accidentally, a non-fluorine-
containing organic molecule. Eventually, however, we allowed this
material to sce the light of . hemical day in order to justify Dr. Cohen's
doctora] dissertation. It may be ironical that if posterity is to remem.
ber both Dr, Cohen and me for our chemical contributions, it may
well be ior our discovery of “squaric acid”—a non-fluorinated product
emanating from a laboratory devoted to fluorine chemistry. Such is
screndipity.

At this point, it may also be quite apropos to introducc the steps
leading to the filament formation of Nylon-4. Study of this new
polymer was being carried out by one of my students, Dr. Paviow. All
attempts to draw filaments were unsuccessful. One day, a stirring rod
was accidentally left in the polymer dissolvcd in formic acid. Several
days later, in pulling out the stirring rod from the sticky mess, we
obtained filaments which could be oriented and therefore cconomic-
ally uscful, This, we later found out, was how Dr. Julian Hill of the
du Pont Company first obtained a filament from Nylon-6 polymer
which made economically feasible the great new synthetic textile
field.

We first embarked on the syntheses of 1cactive monomers for poly-
merization studies on the hasis of a seminal suggestion by Profcssor
Paul Flory, than an advisor for AFOSR. He suggested that a hetero-
atom in the fluorocarbon backbene sheuld be of some help in pre-
paring elastomers with desirable low and high temperature proper-
ties. Studies on this basis led researchers to the development of fluor-
inated nitroso rubbers. My group at the University of Colorado con-
tributed quite significantly to the synthesis of CFs—N-—=0O which
copolymerized with CF,=CF; to lead to the elastomeric nitreso
product,

It is our belief that it is in this pregnant field of Auorine endeavor
that eventual solution of the sealant program for the superconic
transport (§§T) will be made.

With this historical treatmecnt as the prologue, we will now con-
sider the various chemical facets relating to some recent advances in
organic fluorine chemistry under the following headings:

TS T AR L e ¢ LAz iRt e R e Eeia . o



- e ————— & "

fe o e Gt N S Ao e

e e e ——— = &

210 FISTAS IN SCILNCE

L) The utilization of photochermical and thermal reactions leading
to new synthetic routes to unsaturated polycyclic compounds contain-
ing polyfunctional groupings in highly fluorinated compounds.

IL) Recent advances and progress in the reaction of polyfluoro-
cycloalkenes with various nucleophiles and the probable pathways
of the reaction.:.

The above methods lead to the syntheses of new compounds useful
as intermediates capable of undergoing further rcaction, i.e, poly-
merization, telomerization, etc.

A. Synthesis and Chemistry of Unsaturated Polycyclic
Fluorocarbons

‘The early work in this field is that of Park and Franki»®.c.4 covering
the chemistry of the bicyclobutyl derivatives of the following type:

% 5

n ¥ where X=H or F. In this series of studics we
a ra

showed how the various compounds were synthesized by a process
involving co-dimerization under thermal conditions.

1-Chloro-1,2,2-trifluorethylene (F1113) adds to 1,1,4.4-tetrafluoro-
butadizne (I) in good yicld to form 1-(g.8-difluoro)-vinyl-2,3,3,4,4-
pentafluoro-2-chlorocyclobutane (11). No diadduct was obtained in
this reaction at 160° or 220° C.
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Similarly, 1,1.dichloro-2,2-difluoroethylene (F112A) codimerizes
with I to afford 1-(8,8-difluoro)vinyl-2,2-dichloro-3,3,4,4-tetrafluoro-
cyclobutane (I11) in varying yields, The yield of III was 399, when
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the reaction was conducted at 205° but rose to 939, at 220°. In addi-
tion to IIT and 1112A dimer a substantial high boiling fraction (187
160°) is obtained in this experiment. Three components were isolated
from this fraction whose suucture cannot be determined. 1 he hoped
for diadduct of 1112A and I was not present in the mixture,
Dehydrohalogenation of thie vinyl cyclobutanes, 11 and 111, has
been the subject of extensive investigation. As reported previously,
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hoth compounds react with KOH in mineral oil but yiclds arc uncer.
tain with considerable polymerization or decomposition 2ad loss of
both HF and HCI occurs to give a mixture of products (1V, V, VI).

The reaction of 11 with KOH in ethanol gives a very complex mix-
ture of the three possible dienes (1V, V, VI (HF and HC1 elimina-
tion) (~359,) and at least ten ethers (~65%,). Although a complcte
analysis of this complex mixture was impossible, some components
were identified. An interesting major product (~119}) was assigned
the structure VII on the basis of its IR and mass spectra. It might
arise from F- attack on 1l or addition of HF to 1V, The major cther

product (~17%,) has tentatively becn assigned structure VIIL This is
based largely on the IR spectrum as a molecular ion is absent in the
mass spectrum. Most of the products are highly reactive dienc ethers
and are unsuitable for analysis.

Reaction of 111 with KOH and cthanol similarly gives a mixtur~
of products. Two unsaturated ethers and one saturated ether were
isolated in addition 0 the diene, V. Data collected on these cthers
has not yet allowed structure assignments.

Several other dehydrohalogen:ition mediums were investigated in
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hopes of obtaining cxclusive dehydrochiorination in good yield, Tri-
cthylamine reacts violently with 111 even if highly diluted and at
—76°C. P'yridine and anilinc react less violently but with appreciable
discoloration or polymcirization, Aniline might react suitably in cold
dilute solutions. Dilute aqueous KOH again gave HY and HCI clim-
ination in a slow reaction, Hydrolysis for degradation caused rapid
base depletion and a poor recovery of fluorocarbons. Silver oxide in
DMF and diglyme gave mixtures of products in low conversion.
Silver oxidc in ethanol is the best solvent yet discovered for the de-
hydiohalogenation of 111 The reaction is complete under mild con-
ditions and affords the dicne, V, in 55, yicld and 1-(g,8-difluro-g-
cthoxy)-cthaneyl-2-chloroterrafluorocyclobutene (IX) and 1-(g-fluoro-

g-cthoxy)-vinyl-2-chlorotetraluorocyclobutene (X) in 25 and 209
yiclds respectively. X has been shown to be the trans (H-F) isomer by
proton NMR. No cis isomer is produced. Since IX is not stable with
respect too X under the reaction conditions it must be concluded that
X results from nucleophilic attack on the diene, V. This is confirmed
quantitatively by monitoring the ratio of the two products as the
reaction progresses. ‘The reason for such an attack giving rise to trans
X exclusively is unclear.

Investigations on the hydrolysis of the ethers IX and X were con-
ducted. Treatment of cither compound with concentrated silfuiic
acid resvdts in a rapid and quantitative conversion to l-carboxy-
methyi-2.chloro-3, 8, 4, 4-tetrafluorocyclobutene (X1).
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A codimerization of the mixed dienes obtained from dehydrohalo-
genation of 11 with Genetron 1113 led to a complex mixture as antici-

pated. A substantial portion of the dienes was recovered unreacted
and no cyclobutencylcyclobutanes were observed. Two bicyclobu-
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tencs were in the product mixture resulting from thermal dehydro-
fluorination of the missing adducts, Other produdts way be present

and fmther investigations ave in progiess. The towest boiling adduct
has been assigned structure V1L

)\ | P 2 1 r 0 f
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This is supporicd by the mass spectrum (m/c = 302 with one Cl),
partia! analysis and an 1R spectrum showing a strongly conjugated
unsymnietrical dicne systern. ‘The second adduct collected has been
assigned a structure, It is 2,2'-dichlm*uunnllt;probi(y('lnbuwnc. A
third isomeric component hay been isolated. Its IR spectrum and
melting point distinguish it {rom the preceding compound. Con.
sideration of possible products leads to the conclusion that the com.
pound has structnre X1 or XIV. Fluorine NMR will serve to dis-
tinguish between these possibilities.

A codimeriration between Genetron 1112A and the diene, 11, was
also carriedd out but has not yet been worked up, Considerable un-
reacted dicne was recovered.

A significant advance in the synthesis of the title compounds has
been accomplished by 8. K. Choi of this Laboratory in a reaction in
which Liodo-2-chlorotetrafluorocyclobutene has been coupled on
passing over hot copper. Studics have indicated the need for a long
contact time and a trace of DMF— as a catalyst, Vields arc @

caily
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quantitative with complete conversion with sufficient contact time
over copper powdcr, The 2,2’.dichlorooctafluorobicyclobutene (XV)
obtained has been the subjecc of numerous additional studies.

This was made possible by our discovery of a new method of pre-
paring vinylic iodo compounds preparced by the following sequence of
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reactions. In addition (o the thermal 1eaction of E' , the ultra.
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. . L 1 . .
violet ivradiation of‘ rU over mercury yiclded H . Sim-
1
1

ilar coupling results weie obtained from the corresponding diiodo
periluorocyclohiexenc.

These vinylic monoiodo and diiodo compounds gave us an entry
to compounds, heietofore unknown and inaccessible, through the
isolation of the corresponding vinylic mono-lithio and dilithio or-
ganic derivatives,

The preparation of the cycic vinylithivim reagents was arcom-
plished by treating either liodo-2-haloperflvorocycloalkenes with
methyl lichinm in cther at —78°, Subscquent ticatment with cither
dry ice or, more preferably, with gaseous carbon dioxide yiclded, after
hydrolysis, the corresponding carboxy derivatives,

Not surprisingly, lithium halugen exchanges were confined exclu-
sively to the vinylic iodo and bromn substituents, Indeed, the chemical
literature is hereft of any references to Huoro or chlore substituents
entering into halogen metal interchanges zxcept in highly specialized
instances, ‘Treatment of the 1,2-diiodocycloolefing with two ¢quiv-
alents of methyllithium in ether at —78° afforded, interestingly, the
dilithio specie—characterized by their conversion to the correspond.
ing diacide derivatives. In contrast, treatment of 1,2dibroinotetra-

/ G--! / c-
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fluorocyclobutene-1 with excess ethylmagnesium bromide in cther
reportedly yields none of the analogous di-Grignard reagent. In the
following chart is given a schematic flow diagram of somc of the
reactions.
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The lithio derivatives have also been utitized 1o prepare other or-
ganumetallic compounds. The following method of preparation for
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The reactions of (e, ¥y » with other nucleaphiles have also
~c-c

been investigated and the 1esults found intaiesting aud wosthy of
further studies. Other aucleaphiles are being studicd.
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Yhese cycloalkene diiodides also undeigo thermal reactions in the
presence of copper to yield herctofore unavailable fused aromatic
detivatives containing fluorine.
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The chemistry of these compounds is new under study. Due to the
| large cluster of fluorine atoms in the fused ring system, the aroma-
ticity of the benzene nucleus should be lessened and also it should
! be possible to prepare the radicalanion of compounds of this type.
Utilization of similar cyc'oalkenes with pendant functional groups
should lead to the synthesis of compounds of the following type:

; ]
: ' P 0 0=\ 1 | ;
. 1 |r 4 B
: - : -

This or similar compounds should have intcresting polymeric prop-
erties.
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A major portion of the work described above was carried out by Messrs. Bruce
Nakata, H. E. Romine; S. K. Choi and Clarence Bertino. To them and to my other
, students should go most of the credit.

B. The Reaction Of Halogenated Cycloalkenes with
Nucleophiles

Although the reaction of alicyclic polyhalogenated olefins witi
r nucleophiles has been studied since the late nineteen-forties, a co- |
- hesive explanation of the experimentai data was not available until
I recently. E. W. Cook* and J. R. Dick!® rationalized the products of
alkoxide displacement on polyhalogenated cyclobutenes in terms of
i the stabilization of a discrete carbanion intermediate. The inter- -
mediacy of carbanions in these and similar reactions has been as- '
sumed by all subsequent workers in this laboratory, even though
i attempts to trap these carbanions have failed thus far.

INTRODUCTION

The reactions of halogenated alicyclic olefins with nucleophiles
have received considerable attention in the last decade.? Enough
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work has now been carried out to warrant a review and to attempt
\ to encompass the available data within a general mechanistic inter-
pretation. This review is concerned chiefly with the most extensively
studied class of nucleaphiles, the alkoxide ion, although several other
nucleophilic species will be examined briefly in the concluding
section,

GENERAL MECHANISTIC CONSIDERATIONS

The generally accepted mechanistic interpretation of nucleophilic
substitution reactions of fluoroolefins involves a bimolecular, rate-
determining carbanion formation, a concept first advanced by Miller?
in rationalizing the base-catalyzed addition of alcohols to chlorotri-
fluoroethylene. The following mechanism has bezn proposed as a
compromise between a concerted displacement of vinylic halide and
an addition-elemination of hydrogen halide, the differentiation be-
tween which cannot be made on the basis of available data.
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ELECTRONIC DIRECTIVE EFFECTS

Although the consequences of electronic control of nucleophilic
attack on halogenated cycloalkenes are well documented, the mechan-
ism of this electronic control is somewhat more subtle. A useful
criterion for predicting the course of alkoxide attack on halocyclo-
alkenes has evolved from the reaction scheme illustrated above. Com-
parison of the relative stability of carbanions arising from nucleo-
philic attack on an asymmetrically substituted olefin indicates that
products are generally derived from the more stable intermediate,
‘e.g.. formation of the more stable carbanionic intermediate deter-
mines the direction »f attack, Implicit to this conclusion is the as-
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sumption that the transition state leading to the carbanionic inter.
mediate closely resembles the charged species in question,®

There is, however, an increasing bulk of evidence which has ac-
cumulated indicating that this prcmise must be modified to rational-
izc the behavior of vinyclic fluorine. The susceptibility of a fluorine-
carrying carbon toward attack by nucleophiles has been attributed
to 2 mesomeric drift of electron density to the pi-system; the inability
of an a-fluorine to stabilize the negative charge of a carbanionic inter-
mediate; and attack at the more electropositive (fluorine-carrying)
carbon. Although the intramolecular comwpetitions discussed in this
review cannot distinguish between these possibilities, there is strong
evidence that the reactivity of fluorine reflects a special activation of
vinylic F and not a deactivation of the alternate sitc of attack.

When a mixture of chloroheptafiuorocyclopentene and 1,2-di-
chlorohexafluorocyclopentene were allowed to compete for an in-
sufficient amount of alkoxide ion, I-chloroheptafluorocyclpentene
was found to react to the near exclusion of the latter.5* Since the rela-
tive stabilization by substituents g8 to the negative charge (“g-ctfects”)
actually favor the carbanion not involved®*® and the a-stabilization
(“a-cflects”) are identical, the results support the concept or ground
state activation. The speed and exothermic nature of these reactions
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fit the Hammond conditions for a transition state® more closely re-

* Although a discrete carbanion may not actually be involved in these reactions,
the transition state leading to a concerted displacement of halide would presum.
ably possess considerable bond formation between the attacking alkoxide and
relatively slight bond cleavage between the carbon and the leaving halogen, a
conclusion in agreement with the generally accepted concept of transition states
for other reactions at unsaturated centers of low electror: densiiy such as carbonyl*
and phosphoryl.®

*® It has been demonstrated that a g-chlorine is superior to a g-Auorine in
stabilization of a carbanionic intermediate. For a more detailed examination of
A-substituent effects on product distribution, see page 226.
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sembling the cycloalkene than the products or intermediates. The
first step is, thus, rapid and indcpendent of the relative stability of
the carbanion heing formed. The reversibility of this first step; e.g.,
the possibility of the anion proceeding to product through the slow
step, cannot be excluded at present.

It should also be noted that in many of the cxamples cited in this
review, attack at the more electron deficient carbon, presumably the
carbon bearing the more electroncgative halogen, would lead to an
order of reactivity similar to that predicted by relative carbanion
stability.

A spectra of examples falling between the two extremes may well
exist where both factors contribute to the observed result and where
relatively minor changes in structure of the reactants may have a
marked effect on the course of the reaction.

STERIC DIRECTIVE EFFECTS

In contrast to the wealth of data proving electronic difterences
between halugen substituents vital in halide displacements, only
limited evidence is available concerning the possible role of steric
factors.

Park and Coates®® have investigated the reaction of various alk-
sxides with 1-bromo-2-chlorotetraftuorocyclobutene and found no
significant differences in ether-product distribution. These results sug-

Br CR Br
(o8 O - [

o ——n *

cl ROH cl CR

OR = OMe, OE¢, n-PrO, n-BuQ, I-PrO, piperidine, phenoxy, t-BuO.

ge:t steric differences of the halides to be of minimal importance in
halocyclobutene-alkoxide reactions but do not necessarily exclude
steric interactions at the a-carbon if the assumption is made that the
effective bulk of the two halogens is similar; e.g., unequal solvation
of the two halogens and /or the interatom C-X distance increases at a
rate equal to, or faster than, the increase in Van der Waals radius
of X.*

In a similar Auorocarbon system, Mill™ and co-workers observed

® A similar argument has been advanced by Brown and Klimisch' in the
ratiomle of E-2 elimination reactions.
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the reactivity of l.alkoxy-2-chlorohexafluorocyclopentens toward at-
tack by a 2° amine to be in the order MO >EtO™> >iPrO", and
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concluded that this order must be associated with steric hindrance
at the double bond. Caution must be exercised in equating these re-
sults with those of Coates as this displacment of halide with rearrange-
ment could conceivably arise from a concerted pathway differing
from that of vinylic displacement of halogen.

Coates and Park®® also investigated the reaction of 1,2-dichloro-3,
3-dialkoxydifluorocyclobutene with alkoxide and found that the
ratio of 2,3,3-triether relative to 1,3,3-tricther increased from 0.89
to 3.5 when methoxide was employed in place of ethoxide,’ a result

(I.’.’)
= 0 - 0
I.U. e/ : (1} z o
R a-CX, -CHucx, (% )

consistent with a steric effect.

Unfortunately, similar data are not available concerning attack
on compounds possessing dissimilar g-halogens.

Conclusions based on this evidence are tenuous but do suggest that
stereochemical factors may influcnce the reaction, particularly when
electronic effects are cf the same magnitude.

SuBSEQUENT COURSE OF THE REACTON

If a discrete intermediate is involved ;n these reactions, the sub-
sequent course of the reaction should be dependent only on the nature
of the substituents in the §-positions. Results obtained with cyclo-
butenes and cyclopentenes substantiate this view that the more elec-
tronically favorable loss of halide occurs; the order of leaving group
ability being: I>Br>CI>F.®
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In cases where the halide is the same at both g-positions relative
to the carbanion, there is often a close competition depending on
the other substituent.?

I e i R S
@ [J] % [ 7 e/ ” L") [/
2%

(14

Tatlow and co-workers? have found, however, that additional fac-
tors must be considered with the cyclohexenes where both “inward”
(vinylic displacement) and "outward” (displacement with rearrange-
ment) loss of fluoride occurs from methoxide ion attack on nonaftu-
orocyclohexenes. They concluded that the data could best be ex-
plained un the basis of a trans addition of nucicophile with retention
of configuration of the carbanion formed during the short lifetime.
Product distribution results from the competition between electron-
ically favored “inwards"” elimination of F from > C(F)OR and stereo-
chemically favored trans—"outward” elimination of F from >C(F)F.

ne
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Since stercochemical opposition to cis-coplanar eliminations (“in-
ward” eliminations in these examples) has been shown to be much
less in fluorocyclopentenes and butenes than in cyclohexenes, vne
would expect this criterion to become important only with cyclo-
hexcnes.

Alternatively, vinylic displacement and displacement with rear.
rangement may not proceed through a common intermediate, the
conformational requirements for a Sx2’ being improved in the more
flexible ring system.

SYNTHESIS OF MONOETHERS
X=F
Park, Sharrah and Lacher!® were the first to react a cyclobutene
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with alkoxide ion as they found that methoxide, ethoxide, n-propox-
ide and n-butoxide ion displaced (stepwisc) both vinylic fluorines in

% - = T e - £ or
L = .
1 m = ‘U - ‘[j o
perfluorocyclobutene,

Stockel, Bcachem and Megson!! reported similar results with the
perfluorocyclopentene system. However, a recent reinvestigation of

f e e @ o oL e
~ oy
L 4

this work by Tatlow indicates that 4%, of 8-methoxyheptafluorocyclo-
pentene is formed in addition to the previously reported!! I-methoxy
isomer. Similarly, a trace of a compound believed to be 3-methoxy-
pentafluorocyclobutene was detected in the analogous cyclobutene
reaction. In the cyclohexenyl system, formation of the 3-methoxy
ether appears to compete favorably with that of the 1-methoxy ether.

»
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The first chloroether was synthesized by Park, Snow and Lacher!?
from 1,2-dichlorotetrafluorocyclobutene. A similar result in the cyclo-

—C =€ —ar. C—ok
xr (2.1 5
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pentyl system was reported by Latif!® and Shepard.12»

DissiMitar VinyvLic HALOGEN
The reactions of chloropentaflusrocyclobutene and 1-chlorohepta-
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fluorocyclopentene have been studied by Lorenzit and Edelson,?®
respectively, with exclusive displacement of luoride ion obscrved in
both cases. Bromononafluorocyclohexene yiclds a mixture of mono-

ref.

c—=c/ e C-C/
&), 1 =2 5, : ae
Té-F -0 3 (18)

ethers resulting from “inward"” and “outward"” F elimination follow-
ing attack at the fluorine bearing trigonal carbon.!8

The reaction of perhalocycloalkenes with vinglic halogens other
than fluorine present one of the strongest arguments for a common
mechanistic interpretation of these reactions.?? The relative amounts
of monocthers isolated is in agrcement with a-substituent effects on
carbanion formation observed in other studies.

¢-x c=% c-or
CL N ke GRL *@“i“
c—x, S =%
I z
n X, X3 A A 11/1
2 G Br 75 25 3
2 Br I 90 10 9
2 cl I 975 2.5 39
3 Cl Br 77 28 33
3 Br I 89 1 8.1
3 Cl 1 97 8 82

A similar ratio of mono vinylic ethers was observed with 1-bromo-
2-chlorooctafluorocyclohexene although this reaction is complicated
by the formation of several fractions of longer g.l.c. retention time,
presumably arising from initial “outward” expulsion of fluoride foi-
lowed by rapid subsequent displacement of fluoride to yield tke 1, 3-
diethoxy ethers.t®

VINYLIC SUBSTITUENTS OTHER THAN HALOGEN.
FORMATION OF MONO-, DI, AND TRIETHERS.

The reactions of l-alkoxy »erfluorocycloalkenes are noteworthy
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in that of the over forty cycloalkenes studicd, they are the only ones
wo yield 1,2-dialkoxyethers with excess alkoxide jon.?. 10. 11
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No VINYLIC FLUORINES PRESENT

The reaction of 1-chloro-2-alkoxyperfluorocycloalkenes with addi-
tional alkoxidc leads te the formation of 1,3,3-tricthcrs, the first

o
cC-o8 -
, .’:"“ < oA &x), —-¢-ax
S~ c-c ARe-C == C-C/
ners

reported example being synthesized by Park, Snow and Lacher from
1.cthoxy-2-chlorotetrafluorocyclobutene.!?

The analogous reaction with 1,2-dichlorohexafluorocyclopemene
was investigated by Shepard and co-workers!® who proposed the 1,
8,8-triether structure in preference to the previously reported 1-
chloro-2,8,3-trialkoxy ether.!?

The reaction mechanism was believed to have proceceded via an
S)2 displacement 1ather than a $y2 displacement of allylic fluorires
because of the isolation of the extremely reactive diether by McBee
and co-workers.!? A vinylic fluorine is highly reactive to alkoxide ion
and is seldom isolated under basic conditions.

“% _-ecy (o), _~ocn G
(Y (e O
[ Pl “

Park, Dick and Lacher?. 1 positively eliminated the allyiic dis-
placement mechanism by reacting 1-ethoxy-2-chlorotetrafluorocyclo-
butene with methoxide ion.

8y
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Drier, Duncan and Mill™ repeated the experiment in the five
membcered ring series and obtained the same result. ‘They pointed out

that the data did not distinguish between an Sy’ or a stepwise for-

mation via a carbanion intermediate mechanism but professed their
belief in the latter.

Other 2-halo-1,3,3-tricthers that have been synthesized are the fol-
lowing!7
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Vinyveic HyYproGEN, ALKYL, AND ARYL SUBSTITUEN1S

Ethoxide attack on l-hydropentafluorocyciobuiciic results in dis-
placement of vinylic fluoride.?® When the vinylic halide iy chlorine,

[ { Y e 1 N

however, attack occurs at the hydrogen bearing wrigonal carbon®

oo *”r
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Treatment of 1-chloro-2-phenyltetrafluorecyclobutene with meth-
oxide leads to displacement of vinylic chloride, a result consistent
with the stability of a-phenyl stabilized carbanion.®

x L =
4 < 3 onne
Although alkylhalofluoroolefins give rise to competing 1,4-elimi-

nation of HF with vinylic halegen cther than fluorine,® ¥ displace-
ment of vinylic Ruoride does proceed smoothly with l-ethylhepta-
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Aluorocyclopentene® suggesting that the energy requirements for at-
tack at the chlorine bearing carbon in 1-chioro-2-ethylhexafluore-
cyclopentene are so markedly higher thar 1,4.climination can com-
pete successfully with halide displacement. Conversely, one may

r
e “ » ]
@ 2, w{_@i . ..yz-.o
</ [ ] " </ on

argue that the a-chlorine has lowered the cnergy of the transition
state for the 1,4-climinution. Both explanations may well be related
to the obscrved results.

Analogous displacement of vinylic fluorine from 1-hydro- and 1-
methylnunmafiuotucydohexene were reported by Tadow and co-work-

]| o R
GG W)
Qe -c & e
.4 -cy R=# ca,

ers® although, as with other displacements in cyclohexenes, consider-
able amounts of products resulting from “outward’ climination of
fluoride ion were isolated along with the 1-hydro-2-methoxy- and 1-
methyl-2-methoxyoctafluorocyclohexenes, respectively.

SIMILAR VINYLIC HALOGENS AND DISSIMILAR ALLYLIC SUBSTITUENTS

The direciion of alkoxide attack on cyclobutenes with chlorines
in both vinylic positions has been shown to be influenced by the sub-
stituents ir: ti-e allylic or g-position.?

‘l ’ g/ Ei
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producu products
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products products

R R, R, L AL
Et a” Cl 80 Ty
Et Et0 Cl 71 29
Et F cl 61 39
Et ELO EwO 53 47
Mc McO MeO 22 78
Et H H 0 100

The above results were interpreted as showing that g-substituents
stabilize the inicrmediate carbanion in the order CL>F>OCH,>H.

A previously

mentioned g-diethoxy group is large enough to cause

a steric hindrance and thus appears more effective than the difiuore
group at controlling the cthoxide ion attack. Whether the directive
influence is electionic or steric is not yet clear as puinted out in the
cux of the diffcrent a-halogens on pages 219 and 2214,

Ethoxide attack on 1,2,3,3-tetrafluorocyclobutene apparently vields
2 single monoether, 1-cthoxy,2.8,%-triffuorocyclobutenes.® A similar

selectivity is exhibited in ethoxide attack on 1,2,3,3,4-tctrafluorocyclo.

A s K] 1 ~
”D’ Hgotd

butene.3® These resulty have considerable significance since they
imply a profound cflect by g-substituents on the course »f reaction
even in the case of vinylic fluorine.

DissiMitar VINYLIC AND Arvyrec SUBSTITUENTS

Whenever fluorine has been at one of the vinylic positions, alkox-
ide attack has occurred at that position regardless of the nawre of
the gsubstituents.

= M
=
Rl R.

R X
Et H H cl
Et H OLt cl

Et H H
Me H H —CH=CH
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The latter example is of interest as it shows the fluoride ion leaving

from only the 8-CHF group and leaving the 8-CF(OEt) group intact.
In other cases with no vinylic fluorine, alkoxide attack is directed
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The last two reactions are particularly noteworthy as they are the
only examples to date of the limiting case where both a and g-sub-
stituents contribute their influence on product distribution.

Of interest is the similar magnitude of the two effects.

NUCLEOPHILES OTHER THAN ALKOXIDE

The available cxperimental data are far more limited in these cases
but the results obtained have generally paralleled those obtained with
alknxide. The most interesting deviations occur when complex metal
hydrides and organometallic reagents are employed although these
may be a reflection on the metal ion present rather than the nucleo-
philic species.

The following cxamples are not intended to constitute an exhaus-
tive review of the subject but do demonstrate the generality and
limitations of the alkoxide data when applied to other nucleophilic
species.

SuLFUR CONTAINING N UCLEOPHILES

Addition of n-butylmercaptan to perfluorocyclobutene yields sat-
T ee F |:-&' e G

£ r S * S8
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urated products in addition to preducts resulting from displacement
of vinylic halogen, products which can best be accounted for on the
basis of successive addition-elimination sequences.2s
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Sulfur attack occurs exclusively in the base-catalyzed reaction of
2-mercaptoethanol with hexafluorocyclobutene.26

2

S-er CHON
&[]a-cu‘ CApONM

5 F
2 Mo-cHCKSH 4 [j —_—
gle

NITROGEN CONTAINING NUCLEOPHILES

The reaction of hexafluorocyclobutene with dialkylamines yields
stable tertiary perfluorocyclobutenylamines.?®® Arylamines failed to
add under similar, uncatalyzed conditions.

The reactions of perhalocycloalkenes with ammonia and primary
cumines, however, yield derivaiives of 1-amino-2-halo-3-iminoperflu-
orocycloalkenes.

il @"5).-7“'=”&
R), I A LTl
( L < ~x~ zﬂ&_— é X
n X ref.
2 F 26*
3 Cl 27
4 F 28

¢ Although a rigorous structure proof was not undertaken, the 1.2-iminoamine,
ﬁ””UA/ﬁ‘ , was suggested in reference 26.

=R

Two competitive reaction paths are available in this reaction: 1,4-
climination of HF or additional attack by amine, The isolation of
the 1,3-iminoamine from the reaction of perfluorocycloalkenes sup-
ports the latter conclusion since all previous work in these systems
indicates that the remaining vinylic fluorine would be displaced
preferentially.
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Analogous results have been reported by McBee®® concerning the
reaction of both 1,2-dichlorohexafluorocyclopentenc and octafiuoro-
cyclohexene with hydroxylamine. The isolation of the 1,3-imino-

hydroxyamine from octafluoracyclohexene was cited as supporting
the 1,4-elimination pathway.

G s

x-p'el

The similarity of these reactions to the hydrolysis of perhaloolefins
with potassium hydroxide in polar aprotic solvents®* and the 1,4-
elimination of hydrogen fluoride from l-chloro-2-alkylperfluorocyclo-
alkenes by alkoxide ion3? is apparent since a 1,4-elimination is ap-
parently the prepared pathway in each case.

Only in the reaction of l.chloro-2-chlorofcrmylthexafluorocyclo-
pentene with ammonia has the initial substitution product been iso-
lated with a primary amine or ammonia as the nucleophile.?* Hydro-
gen bonding with the carboamide group may serve to retard sub-

(O 2 ié:i
ar cocs i aﬂﬂ‘

sequent dehydrofluorination in this example.2

McBee's report3? that the reaction of 1,2,3,3-tetrachloroterafluoro-
cyclopentene with hydroxylamine gave only 2,3-dichlorote.rafluoro-
clopent-2-eneone oxime is contrasted to Adams's® findings concern-
ing alkoxide attack on 1,2,8,8-tetrachlorodifluorocyclobutene.

CARBON As THE NUCLEOPHILE

The reactions of haloalicyclic olefins with organolithium and
Grignard reagents are characterized by competing halogen-metal
interchange reactions when vinylic bromine or iod‘ne are present in
the molecule.

Treatment of 1-bromo-2.chlorotetrafluoracyclabutene with ethyl.

magnesium bromide, for cxample, yields the cyclobutenyl Grignard

reagent.3 A similar exchange fellowed by loss of magaesium halide

AR b
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may be involved in the rapid decomposition of 1-bromoperhalocyclo-
pentenes with ethylmagnesium bromide or magnesium turnings.®

£ </

[
g cr o ' z
&Enc» %[:Uk/“] { {U‘.,
Y

Metallation may also occur in preference to nucleophilic displace-
ment of halide ion as in the reaction of nonafluorocyclohexene with

methyl lithium 38
H
@F + chli —— @La

Only with chlorofluoro- and perfluoroalyicyclic olefins do the re-
sults obtained with organometallic reagents parallel those with alkox-
ide, Park and Fontanelli*® found that generally high yields of mono-
alkylated olefins were obtained with Grignard reagents and the per-

< Mg X -R
@’D\" i ~r—nlr—" @iﬁ-x

X eECl R mprimery hyl, phony/

N e
haloolefin and similar results have recently been demonstrated with
the analogous cyclopentenes.® Substantially lower yiclds of mono-
and di-substitution products had previously been obtained with
organolithium reagents.?

Preferential displacement of vinylic fluorine in l-chlorohepta.
fluorocyclopentene was obtained in the reaction with ethylmagnes-
ium bromide,*® a result in agreement with preferential displacement
of fluoride by alkoxide in this compound.

e/ LMy B c/
F THE Ee¢

When l-alkyl-2-chloroperfluorocycloalkenes are treated with ad.
ditional Grignard reagent, displacement of vinylic chlorine occurs
along with the “expected” displacement with rearrangement. Both

-
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cyclobutenes and cyclopentenes yield mixtures of products although

- )
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E == C~&
=4
n 7 %
2 82 18
3 60 40

the amount of rearranged alkene is greater with the cyclopentenes.®®

The extent to which solvent effects, steric bulk and metal ion par-
ticipation affect these rcactions is uncertain at present. These re-
actions, along with similar ones encountered with metal hydrides, may
well constitute examples where both ground state and intermediate
stabilities play an important role in directing the course of reaction.

MEeTAL HYDRIDES AS NUCLEOPHILES

Facile displacement of halogen by metal hydrides occurs in a man-
ner generally consistent with alkoxide attack on similar compounds
although several striking anomalies have recently becn reported.

Lithium aluminum hydride and sodium borohydride displace
vinylic fluorine from perfluorocycloalkenes in the manner predicted
from alkoxide studies but there is substantially less product result-

- - H —_—
e T ML e . ST
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n N % % ref.

2 NaBH, 100 = a1

2 LiAlH, mixtures 40,41

3 NaBH, 100 - 40

3 LiAlH, mixtures 40,41

4 LiAlH,  mixtures 40

ing from "outward” elimination of flvoride ion.
Subsequent attack on the I-H compounds takes place almost ex-

R e L v




- e -

e SR

2% VISTAS IN SCIENGCE

clusively at the 2-carbon to give chiefly the 1,2-dihydroperfluorocyclo-
alkenc.40

Initial substitution on 1,2-dichloroperfluorocycloalkenes results in
displacement of vinylic chlorine but subsequent reaction of the chlo-
roalkenc with additional hydride leads to a mixture of products
arising from attack at both the hydrogen and chlorine bearing car-
bons in a manner similar to that of Grignard recagents. Burton*! has

suggested several factors which may contribute to this behaviour: a
»

o CH At e S (crl)w—- eH
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simple steric :ffect with the larger nucleophile, a solvent effect, or an
active participation of the metal atom (B, Al) in the displaccment
reaction.

Perhaps even more striking is the preferential displacement of
chlorine from both 1.chloro-5,5-dihydropentafluorocyclopentene and
1-chloro-6,6-dihydrohcptafluorocyclohexene by lithium aluminum
hydride.*® Exclusive displacement of fluorine occurs in the reaction
1-chloro-2,3,3-trifluorocyclobutene and ethoxide ion.

The reaction of l-chloroheptafluorocyclopentene with lithium

% LAN P
-~ =77,
R0 1 wmo “R i
neay
aluminum hydride, however, does lead to the same result as alkoxide
attack: displacement of vinylic luorine, ¢

@cl LAN e,
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X. Muonium

VERnNON W, HucHEs

I UNDERSTAND THAT THF. central theme of The Thirteenth AFOSR
Scicnce Seminar is the interdisciplinary nature of much of modern
science. Muonium is an excellent example of a topic with inter-
disciplinary aspects. Rescarch on muonium started about eleven
years ago when parity nonconservation was discovered and it is still
active.

Muonium is the atom consisting of a positive muon and an elec
ton and hence can be considered as an isotope of hydrogen. Muon-
ium is of great interest in several subficlds of physics and chem.
isy, including clementary particle physics, atomic physics, and
chemical physics. First, it is the simplest system involving the muon
and the electron and hence is the best once for studying with precision
the interaction of these two clementary particles. ‘The muon is a
particularly mystcrious particle because it appears to behave in all
respects like a heavy electron and hence there appears to be no inter-
action which could account for the large value of the muon , :.s
rclative to the electron mass. It thus occupics an anomalous role in
the spectrum of the elementary particles. We have been able to study
the electromagnetic interaction of the clectron and the muon through
a precisc mcasurement of the hyperfine structure interval in the
ground state of muonium. Second, since muonium is a light isotape of
hydrogen in which the positive muon replaces the proton, muonium
has a rich chemistry and its interactions with other atoms and mole-

VERNON W. HUGHES is Professor of Physics at Yale University and
from 1961 to 1967 was Chairman of the Physics Department. His present
vesearches are in elementary particle physics and in atomic physics. Eight
years ago, he and three associates discovered the muonium atom—an
extraordinary new atom—in an experiment performed at the Nevis Lab-
orataries af Columbia University, He has been a consullant to the Los
Alamos Scientific Laboratory, the Quk Ridge National Laboratory, the
NASA Institute for Space Studies and for industry. In addition ta Yale,
he has served on the faculties of Columbia University and the University
of Pennsylvania.
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cules have been studicd, Third, muonium provides a uscful system
fur studying certain aspects of the weak interaction of the muon and
the elecuon, in particular a possible weak interaction coupling
muoniam o antimuonitm, which is the atom consisting of a nega-
tive muon and a pusitron,

Mass: m, - (206,767 ¢t 0.003) Mg

Charget + e

Spint I=1/

Magnetic Moment: -—:J: « 3.18338 & 0.0004
OGyromagnetio Ratio: g, = 2(1.001162  0.000005)

Lifetime (mean): A {2.2000 t 0.001%) uses

Ficunz 1. Properties of Positive Muon.

Figure | lists the properties of the positive muon, Its mass is well
known and is about 207 times the electron mass, The charge of the
puositive muon is the same as the positron chaige. The spin is 14 and
the magnetic moment is sumewhat more than 8 times the proton
maghetic moment, The g-value is gicater than 2 by the anomalous
magnetic moment factor, and the excellent agrecment between the
experimental and theorctical values of the anomalous magnetic
moment factor provides the most critical proof that the muon is a
heavy Dirac particle with the usual coupling to the electromagnetic
ficld. The mean lifetime of the muon is 2.2 usec.

"The tool for studying muonium is provided by parity nonconser-
vation in the weak interactions involved in the production and decay
of the muon, (See Fig. 2) The positive pi meson decays into a pasitive
muon and a muon-type neutrino. In the rest frame of the pion the
muon spin angular momentum, indicated by the double line arrow,
is in the direction opposite to its linear momentum, indicated by the
single line arrow. This corrclation of spin direction and velocity
dirvection is a consequence of parity nonconservation and provides
us with polarized muons. ‘The positive muon decays into a positron
and two neutrines with a continuous positron energy spectrum ex-
tending up to 52 MeV. 'FThe angular distvibution of the positrons with
respect to the muon spin divedtion, 1,4 (f), is asymmetuic due w0
parity noncomservation. The quantity 8 is the angle between the
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Ficure 2. Decays of pion and of muon.

muon spin direction and the direction of emission of the positron
and A is approximatcly 4-14, so positrons are emitted preferentially
along the muon spin divection. 'This characteristic of the muon decay
provides the means for detecting the muon spin direction,

FORMATION

The gross energy levels of muonium as given by the Schroedinger
cquation arc the same as those of hydrogen except for a slightly dif-
ferent reduced mass factor in the Rydberg constant. Figure 3 shows
the cnergy level diagram for the hyperfine suucture levels in the
ground 1 38,4 state of muunium. Energy in units of the hyperfine
structure (his) interval is plotted as a function of a dimensionless
paramcter x, which is proportional to nagnetic field. At zero mag-
netic field there are two Jevels—the upper triplet state with total
angular momentum ¢uantum number F = 1 and the lower singlet
state with F = 0. The ¢nergy scparation is the hfs interval which is
due to the magnetic interaction between the spin magnetic moments
of the clectron and the muon. In the presence of an external mag-
netic field H the uiplet siate splits into its three magnetic substates
dosignated by the magnetic quantum nuwmber Mg with the values
4-1,0 and —1 At strong maguctic fields, where the magnetic inter-
action of the clectron and muon magnetic moments with the external
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field is large compared to the his interval (x > > 1), the cnergy levels
are as shown and the good quantum numbers are Mj, the magnetic
quantum number for the clectron spin, and M. thc magnetic quan-
tum number for muon spin. The states are numbered from 1 through
4 for convenience.

Muonium is formed when positive muons arc stopped in a gas. It
is formed directly in its ground state by the capture of an clectron
froin an atom by a positive muon. Argon has been used in most of
our experiments:

at 4 Ar—> pte 4 Art

This capture reaction has a maximum cross-section for a muon
kinetic energy of about 200 eV. Because the muons are polarized and
the charge capture reaction is primarily due to the Coulomb inter-
action, which does not alter the muon spin direction, polarized muon-
ium is formed. Thus, if we have a strong magnetic ficld opposite to
the direction of the muon beam and hence in the direction of the
muon spins s¢ that M, = 4.1%, then only the two states (M;,M,) =
(+15,-+1%) and (—14,4+14) are formed. Onc-half of the muonium
atoms formed will be in cach of these states. In a weak magnetic field
polarized muonium is also formed. However, in weak magnetic ficlds
M, is not a gcod quantum number and the hfs interaction will par-

Av 4463 Mcreee L
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Ficure 3. Energy level diagram of the mucnium ground 1 2§, , state in a
magnetic field.
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tially dep»larize the muons, so the distribution in the low field (F, M)
states will be (1,1) = 1, (1,0) = 14, (1,—1) = 0, 2nd (0,0) = .

The original scarch for muonium involved the attempt to observe
its characteristic Larmor precession frequency in a weak external
magnetic field. The Larmor precussion frequency fy of a magnetic
motmnent # associated with an augular momentum FH in an external
magnctic ficld H perpendicular to » is given by:

¢ _uH
LT Fh
In weak field the only muonium state formed that has a magnetic
moment is the triplet state (F,Myg) == (1,4-1). Since the magnetic
moment is approximately the clectron spin magnetic moment and
F=1,
stH

fy, = = 1.40H Mc/sec

Figure 4 shows the schematic diagram of the experiment. All our

Monitor

Helimholtz

B scicriiotor
o S 10 9 E Cordon Absorber

Ll d ol
Shietding

Scale in inches

FIGURE 4. Lxperimental arrangement for muonium formation experiments.
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experiments have been done at the Columbia University Nevis syn-
; chrocyclotron. The 380 McV proton beain strikes an internaj target
forming a+ mesons which decay to positive muons, and an external
meson beam is formed with a momentum of about 140 MeV /c. The
meson beam has »* and #* mesons. The pions arc stopped in an ab-
sorber and muons with energies up to several McV enter an argon
gas target with a pressure of some 50 atm. The muon loses cnergy by
ionization and excitation of Ar atoms and forms muonium stably
with kinctic energics in the keV range. The muonium is then rapidly
thermalized. The slowing down process ocrurs in less thaun 107 sec.
It was nccessary to purify the argon by recirculating it over titanium
heated to about 700° C. The numbesed black lines indicate scintilla-
tion counters, and the stopping of a muon in the gas target is indi-
cated by a coincident 12 but anticoincident 3 count. Helmholtz coils
are indicated which provide a magnetic field of about 4G perpendic-
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Ficure 5. Frequency analysis for muonium precession experiment. The
“ quantity T’ is a parameter used to account for various experimental sources
: ol line breadth.
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ular to the planc of the diagram. The decay positrons are observed by
the 45 counter telescope as coincident 45 counts and the time delay
of the pusitron count with respect to the time of the arrival of the
muon is measured. If polarized muonium is formed, the rtriplet
My = 41 state sheuld precess in the external magnetic field. Since
the decay positron is emitted preferentially in the direction of the
muon spin, this precession should be observed from the measurement
of the time distribution of the decay positrons as a modulation of the
muon lifetime decay curve with the characteristic Larmor precession
frequency.

Figure 5 shows the analysis of the data in which the amplitude of
the frequency component is plotted versus the frequency. For case
II the solid curve is the result of a least squares Fourier-type analysis
of the experimental data and the typical error bar corresponds to
one standard deviation. The dashed curve is a theoretical line shape
centered at the muonium precession frequency corresponding to
ihe measured value of the magnetic field. With a ficld of 4.5 G a
resonancc is clearly seen at the predicted frequency, Similarly for
case III for a different field of 3.9 G the resonance is scen. As ex-
pected, no resonance is seen in case I when pions are stopped in the
target and hence unpolarized muons are obtained. These results
prove that polarized muonium is formed in argon. The data indi-
cate that the fraction of muons which form muonium is between 15
and 1.

The existence of muonium with its characteristic Larmor preces.
sion frequency seives as a proof that the spin of the muon is41/2,
since the approximate expression for the Larmor precession fre-
quency depends on the muon only through its spin value.

HYPERFINE STRUCTURE INTERVAL

In view of the results on muonium formation we were encouraged
to plan a precision magnetic rssonance experiment to measure the
hfs interval Av. As was mentioned, the interval Ay arises from the
magnetic interaction between the spin magnetic moments of the
clectron and the mucn, which is diffcrent for the triplet state in
which the two spins arc parallel than for the singlet state in which
the two spins are antiparallel, The interval Ay in muonium is analo-
gous to the well known Lfs interval of 1420 Mc/sec in hydrogen, and

¢ i e e am
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would be expccted to be »bout 4460 Mc/scc since the muon magnetic
moment is 3.18 times larger than the proton magnetic moment.

The detailed theoretical formula for Ay of muonium is indicated in
Figure 12 and is based on the assumption that the muon is a hea.y
electron. The leading bracketed term is the Fermi formula in which
a is the fine structure constant, ¢ = velocity of light, R, = Rydberg
constant, and &, /s, = ratio of muon magnetic moment to the clec.
tron Bohr magneton. The remaining terms include reduced mass,
relativistic and virtual radiative corrections. Use of known values
of the fundamental constants gives the value:

Av == 4463.16 = 0.10 Mc/sec(=22 ppm)

in which the error arises primarily from uncertainty in «, The value
of a used is that given from the dcuterium fine structure measure-
ment of Lamb et al.

The principle of the experiment is simple. Suppose we have a
strong cxternal static magnetic field H, along the direction of the
spins of the incident muons; muonium will be formed only in states
1 and 4 that have M,, = 4-14. If nething is done to perturb this dis-
tribution of muonium states, the decay positrons will be emitted
preferentially in the direction of H. However, suppose a microwave
magnetic field is introduced with the proper Bohr frequency so it
can induce a resonance transition of muonium from one hfs state tc
another—e¢.g., from state 1 to state 2. In state 2 the muon spin points in
the opposite direction, having M,, = —14%, 1nd the decay positrons
from the state are emitted preferentially in the direction opposite to
the direction of the static field H. Hence an induced transition can
be detected through the change in angular distribution of the decay
positrons.

Transitions have been studied both at strong magnetic field and at
weak magnetic field. Figure 6 gives the energy levels and transition
frequencies. The Hamiltonian includes the hfs interaction, the inter-
action of the electron spin magnetic moment with the external mag-
netic field H, and the interaction of the muon spin magnetic moment
with H. The energy levels are given by the Breit-Rabi formula whose
solution was shown in Fig. 3 of the hfs energy levels. We take the
viewpoint that the electron magnetic moment (or g;-value) and the
muon magnetic moment (or g, ) are determined in other experiments,

—————
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so that the measurement of a single resonance transition determines
the hfs interaction constant a, which is the only unknown. The tran-
sition obrerved at strong ficld is between states 1 and 2 with
i (M3 My) = (34,14) and (¥4,—14). The approximate frequency for

this transition is the hfs interval divided by 2 plus the frequency

associated with muon spin flip. At weak field the transitions (F,Mg) =
/ (1,=1)+—=(0,0) have been observed. The resonance frequency is ap-
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Figurg 7. Experimental arrangement for measurement of Ay in an experi-
ment which employs a strong static magnetic field and involves an induced
ricrowave transition. The scintillation counters are numbered.
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proximatcly the constant a, plus a term associated with the electron
spin flip.

Figure 7 shows the experimental setup. The muons are stopped in
the high pressurc argon gas target and indicated by coincident 12
but anticoincident 3 counts, A split solenoid provides a strong mag-
netic field along the direction of the spins of the incident muons.
Microwave power can be fed into a high Q microwave cavity con-
@ii:cd witiin the pressure vessel. Decay positrons are observed in
the counter telescope 34 during a time interval following the arrival
cf the muon. Observations are made as the field H is varied with the
microwave frequency fixed. The signal will be the ratio

34

125 | ON Cea
S= 2 B 1, which is positive on resonance.

2_3| OFF

Figure 8 shows a typical resonance curve for sigaal versus static
magnetic field. Bars indicating one standard deviation error are
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Fioure 8. Typical resonance curves for the transition (My,Mu) = (14.14)
(14~14). The backward signal is obtained by the observation of positrons
emitted woward counter 2.
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shown at the cxperimental points. The solid curve is a least squares
fit of the theoretical Lorentzian line shape to the experimental points.
The amplitude of the signal is about 49, and agrecs with the ex-
pected amplitude under the assumption that all muons form muon-
ium, The width of the curve is about 15 G which is due to the muon
decay rate and to microwave power broadening. From such a curve
we obtain corresponding resonance values of microwave frequency
and magnetic field. From thesc resonance values we can compute
Av by use of the Breit-Rabi formula.

I MUONIUM NYPERFINE STAUCTURE

EXTRAPOLATED VALUL
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Ficure 9. Experimental values of Ay versus the argon gas density. The solid
line is the least squares linear fit which was used for extrapolation to zero
pressure.

Figure 9 shows the results of such Ay measurcments as a [unction
of argon pressure. There is clearly a substantial dependence of Ay
on pressure. This dependence is the so-called hfs pressure shift and is
due to distortion of the muonium wave function in the many col-




T

| i — T

248 VISTAS IN SCIENCE

lisions muonium makc: with argon aioms during its lifctime. ‘The
solid curve is a straight linc fit to the experimental data. The lincar
fit assumes that only two-body collisions and not collisions involving
two argon atoms are important, Theoretical cstimates of threc-body
coiiivions as well as a quadratic fit to the data suppori this view, The
procedure of fitting the data with a straight line is also justified by
the agreement within experimental error of the his pressure shifts
for muonium and hydrogen in argon. The valuc of Av extrapolated
to zcro prossure is taken as Ay for frce muonium:

vy = 4468.15 + 0.06 Mc/sec,

in which the crror of onc standard deviation is due to counting
statistics and to magnetic ficld errors.

Within the past two years extensive measurcments have been com-
plcted of transitions at wcak magnetic field with AF = =x1. This
measurement provides the most direct determination of ay The
principal technical problems with this experiment were, first, the
requirement of a homogencous, stable low static magnetic ficld near
the large synchrocyclotron magnet. Second, the signal intensity is
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Fioure 11. Muonium Hyperfine ‘Tranzition.

smaller than that for the strong field tansiton due to the relative
populaticns of muonium his states and the small change in muon
polarization accompanying the transition. Figure 10 shows the magnet
arrangement. There are three moly permalloy shicids, Inside these
there is a solenoid and correction coils. ‘This system provides an axial
magnetic ficld of about 3 G with homogeneity and stability to beter
than 10 mG. Figure 11 shows an observed resunance curve for the
transition (F,My)}== (1, = 1)« (0,0) obscrved at a ficld of 2.8 G fitted
with the theoretical line shape. Low ficld data were taken ulso for
unresolved AF = =1 uansitions with both argon and kiypton as
the stopping gases.

Figure 12 summarizes the results of the muonium hf- measure-
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Ficure 12, Muonium Hyperfine Structure.

H - - smemmeacxx . [ b —r ot B C i R ———
i e R T T R e vt e e i AR e

JORRY

TS VUMV



N e Trwmn e RTTS Y R

e 4 o

— mr—

250 VISTAS IN SCIENCE

ments. The values obtained from the high field and low ficld mea.
surcments are in sasisfactoty agreement and give a combined result
of

Av = 1463.26 = 0.04 Mc/sec

in which a one standard deviation enion is given. This value agrees
with the theoretical value given carlicr,

"This agreement confirns the basis of the theory which was that the
muon is a heavy Dirac particle or heavy electron, Since Avy{expt) is
known with about the same aceuracy as Avy(theor), which is limited
principally by our knowlé sge ol a, we can use ayy(expt) to determine
an alternative value of the fine sttucture constant. ‘The theoretical
formula for ay is given in Figwe 12, Aftey «, the least well known
constant appearing is the muon maguetic moment or actually the
ratio of the muon to proton magnetic moments. This atio is ob-
tained from the measured 1atio of the precession frequency of muons
stopped in water to the proton resonance frequency in water. Since
the chemistiy of muons in water may be diffeient from the chemistry
of protons in water due prindipally to the diffevent vibrational
energies, the magnetic shielding of the proton and the invon may be
different. The value shown is meant to be a limit of error to take ac-
count of this ambiguity as well as two standard deviations in the ex-
perimental errors. Hence we obtain the value of a shown with a limit
of error of 18 ppm. Other detcrminations of a are given in Figure 13,
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Except for the carly experiment on deuterium fine styucture all the
values of s arc in guod agrecment,

MUONIUM CHEMISTRY

Muostium will behave ag a light isotope of hydiogen with regard
to iy atumic intcractions antd chemical reacions sinee the muon
ma is 207 times the electron mass and since the nwon mean life
time of 2.2 wsecis long compited o the clectron atomic orbital times,
In the history of the discovery of muonium, chemisay played an im-
portant ncgative role and many post-parity experiments which
scarched for the characteristic muonium precession frequency failed,
due o the subsequent chemical 1eactions of muonium with molecules.
As I mentioned, it was necessary to purify the argon gas in order to
observe the muonium precession and the his transitions,

Figure 14 shows data on cxplicit studies of the interactions of
muonium. The amplitude of the resonance signal for a strong ficld
transition s shown as a function of the concentiation of various
molecules introduced in small fractional amounts as impurities in
the argon. Note that the resonance signal is decreased by the addition
of O; and NO, and with less cffectiveness by Gyl (cthylene); Hy
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Ficure 14. Resonance aignal for the transition (MjMy) = (14,14) e
(14.—1%) at 5200 G versus impurity cancentration, The solid curves ave
fitted theoretical curves which involve the signal quenching cross scction
43 & parameter,
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does nat affect the signal. Decrease of the resonance signal implies
collisions which remove muonium from the resonant states. In the
theory of tne line shape the collision rate can be added to the muon
decay rute and the data can be analyzed to yieid a crosssection for
signal quenching.

For thermal mionium the Born-Oppenheimer approximation is
valid as it is for I'ydrogen. As to the nature of the reactions, NO and
O, are paramagnetic with free electron spins and we expect that
electron spin exchange will deminate. This reaction is determined
by the Coulomb interaction and the Pauli exclusion principle. The
exchange of the muonium electron with an argon electron can result
in the transference of muonium from one his state to another. CoH,
is an unsaturated hydrocarbon and in a collision with muonium we
believe that a muonium-containing molecule is formed. For H; there
is no reaction. ily is not paramagneiic so electrcn spin exchange
-eactions are not possible. Furthermore, a reaction such as M 4 H,
—» MH 4+ H s energetically forbidden for thermal muonium be-
cause of the hish zero point vibrational energy of MH.

A simpler methed of studying tne molecular interactions of muon-
ium involves the measurement of the polarization of the muons as a
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function of time and of impurity concentration by use of a precision
digital timc analyzer following the scintillation counters. The method
is, of coursr, based on the fact that a change in muon polarization
implies a change in positron angular distribution. Figure 15 shows
such data for NO. Dcepolarization is plotted as a function of time dur-
ing a period of several muon mean lives for two different NO con-
centrations; for the lower curve the pressure of NO was 0.13 mmHg
and for the upper curve, 0.37 mmHg. Typical statistical errors are
shown. The solid curves are simple cxponential functions. If the re-
action mechanism is electron spin exchange, the theorctical curve is
an exponential and the coefficicnt in the exponent is proportienal to
the eleciron spin exchange cross-section.

A more detailed study of the nature of the depolarizing collisions
can be made by observation of the depolarization rate as a function
of the static magnetic field. At strong field an electron spin exchange
collisien will ieave the muon spin direction unchanged and hence
the cffective depolarizing crosssection will be zero. At weak field, on
the other hand, the coupling of the electron and muon spins by the
hfs interaction results in a change of muon spin directiont when an
clectron spir exchange occurs. The variation of depolarizing cross-
section as a function of magnetic ficld depends only on the spin
cigenfunctions and is simply predicted. Figure 15 shows data for NO,
which has a single free electron spin—2» statc-as a function of H.
The experimental points are in good ag: - :mnt with the theoretical

NO Molecule
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FiouRE 16. Depolurization raie per impurity molecule versus magnetic field.
The solid curve isa fitted thicoretiaal curve.
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solid curve and hence the spin exchange nature of the collision is

confirmed, Similar confirmation has been established for O,
Figurc 17 summarizes the data on muonium-molccuice cross-sections

obtained thus far. For NO, we have a lower limit of 28 x 10718 ¢m?

Muanium - Molecule Cross Sections in 10" '%cm?

Adged  Postulaled CTq from Signol Oy from Depol.
Gas interaction  Quenching Dote Rates at Several
ot 52800. Flalde

NOp *M=NO+OM  23('°*) —_

Ol Spin Exchangs 5.4 £ 2.5 3.91%.6

NO Spin Exchonge 3.2 ¢ |8 7.1 21,0

CaMy  *M=CyH M 292 .6 —_—

HeNg SFy — 01 ()PRe) —_—-
FiGure 17.

from the resonance signal quenching data and we believe the reaction
is NO; + M — NO 4 OM. For O, and NO the reaction mechanism
is an clectron spin exchange reaction and the cross-sections are 5.9
and 7.1 x 1071% an? for NO and O,. Corresponding spin cxchange
cross-sections for H with NO and O,, mcasured with the use of the
hydrogen maser, arc about 3 or 4 times larger than for muonium. We
belicve this difference is duc to the fact that for a given kinetic energy
M and H have ifferent momenta and hence diferent numbers of
partial waves contribute to the reaction. For C;H, the cross-section is
0.29 x 19718 cm? and we believe that a muonium-containing malecule
is formed. No reaction was observed for Ha, Ny, and SF¢. The absence
of a reaction for H, was discussed and simiiar remarks apoly to Na.

Our work on muonium chemistry is in an early stage and a rich
varicty of reactions could be studied and compared with those of
hydiogen. Indeed, in some ways, muonium chemistry is easier to
study than H atom chemistry because the behavior of a single muon-
ium atom can be detected through its energetic positron decay by
the methods of particle physics.

MUONIUM-ANTIMUONIUM CONVERSION

Muonium provides an interesting systera for study of the weak
interactions, or of the nature, of the muon quantum number (Figure
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18). The conversion of muonium to antimuonium (#e*) would vio-
late the usual additive law of muon number conservation but would
be allowed by a multiplicative law of muon number conservation,

Mugaium -~ Aantimuonium Converssion
#.O'—’ “-.0
Yiolates A€Cilive Law of Muon Conparvalion.

Allouad By Multipiicotive Lew gf Muen Conservation.
: -3 LY
HOoue ',rl(lor.)v.v,r (nr')v'
- ) e -1e
“‘b"-l-?-;—‘? (tor G.n -G' L B2 X110 ev)

0(1)--0..0‘... {et t=20, 9t 020}

- s ¢ .
Pnn--:?(%v‘ -z.o-:o‘(folvg)' tin vecuum | wheve ANy

Boa — u"a
< ’
by L 2x10a,

FIGURE i8.

which would be consistent with present knowledge about the weak
interactions. A Hamiltonian term which couples M and M is shown,
and the valuc of the matrix element is shown for the case in which
the coupling constant is taken as the universal Fermi constant Cy.
Muonium and antimuonium are degenerate as regards their electro-
magnctic interaction, If initially M is lormed, then due to the coup-
ling, a component of M is formed in the wave-function. Hence there
is a probability that muon decay will occur in the M mode with the
emission of an energetic electron. This probability P(M) is 2.6 x 1078
for muonium in vacuum. In the presence of a gas the degeneracy of :
M and M is rzmoved due to the different electromagnetic interactions
of M and M with atoms—e.g.,, argon. Hence the development of the :
AT component i inhibited, and P(8) is reduced by the factor 1/N,
the number ok collisions of the M-M system with Ar atoms during its
lifctime. The collisions of the antiatom M with Ar are dominated
by an inelastic rerrrangement collision in which the muonic argon
atom is formed. Hence the argon gas will change the mode of M
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decay, since s~ nucleus capiure will predominate over #~ decay. We
have done an expetiment to search for the characteristic muonic Ar
X-rays as a sensitivc test for the M — ¥ conversion, and have estab-
lished that Gyg is less than several thousand times the universal
Fermi coupling constant Gy.

FUTURE

As to future work on muonium let me just remark that all our
work has been done with only about 10! muonium atoms; work on
the hydrogen atom, on the other hand, has available hydrogen atom
beam intensities of 10!% atoms/sec. Rescarch on muonium is now
scverely limited by the number of muonium atoms available or by
muon beam intensities. When higher intensity accelerators—so-called
meson factories—get built, great improvements and cxtensions of
studics of muonium will be possibie.

ACKNOWLEDGMENT

This ivsearch has been supported by the Air Force Office of Scien-
tific Research, the Office of Naval Research and the National Science
Foundation.

REFERENCES

! Hughes, V. W., Bull. Am. Phys. Soc. 2, 20~ (1957).

* Hughes, V. W, McColm, D. W, Ziock, K., and Prepost, R., Phys. Rev. Lelters
5, 63 (1960).

* Prepost, R., Hughes, V. W., and Ziock, K., PAys. Rev. Letters 6, 19 (1961).

* Ziock, K., Hughes, V. W, Prepost, K., Bailey, ]. M., and Cleland, W. E., Phys.
Rev. Leuters 8, 103 {1962).

$ Cleland, W. E,, Bailey, J. M., Eckhausc, M., Hughes, V. W,, Mobley, R. M.,
Prepost, R., and Rothberg, J. E., Phys. Rev. Letters 13, 202 (1964).

¢ Thompson, P., Amate, J. Hughes, V. W., Mobley, R., and Rothberg, J., Bull.
Am. Psys. Soc., 11, 348 (1966).

¥ Mobley, R. o . Bailcy, J. M., Cleland, W. E., Hughes, V. W., and Rothberg,
). E., J. Cliem. Phys. 44, 4354 (1966).

* Morgan, D, Bull. Am. Phys, Soc. 9, 393 (1964).

* Hughes, V. W, Ann. Rev. Nucl. Sci. 16, 445 (1966).

1 Thompson, P., Amato, J. J.. Hughes, V. W, Mobley, R. M., and Rothberg,
J. E., Bull. Am. Phys. Soc. 12, 75 (1967).

1t Mobley. R. M., Amato, J. |, "{ughes, V. W., Rothberg, |. E.,, and Thompson,
P. A., ]. Chera. Phys, 47, 3074 (1967).

#» Amate, J. J., Crane, P., Hughes, V. W, Rothberg, J. E,, and Thompson, P. A.,
Bull. Am. Phys. Soc. 13, 635 (19G8).




UabLANSle iz

Secunty Classification

DOCUMENT CONTROL DATA-RA&D

fecurity classtlication of title, bady of absiract and i-lening annotetion must be entered when the overall report I clasellied)
TN L AT, AT v Ty (Uotpurete suthor)

T28. mEPORY SECURITY CLASSIFICATION

VoLLASSIFIED

2t GROUP

University 2 auw clexico
Albuquercue, sch sleaxico

3 WLPORT TiTOk

¢nce, ‘he Thirteent:o Al ool Lcience deminar, Altugueraue, Mew dexico,

Vistas 1n S&:
tnu ocalversity of sew iex1co lress

Jiane 1Yoy,

4 CLSCh.irT vE N3TES Type of report and inclusive dates,

vcientitic iinal

% A THON 3 "Firsr name, middle 1nitial, last name) kY .
pavid L. Arm, wuitor v
’
f REFORTY TATE 'a. TOTAL NO. OF FASZES 7b. NO. OF REFS
4 November 148 256
48 (DONTHRACTY ORA GRANT NO g8. ORIGINATOR'S REFORT NUMBER(S)
AF-AFOSK-1520-€5 -
| b PROLICT nC
9761-01
. b ! d
c. 01445()1!\, ob. loh::lrzo:o:?poa' NOtS) fAny other numbers that may be assigne
i v =
, 705 (&5 — 27¢ 0
10 CiSTRIBUTION STATEMENT
# This document as been approved for public relecase and sale; its distribution is
} fundinited. ' '
: 11 SUPPLEMEMTAF Y “OTES 12 SPONSORING MIL'TARY ACTIVITY
i TLCH, OTHER Air Force Office of Scientific Research
b 1400 Wilson slvd {SRPS]
Arlington, Virginia 22209
i 3 ABSTHACT

pThis volume is a collection of articles based upon lectures presented at the Thirteenth
Science beminar of the Air Porce Utfice of Scientific Research, held at Albuquerque,
New iexico, in June 1908, The seainar was held in cooperation with the University of
New iexico and the Air Force Special weapons Center, .
These seninars have been plamned to assist in breahing down barriers to the flow of
Biucas between different specialized areas of scientific knowledge, Interdisciplinary
fin character, their programs have consisted of rcports on, and discussions of basic
rescarch across the spectrum of Air Force interests. They have dealt with fundamental
idecas in science--not in hardware or gadgets or instrumentation or weapons systems--
inportant though all these may be. 7The lecturers have been internationally known in
t..cir ficlus and the research done LY most of them has been accomplished with AFUSR
'support.
This bcok 1s not a verbatim transcript of the lectures which were presented, Instcad,
its chapters, written after the conclusion of the seminar by the pcople who appeared
fon the program, are, in the main, digests of what was discussed in the lectures and in
@tiic discussion periods, Collectively, they record a substantial measure of scientific
achievencat. sSuch a record is important, since world progress over the past several
Ecenturies nas been greatly affected by advancoments in pure science.

UNCLAGSIFIED
Reproduced From Secunty Claxsification

Best Available Copy

PD 1473




