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ONE

Prologue

THIS book, although designed to be read independently, is in one

sense a continuation of an earlier work, Syntony and Spark: The

Origins of Radio, published in 1976.! That book dealt with the
very earliest phase of radio technology, when the scientific work of James
Clerk Maxwell and Heinrich Hertz was being transformed into a tech-
nology of communication by men like Oliver Lodge and Guglielmo Mar-
coni and the first attempts were being made to base commercial enter-
prises on that technology. The present volume picks up the story in the
closing decades of the nineteenth century and carries it through the
1920s, when the advent of popular broadcasting transformed radio from
a means of point-to-point communication, competing with the wired
telegraph, into the agency of mass communication it is today. I discuss
the origins of broadcasting only briefly in this book. My interest is in the
origins of the technology that made broadcasting possible. This was the
technology of the continuous wave.

In the earliest days of “signalling without wires” the only known
method of generating radio waves was by means of sparks. An induction
coil, or sometimes a bank of capacitors, was used to place a high voltage
across a spark gap; when a spark jumped the gap it created an electro-
magnetic disturbance that could be detected at a distance. A series of
sparks following each other in rapid succession gave rise to a chain of
such disturbances—a radio wave, in short—that could be interrupted to
form the dots and dashes of the Morse code and thereby convey infor-
mation. Such waves travelled at a constant velocity: the speed of light.
Each wave had a specific wavelength—the distance between succeeding

! Hugh G. J. Aitken, Syntony and Spark: The Origins of Radio (1976; Prince-
ton, 198S).
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peaks or troughs—usually measured in meters; and therefore, given the
constant velocity, it had a specific frequency (the number of cycles per
second).2 Each wave, that is to say, had a particular “place” on the
electromagnetic spectrum, defined by its wavelength or frequency.’ If it
was to be detected, the apparatus used for receiving had to be capable
of responding to waves of that frequency—that is, it had to find and
react to a signal at that “place” and, if possible, reject all others. Today
we do this by a process we call tuning. In the earliest days of radio it
was more common to speak of “‘syntony.” Receiving and transmitting
circuits were said to be in syntony when they resonated at the same
frequency.

Syntony and spark were the characteristics that gave unity to that first
phase of radio history. Technological development consisted of devising
more effective spark transmitters, receivers that could detect and respond
to spark-generated waves, and syntonic circuits that made it possible for
transmitters and receivers to “find” each other in the radio spectrum.
Important elements in this process were the development of antennas
that could radiate and pick up signals efficiently, and the trial-and-error
discovery of which wavelengths were most suitable for transmission over
long distances.

The radio wave generated by a spark transmitter was a wave of a
particular type. Each spark discharge generated a series of oscillations
that diminished rapidly in amplitude as its energy was radiated into space
and absorbed by the internal resistance of the components. A common
simile, and an appropriate one, was to compare the antenna to a bell
struck by a clapper. The bell, when struck, would sound a note, radiating
energy in the form of sound waves. But the strength of the note would
diminish more or less rapidly, as the vibrations of the bell diminished in
amplitude. If the vibrations were “damped,” as for instance if one placed
a hand on the bell’s surface, the sound would die away very quickly. So
it was with a spark discharge: it had a degree of damping, depending on
the internal resistance of the circuit and the rate at which it radiated
energy into space. The radio wave generated by a succession of spark
discharges consisted of a series of these damped oscillations. In that sense,

2 The term “Hertz” is now commonly used for the older “cycles per second,”
and that convention will be generally but not slavishly followed in this book.
The abbreviations kHz and MHz refer to one thousand and one million cycles
per second respectively.

3 The radiofrequency spectrum is generally taken today as lying between 20
kHz and 30,000 MHz (30 GHz).
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a spark transmitter, although it might radiate continuously, did not gen-
erate a true continuous wave. (See Fig. 1.1)

It can be shown mathematically, by a technique known as Fourier
analysis, that a damped oscillation such as that generated by a spark
transmitter (or indeed any other complex waveform) can be decomposed
into a large number of other oscillations, each with a frequency and
wavelength of its own.* These constituent oscillations are sine waves, in
which the signal changes in an exactly prescribed way through a full
cycle, going first positive, then negative, following the sine function in
trigonometry. (See Fig. 1.2) This is no mere mathematical transformation:
if such a train of damped oscillations were radiated from an antenna, its
constituent sine waves would appear on the electromagnetic spectrum
and (unless filtered out by tuned circuits) affect any receiver with enough
sensitivity to detect them. From this fact certain important practical im-
plications followed. A spark radio transmitter generated not one radio
wave, but a very large number of them. Its signal was not at a single
“place” on the electromagnetic spectrum but at a very large number of
places. A true unmodulated continuous sine wave, in contrast, if one
could have been generated, would have had one frequency only; it would
have appeared at one place in the spectrum and only at that place.

This is the reason why, today, spark transmitters are universally out-
lawed. The radiofrequency spectrum is, to be sure, a unique resource, in
that it can never be used up. But it can be overused; it can be overcrowded.
Congestion of the radio spectrum creates a form of pollution in which
transmitters interfere with each other and receivers are unable to select
the signal that conveys the desired information from among interfering
signals that are essentially noise. The danger always exists of a new
“tragedy of the commons,” in which overuse of a resource freely available
to all creates a situation in which it is available to no one.’ To prevent
such a situation, governments and international supervisory agencies re-
sort to frequency allocation—essentially, the rationing of scarce space on
the spectrum.

A spark transmitter is inevitably a dirty transmitter. It pollutes the

Fig. 1.1: A train of damped oscillations.

4 For further discussion, see Aitken, Syntony, pp. 70-75.
5 See Garrett Hardin, “The Tragedy of the Commons,” in Economic Foun-
dations of Property Law, ed. Bruce A. Ackerman (Boston, 1975).



6 Prologue

+Ir-

GENERAT/ION OF A SINE WAVE

Fig. 1.2: Geometric generation of a sine wave.

spectrum by contaminating frequencies far removed from those nomi-
nally being used to carry the message. Its undesired effects can be min-
imized by reducing the degree of damping, which is to say by approxi-
mating more and more closely to a continuous wave. But there is a point,
with spark, beyond which amelioration cannot go. Furthermore, spark
transmissions make selective tuning much harder to achieve. The spark
gap itself is a high-resistance element; its presence unavoidably lowers
what engineers call the “Q” (quality) of the transmitting circuit and
introduces a large damping coefficient. A spark-generated wave, there-
fore, is necessarily “broad.” Quite apart from the harmonics it generates,
it occupies an undesirably large space on the spectrum.

In the closing years of the nineteenth century and the first years of the
twentieth, a few radio experimenters and scientists arrived at the con-
viction that spark radio transmission would have to be abandoned. They
were, at first, a very small minority and they had difficulty making their
case. On the one hand, the full potentials of spark transmitters had by
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no means been exhausted. Each year more powerful and more sophis-
ticated spark transmitters appeared on the scene. Higher spark rates and
lower damping coefficients approximated ever more closely to a contin-
uous wave. Spark was a familiar and proven technology and there seemed
no need to abandon it. On the other hand, devices and circuits that could
generate true continuous waves were not at hand. A few experiments
had been made with alternators, similar in principle to those that gen-
erated alternating current electricity for homes and factories, but they
were low-frequency devices and delivered little output power. Some in-
teresting work had been done with oscillating arcs that could be made
to generate sound waves. Oscillating triode vacuum tubes, later to be the
almost universal method of generating continuous waves, were unknown.
A continuous wave transmitter that could generate substantial amounts
of power at radio frequencies did not exist in 1900. In the circumstances,
to believe that continuous wave radio could and should replace spark
called for an act of faith.

Historians of technology have learned to recognize situations of this
type and to attach special importance to them. Edward Constant, for
example, writing about the introduction of the turbojet engine, points
out that the men who, in the 1930s, built the first turbojets were not
responding to any current failure of the conventional piston engine, which
at that time had by no means reached the limits of its development.®
They were responding, rather, to insights that left them convinced that
the conventional aircraft propulsion system would inevitably run into
difficulties at some point in the future, and that a new and radically
different system could and should be built. Such a situation sets the stage
for discontinuous change, for what Constant, borrowing a term from
Thomas Kuhn, calls a shift in technological paradigms.” In Kuhn’s model,
designed originally to explain major discontinuities in the history of
scientific theory, attempts to develop a new paradigm begin not when
the explanatory power of its predecessor is fully exhausted but when
anomalies begin to accumulate: phenomena that accepted theory cannot
explain, or that it manages to explain only by successive ad hoc adjust-
ments and extensions. Similarly, for Constant, attempts to develop a new

¢ Edward W. Constant, Jr., “A Model for Technological Change Applied to
the Turbojet Revolution,” Technology and Culture 14 (October 1973), 553-72.
For a more extended discussion see Constant, The Origins of the Turbojet Rev-
olution (Baltimore, 1980).

7 Thomas S. Kuhn, The Structure of Scientific Revolutions, 2nd ed. (Chicago,
1970). See also Kuhn, The Essential Tension: Selected Studies in Scientific Tra-
dition and Change (Chicago, 1977).
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technological paradigm begin not when conventionally accepted practice
has failed in any absolute sense, but when a minority has become con-
vinced that at some point in the future it will fail.8 At the time, however,
there is still much potential for development in the conventional system;
the anomaly is presumptive, not presently existing. It is visible to some
but not to others. And those who see it and become convinced of its
reality require, as part of their motivation, a kind of dedicated deter-
mination that to outsiders often seems unreasonable. To more. common-
sensical people, what they seek is probably unattainable and there is no
real need for it anyway.

For Constant, the source of the insights that convince some individuals
of the existence of a presumptive anomaly in technological practice is
always science—in his case, advances in aerodynamics, the branch of
physics that deals with gas flows. Presumptive anomaly occurs when
scientific’ insight, or assumptions derived from science, indicate either
that, under some future conditions, the conventional technological system
will fail or will function badly, or that a radically different system will
do a much better job or do something entirely novel.® Science, according
to Constant, provides the rational component that balances the nonra-
tional ““fanaticism” of the technological innovators—the “provocateurs,”
as he calls them.

In this book, although we shall use Kuhn’s overworked term sparingly,
we shall indeed be dealing with a major paradigm shift in radio tech-
nology—a shift that created the technical base for what we recognize as
radio today and that was in its time as radical as the shift from piston
engine to turbojet of which Constant writes. But we shall not take it for
granted that what powered that shift were new insights derived from
science, if by science is meant a body of articulated theory and a set of
repeatable experimental observations. To assume that information gen-
erated by science is the only possible source for the detection of pre-
sumptive anomalies comes close to assuming that advances in science are
the only possible source of major technological change. And that in turn
comes near to defining technology as applied science—an identification
that few scholars today are willing to make.!°

8 Constant defines a technological paradigm as “an accepted mode of technical
operation, the usual means of accomplishing a technical task . . . the conventional
system as defined and accepted by a relevant community of technological prac-
titioners” (“A Model for Technological Change,” p. 554).

° Ibid., p. 555.

10 See, for example, Edwin T. Layton, “Mirror-Image Twins: The Communities
of Science and Technology in 19th-Century America,” Technology and Culture
12 (October 1971), 562-80.
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What role science played in the technological shift that is the central
concern of this book is a question to be asked, not an assumption to be
made. The men we shall be dealing with were not without scientific
training; they had a keen sense of scientific literature and scientific per-
sonnel as resources on which they could draw; and they understood the
importance of clothing their judgments in the prestigious language of
science. But this is not to say that their commitment to the continuous
wave was founded on scientific insight, nor that their perception of the
presumptive anomaly facing spark technology was deduced from any
body of scientific theory. On the contrary, if we are to judge by their
own statements, their dissatisfaction with spark was based on more prag-
matic grounds. The test of performance was whether or not radio com-
munication could be reliably maintained over considerable distances. By
this standard, spark was in their judgment a poor prospect, primarily
because, with its broad signal and multiple harmonics, a spark transmitter
dissipated its power. Concentrate the available energy on a single fre-
quency and your chances of achieving distance, of cutting through in-
terference, fading, and atmospherics, were likely to be very much better.
That kind of thinking called for no sophisticated knowledge of Fourier
analysis. It was a strictly practical matter. Could spark do the job that
its apologists claimed? Advocates of the continuous wave believed that
it could not. There had to be a better way.

And there had to be a better way of detecting radio signals than by
the device—the coherer—that typically accompanied spark transmission.
Even the best of coherers was a temperamental device, hard to keep in
adjustment; the need for “tapping-back” to restore sensitivity after a
signal had been received, meant slow transmission speeds; and, since the
coherer responded to voltage impulses, it was incapable of discriminating
between signals and atmospheric noise. Escaping from spark technology
called, therefore, not only for developing transmitters capable of gen-
erating continuous waves but also for finding receivers capable of de-
tecting them. This was to require new circuits as well as new devices.

Those who decided to abandon spark and find a better way were
responding not to new insights derived from science but to their sense
that spark was a technological dead end and that continued reliance on
spark would jeopardize radio’s economic viability. The issue was whether
radio could find for itself an economic niche in which it could grow and
develop. Was this likely as long as spark reigned supreme? Some thought
not. The presumptive anomaly that these individuals saw on the horizon
appeared, not where technology and science met, but at the hazy bound-
ary where radio stopped being a matter for visionary experimenters and
started to become a hardheaded business capable of gaining and holding
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a commercial market. The criteria that the new technology would have
to meet were economic criteria: could capital invested in radio earn the
going rate of return? The expectation that spark radio would fail this
market test was the rational ground for turning to the continuous wave.

Breaking away from spark, however, was not easy. Spark was the
technology through which radio had come into existence; it had provided
the only dramatic successes that the new means of communication could
claim; and it was the technique to which the major operating organization
of the day—the Marconi Company—seemed irrevocably committed. What
was involved in the shift to the continuous wave was not just an incre-
mental improvement in radio technique; it was a change in the way you
thought about radio, the way you conceptualized it and visualized it. If
you took it seriously it had some of the elements of religious conversion:
it affected everything you did in the field thereafter. This had economic
implications. To insist, as for example Reginald Fessenden did, that spark
radio was following a fundamentally wrong track piled a new uncertainty
on top of serious economic uncertainties already present. That did not
make it easier to find and keep financial backers. And it had personal
implications. Those who advocated such unconventional and visionary
ways of thought and action paid a price in terms of the personalities they
developed and the style of life they followed.

One element in the vision that these individuals followed was wireless
telephony: the transmission by radio of voice and music. Without this
element—that is, if radio communications had continued to be thought
of exclusively as the dots and dashes of Morse code telegraphy—it is
questionable whether continuous wave radio would have seemed a gam-
ble worth taking. Without exception, the early devotees of continuous
wave radio had in mind the transmission of the human voice and not
merely a marginal improvement in radio telegraphy. This had implica-
tions for the standards of performance that continuous wave radio was
expected to meet. A slight competitive advantage over spark telegraphy
was not enough to attract venture capital: the lure was wireless teleph-
ony—initially not for broadcast entertainment but to provide the kind
of point-to-point communication that the American Telephone and Tel-
egraph Company provided, only without the fixed costs of a wired net-
work.

It is often the case, when a radically new and different technological
system appears on the horizon, that it is at first judged to be less efficient
than the system it eventually replaces. There are two main reasons for
this. First, the conventional system has had the benefit of considerable
developmental improvement since it was first introduced and it is familiar
to users. The system that challenges it is imperfect, incomplete, risky,
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and often disconcerting. The second reason is more subtle: the standards
of performance by which the new system is appraised have been worked
out in terms of the jobs that the old system has done and the criteria
especially relevant to those jobs. Two examples will make the point clear.
In the early eighteenth century an overshot water wheel, with centuries
of development behind it, was undoubtedly a more efficient power source
for conventional uses than the novel atmospheric engine. A millwright
comparing the two would not have hesitated to choose the water wheel.
It was only for particular uses, such as for pumping water out of deep
mine shafts, and in particular contexts, such as locations where cheap
coal was available, that the Newcomen engine had the advantage. These
particular functions and contexts, however, gave the new technology of
steam power the toehold it needed to set out on its own course of re-
finement and development, a course that eventually made it capable of
performing functions (such as overland transportation) that no water
wheel could ever perform. Similarly, as Constant points out, for con-
ventional uses and with conventional airframes, the first turbojet en-
gines—‘‘volatile contrivances,” he calls them—offered little if any ad-
vantage over the best piston engines of their day.!! Their true superiority
began to show only as aircraft approached and then exceeded the speed
of sound and as new airframe construction techniques were developed.
Changes in these parameters altered the performance criteria that an
aircraft power plant was expected to meet.

Examples could be multiplied, but the point is essentially simple. A
radically new technology does more than merely perform old functions
better; it makes it possible to perform functions that the technology it
replaces could not perform at all. It not only solves a problem; it “over-
solves” it. It literally creates its own future. One implication is that, like
one of Kuhn’s scientific paradigms, it has to be appraised not in terms
of the old functions, but in terms of the new possibilities that it opens
up. Judged by the criteria of the system being displaced, its differential
advantage may at first seem trivial—just enough, perhaps, to give it a
point of entry into commercial acceptance. Further development depends
on finding new markets. So it was with continuous wave radio. For radio
telegraphy its superiority was arguable—in the judgment of respected
authorities, nonexistent. But for voice transmission it was a different
matter. Many people tried to transmit the human voice by modulating
the output of a spark transmitter. They all failed. Even at very high spark
rates and with low damping coefficients, spark transmitters were too

11 Constant, “A Model for Technological Change,” pp. 570-71.



12 Prologue

noisy to transmit speech without intolerable distortion. Only a trans-
mitter that generated true continuous sine waves could do the job.

Anyone who could devise such a transmitter, therefore, had at his
disposal a technology with potentials that transcended those of spark.
Implicit was the possibility not only of point-to-point communication in
plain spoken language but also of “broadcasting” information and en-
tertainment to anyone with a suitable receiver. In 1900, to be sure, no
one was thinking of broadcasting in those terms. The fact that radio
communications were “broadcast”—that they could not be kept secret
unless coded or encrypted—was generally thought of as a serious limi-
tation of the new technology, as compared with the relative privacy and
security offered by wired systems. When the U.S. Navy used the term
“broadcasting,” it referred to a practice whereby ships receiving radio
traffic were exempted from the usual requirement to acknowledge receipt.
When Woodrow Wilson’s adviser on communications, briefing the pres-
ident for the Paris Peace Conference, discussed the use of radio for
“broadcasting,” he was referring to the possibility of disseminating Amer-
ican news and propaganda to foreign news agencies without depending
on the submarine cables. These forms of “broadcasting” still exist today,
but they are not what we usually mean by the word. We are creatures
of the age of continuous wave radio and our language reflects the fact.

The development in the 1920s and 1930s of broadcasting in the pop-
ular sense—that is, the transmission of news, entertainment, and adver-
tising to the general public by radio—would have been impossible without
previous advances in continuous wave radio technology that had origi-
nally been made with quite different objectives in view. One can, of
course, find a few farsighted individuals who thought that some such
development was possible. All of the early experimenters with the con-
tinuous wave tried their hands at transmitting speech and music to anyone
who would listen; and the legend of David Sarnoff and his “radio music
box™ in the home is well known. With these qualifications, it remains
true that the rise of radio broadcasting is a classic example of the un-
anticipated consequences of technological change. Continuous wave ra-
dio opened a Pandora’s box of consequences for life in the modern
world—consequences completely out of proportion to the limited objec-
tives of those who developed and sponsored the new techniques. Those
who write of “autonomous technology,” of ““technology out of control,”
have precisely such episodes in mind.!?

12 See, for example, Langdon Winner, Autonomous Technology: Technics-out-
of-Control as a Theme in Political Thought (Cambridge, Mass. and London:
MIT Press, 1977), esp. pp. 91-98.
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The irony is that continuous wave radio, once its technical feasibility
had been proved, was a highly supervised and “managed”—even a po-
liticized—innovation. It attracted the attention of both governments and
major corporations. Attempts to manage the innovation, however, had
nothing to do with what turned out to be its most socially disruptive
use: public broadcasting. They were directed, rather, to its implications
for what we would now call telecommunications policy, and specifically
toward the new possibility it opened up for creating a corporate entity—
a “chosen instrument,” as it were—to advance and protect American
national interests in world communications. One outcome of those efforts
was the Radio Corporation of America, an organization whose original
function and reason for being were to manage the deployment of con-
tinuous wave technology in what was then its most advanced form: the
General Electric Company’s radiofrequency alternator. External rela-
tions—communications between the United States and the rest of the
world—were originally the corporation’s primary concern, not domestic
communications within the United States. Very quickly, however, RCA
also became an instrument for the consolidation of domestic interests in
radio and for the allocation of exclusive fields of corporate activity in
domestic communications. The outcome was an elaborate network of
intercorporate treaties intended to control the new technology and min-
imize the probability of conflict. This structure was not designed with
public broadcasting in mind; it was, however, the structure that existed
when broadcasting began, and the way broadcasting developed was pro-
foundly affected by that fact. Broadcasting itself was an unplanned social
innovation, but the corporate context in which it appeared was the result
of a great deal of planning.

The invention of continuous wave radio technology provides the sub-
stance for approximately half of this book; the attempts to manage the
innovation are the substance of the second half. As a “bridge,” to illus-
trate the political and ideological context in which postwar policies were
formulated, I have included a short chapter on telecommunications issues
at the Paris Peace Conference, focusing on the acrimonious dispute over
the disposition of the German submarine cables. In the chapters that
make up the first half I have organized the presentation around certain
of the individuals who played important roles in the process of invention:
Reginald Fessenden; Cyril Elwell and his successor as chief engineer of
Federal Telegraph, Leonard Fuller; and Lee de Forest. In the second half
I have likewise given much attention to the individuals who were deeply
involved in the organization of RCA, notably Owen D. Young and Lt.
Comdr. Stanford C. Hooper, USN. This mode of presentation should
not be taken as implying that I subscribe to a heroic theory of either
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technological or organizational change. It does reflect a belief that, al-
though the development of technology and the rise of complex hierar-
chical organizations can be depicted as historical forces that transcend
individual personalities, nevertheless they work themselves out through
the decisions of individual men and women, and there is a certain gain
in directness and immediacy when we show this process in operation.

* * *

Such, then, is the historical content of this book. And I hope that the
chapters that follow are substantial enough in themselves to hold the
attention of readers who have no interest in questions of historical method.
Such questions inevitably arise, however, and in an academic discipline
as new as the history of technology it may be useful to comment on them
briefly.

Eugene Ferguson has warned against what he calls “the engineer’s
insistence that everything be defined as a first step.”!3 This is, he suggests,
a convenient device for avoiding any hard thought about implications
that do not come immediately to mind, and he expresses the hope that
historians will recognize that, when they have completely defined their
problems, they have also solved them. With this caution in mind, I refrain
from offering any of the standard and readily available definitions of
technology, which normally emphasize either hardware or methods. Such
definitions reduce technology either to machines or to techniques. Behind
these definitions there lies an older and less limiting idea: the conception
of technology as knowledge—Aristotle’s “reasoned state of capacity to
make.” This is the conception that underlies this book.!* I think of tech-
nology as one form of organized information—that which deals with
man’s capacity to manipulate the natural environment for human ends—
and of the history of technology as one branch of intellectual history or
of the history of ideas. Technological knowledge may indeed be given
physical form in machines, and it may manifest itself in techniques. Ques-
tions about the origin and evolution of machines and techniques, how-
ever, are probably best tackled by examining the information that they
embody and asking how that information came to be organized in that
particular way.

The assumption is that, when the questions are phrased in these terms,

1 Eugene S. Ferguson, “Toward a Discipline of the History of Technology,”
Technology and Culture 15 (January 1974), 21n.

4 Compare the seminal article by Edwin T. Layton, “Technology as Knowl-
edge,” Technology and Culture 15 (January 1974), 33.
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there is a reasonable probability that they can be answered from the
historical record—that is, from surviving documents and other artifacts.
An emphasis on the informational content of technology suggests that,
when analyzing devices and processes that are new, we should ask to
what extent they resulted from net increments to the stock of human
knowledge—as might emerge, perhaps, from scientific discovery—and to
what extent they represented novel combinations of knowledge already
in existence. In either case the new device or process—the invention, if
you will—can be thought of as a new configuration of information—a
new gestalt, to use the psychologist’s term. Some elements in that gestalt
may be information that is new in an absolute sense; others will be drawn
from the preexisting stock. What is new about the invention is the novelty
of the combination—the way the elements are put together.!S

If, then, we intend to analyze the process of invention, we need concepts
that will enable us to come to grips with the ways in which flows of
information come together to produce new combinations. We may take
for granted the proposition that invention is a social process: the new
combinations are indeed formed as ideas held by individuals, but those
individuals function within formal and informal networks of commu-
nication. Such networks are social facts; they provide the channels over
which information moves. Some of them are long-lived, serve as organized
command and control systems, and are coterminous with formal organ-
izations: the communications system of the General Electrical Company,
perhaps, or of the U.S. Navy Department. But many are not. They may
be highly informal and evanescent—a relaxed conversation between two
engineers looking out over Gloucester harbor and chatting about yachts
and vacuum tubes, to cite an example from one of the chapters that
follow. Such networks serve not as the control systems of organizations
but rather to interconnect organizations and individuals.

If we ask how inventions come into being, a sound operational rule is
to examine the flows of information that converged at the point and at
the time when the new combinations came into existence. A hypothesis
worth testing is that the points of confluence of information flows define
the social locations where there is a high probability of new combinations
being made. And a derivative hypothesis is that the most interesting and
striking of new combinations are likely to occur when information flows

15 Judicial interpretations of patent law, in the United States, parallel this view:
courts have consistently held that all elements in a patent claim may be old and
yet the claim itself can still be proper subject matter for patent protection. See
David A. Blumenthal, “Life-forms, Computer Programs, and the Pursuit of a
Patent,” Technology Review (February/March, 1983), 30.
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meet, by chance or by design, that have not met before. In such a case
a new node is formed and the possibility exists, at least as long as the
interconnection lasts, that networks previously disjunct will be able to
exchange information with each other.

This way of thinking about invention offers several advantages. It
avoids the heroic view of invention that has afflicted so many popular
histories. At the same time it calls attention to those individuals who find
themselves, or place themselves, at the points of confluence of information
flows and have the wit, the curiosity, and the imagination to put together
items of information, and sometimes kinds of information, that have
never been so synthesized before. Also, such an approach avoids deter-
minism: it gives no warrant for asserting any kind of necessity in the
process. But neither are we thrown back on blind chance. It is a matter
of probabilities: the probability of new combinations being formed is
higher at the points of confluence of information flows than it is else-
where. And thirdly it enables us to take into account both demand and
supply. Clearly the process of technological change has a certain logic
of its own. Not all inventions, but only a certain set of them, are possible
at any given time; it depends on the stocks of existing knowledge, the
nature of the new knowledge being injected into the system, and the
layout of the communications networks over which knowledge moves.
For these reasons a “demand-pull” theory of invention and innovation,
though it tells us much of what we need to know, can only be part of
the story. The stock of scientific and technical knowledge is not a kind
of putty out of which almost anything can be shaped.' There are im-
portant supply-side constraints on what is possible. But on the other
hand, the way in which technological change tracks over time is not
independent of demand-side factors, for information on social “need,”
in the form of market signals, legislation, government procurement pol-
icies, and so on, also influences decision-making. Some technological
possibilities are exploited, others are not. Into some resources are poured
generously, while others live on a starvation diet. Demand and supply
interact to determine the outcome.

In Syntony and Spark 1 tried to grapple with these issues on a rather
abstract level by identifying within any society three subsystems labelled
science, technology, and the economy. Every society, I argued, has some
form of scientific knowledge and some form of scientific activity, though

6 The leading example of ‘“demand-pull” theories of invention is Jacob
Schmookler, Invention and Economic Growth (Cambridge, Mass., 1966). For
critical comments, see Nathan Rosenberg, “Science, Invention, and Economic
Growth,” in Perspectives on Technology (Cambridge, 1976), 265.
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possibly quite different from that typical of modern industrialized na-
tions. It unquestionably has a technology of some sort. And it necessarily
has an economic system, no matter how unspecialized and loosely artic-
ulated. These systems were depicted as linked to each other, more or less
closely, by exchanges of information and resources; the historian’s prob-
lem was to describe the content and volume of these exchanges in par-
ticular societies at particular times. One hypothesis suggested by the
model was that, in determining the rate and direction of technological
change in a society, a critical role was played by individuals who func-
tioned at the interfaces between the three systems, translating the infor-
mation generated in one into a form intelligible to participants in the
others and organizing the movement of resources between them. These
individuals I called “translators.” In using that word I had in mind both
the literal meaning of translation as the moving of something from place
to place—social “place” in this case—and its more familiar meaning as
the conveying of information from one language to another. It seemed
important that science, technology, and the economy were usually or-
ganized around different values, rewarded different modes of behavior,
and provided their members with different kinds of signals to guide their
decisions. They literally did use different vocabularies, speak in different
languages, and respond to different cues. There was, therefore, a general
and continuing need for coordination and intercommunication, and these
were the functions that the “translators” performed. How effectively they
performed them, and what institutions they developed to help their per-
formance, would presumably influence the rate and direction of technical
change, which was my primary concern, but there would also be impli-
cations for the advance of science and for the rate of economic growth.

As a framework for organizing one’s thoughts and marshalling the
evidence, this simple model had its uses. It suffered, however, from at
least three limitations. In the first place, try as one might to emphasize
how complex were the interactions between science, technology, and the
economy, the image left in the minds of most readers was of a process
in which new knowledge was generated by science, converted into useful
devices by technology, and then put to use by the economic system. The
effect was to reinforce a stereotype that by the 1970s had been rejected
as inadequate by most serious students of the history of technology, on
the grounds that it left unexplained vast areas of technological devel-
opment and seriously underestimated the extent to which scientific ad-
vance depended on technology rather than vice versa. To the degree that
the model served to breathe new life into that moribund stereotype, it
was a step backward in scholarship, not forward.

Secondly, the model tended to encourage what logicians used to call
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the “fallacy of misplaced concreteness.” The impression left in the read-
er’s mind was of science, technology, and the economy as in some sense
real entities, rather than the highly abstract categories they were. In
particular, the image presented was of the three systems as being distinct
and clearly bounded. This may be a bias implicit in systems theory as it
is often practiced.!” One treats subsystems as “black boxes” with inputs
and outputs, and the usual way of diagramming the system is to depict
the several subsystems as neat rectangles with definite boundaries, con-
nected by lines that indicate the exchanges going on between them. As
an aid to analysis this technique is no doubt often useful. Inevitably,
however, it encourages a two-dimensional view of reality and a linear
theory of causation. The “afterimage” one carries away from any such
presentation is of the subsystems as being clearly separated, distinct, and
sharply bounded.

The more I learned about the history of technology, however, the less
satisfactory that kind of image came to appear. Certainly there had been
periods in history and there had been cultures in which science and
technology lived in separate worlds, as it were, where their practitioners
formed distinct communities with no common membership, where in-
teraction between them was reduced to a kind of sporadic arm’s length
trading. But in the period in which I was working—the late nineteenth
and early twentieth centuries—one of the obvious historical trends had
been toward closer integration of the two systems. Edwin Layton, in a
famous metaphor, had argued that by the end of the nineteenth century
science and technology had become “mirror-image twins,” as engineers
acquired scientific training, applied the methods of science to engineering
problems, and adopted the professional organization and (to a degree)
the attitudes of scientists.'® But also, it seems to me, science, at least in
some of its branches, had become more technological, in the sense that
the pace of scientific advance had come to be greatly influenced by the
rate at which the necessary technology could be made available. Con-
trolled nuclear fusion and genetic engineering, in the contemporary world,
were obvious examples. The image that seemed appropriate was not one
of discrete bounded systems but rather of communities that overlapped
and intermingled.'” There was a grey area where scientific technology
and technological science shaded into each other.

17 Compare Robert Lilienfeld, The Rise of Systems Theory: An Ideological
Analysis (New York, 1978), esp. pp. 196-224,

18 Layton, ‘‘Mirror-Image Twins.”

' On the significance of interpenetration, see Talcott Parsons, The System of
Modern Societies (Englewood Cliffs, N.J., 1970), pp. S-7. Leonard Reich has
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What was true of science and technology was even more true of the
third element in the triad: the economic system. By the early decades of
the twentieth century, the evidence seemed to suggest, the economic
calculus had penetrated deeply into technological decision-making. Cal-
culations of expected returns on capital, of costs and benefits, had become
a major determinant of the direction in which technology moved. And
there were indications that economic rationality and a market orientation
had in some fields come to influence scientific decision-making, despite
the fact that it ran counter to the traditional ethos. Among the obvious
reasons were the increasing cost of scientific experimentation, the vastly
enlarged role of government as the sponsor of scientific research, and the
intimate connection between scientific advance and national security.
Decisions on the funding of high-cost research projects depended on
estimates of their probable net contribution at the margin to national
welfare, preparedness, or prestige; and wherever that kind of calculation
came into play the interpenetration of the scientific and the economic
systems was clear.

The third major reason for dissatisfaction was that the model included
no government sector. As long as the government could be regarded
exclusively as a consumer of the outputs of science and technology, this
introduced no serious error, for the government then was merely one
component of the economic system, albeit an important one. But gov-
ernments in the twentieth century had clearly come to play a major role
in directing the course of scientific and technological discovery, and not
merely through their leverage as consumers. They had become major
sources of finance; they had taken the initiative in steering research and
development in particular directions; they had intervened to block the
transfer of scientific and technical information in certain cases and ex-
pedite it in others; and, through patent and copyright law, they had
helped to structure the reward system that guided private endeavors. So
pervasive, indeed, did the influence of government appear to have become,
not merely on the rate of scientific and technological advance but also
on its trajectory, that a clear case could be made for splitting off the
government sector and analyzing separately its role in technological change.

pointed out that in an industrial research laboratory scientists often function as
engineers and engineers as scientists, so that it becomes impossible for the his-
torian to tell them apart except by their choice of projects and methods of
research. In that environment the “mirror-image twins” model of distinct com-
munities begins to break down. See Leonard S. Reich, “Irving Langmuir and the
Pursuit of Science and Technology in the Corporate Environment,” Technology
and Culture 24 (April 1983), 199-221.
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Here again, however, the danger of misplaced concreteness seemed
very real. No government, in its relations to science, technology, and the
economic system, was a monolith. Quite the contrary: it acted through
a myriad of agencies and bureaus, pursued a host of different policies,
not all of them consistent, and exercised its influence on the movement
of information and resources through very many different channels. Nor
was it a clearly bounded system. Between the government, the corporate
sector, and the scientific and technological communities there was a con-
stant interchange of personnel and a good deal of ambiguity as to where
the boundary between public and private lay. As with the other sectors,
overlap and interpenetration seemed the phenomena to be emphasized,
rather than separateness and sharp boundaries.

The preliminary model, in short, had emphasized the characteristics
that differentiated the world of technology from the world of science on
the one hand and the world of economic activity on the other. One ended
up with a scheme that was logically tidy and that helped to sort out the
evidence—a kind of intellectual filing system. But a price was paid for
the tidiness and for the emphasis on differentiation. One tended to
oversimplify the interactions between the systems, to overemphasize their
separateness and distinctness—the “black box” fallacy—and to reify what
were in truth only mental categories.

Some ideas, however, were worth salvaging. There remained intact the
conception of society as a complex system of communications networks;
the hypothesis that social locations where the probability of invention
was high could be identified as points of confluence, where information
flows came together, whether fortuitously or by design; and the image
of the critical role of the translators. In some respects, indeed, moving
away from a model in which social subsystems were depicted as sharply
bounded and highly differentiated promised to make this “communica-
tions approach” to technological change somewhat more attractive. For
if we were to think now of science, technology, the economy, and gov-
ernment as systems with “soft edges,” characterized by a good measure
of overlap and interpenetration, it became easy to conceive of these areas
of overlap as precisely the locations where information networks inter-
connected; and the individuals we had called translators were then those
who monitored and managed the interconnections, converting infor-
mation from one coded form into another and—a consideration of some
importance—deciding what to translate and what to ignore, what infor-
mation to pass on and what to block. The points of interconnection were,
in that sense, switching points, and the question of who controlled the
switches promised to be interesting.

The word “translator,” if it is more than just a figure of speech, suggests
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that we are identifying particular individuals who perform these functions
of communication and control. And indeed there are certain advantages
to conducting the analysis at that level of disaggregation, when the sur-
viving historical record permits it. In certain cases it is possible to identify
the individuals who, in a particular context and at a particular moment,
were responsible for the transfer of a critical piece of information from
one network to another; the chapters that follow provide several ex-
amples. It is not only the richness and immediacy of the historical nar-
rative that benefits when this is done. It also serves as a useful offset to
the tendency referred to earlier, to reify the systems under discussion and
oversimplify the interactions between them. It becomes evident, for ex-
ample, that the individuals most critically engaged in transfers of infor-
mation, and occasionally in the blocking of such transfers, are often not
the nominal leaders of the organizations involved, the people at the top
of the hierarchy, but rather individuals at the second or third level down,
or in staff positions, who assemble, organize, and filter the information
on which decisions are made. This is a fact of life familiar to anyone
who has worked in a formal bureaucracy, but it is a fact that historians
sometimes forget. Similarly, when discussing how networks interconnect,
it is is easy to concentrate on formal and relatively long-lasting channels
of communication, particularly those involving the exchange of written
documents, and to overlook the vital role that is often played by more
informal and transient interconnections, particularly face-to-face con-
versations and the telephone. Information moving in oral form over
transient interconnections is inevitably hard for historians to track and
evaluate, but anyone interested in how new ideas arise and are diffused
can hardly afford to overlook its role.

For these reasons I have not hesitated to present the analysis at some
points in highly particularistic form. More is involved than a fascination
with detail. It is important to get a sense of the multiple levels at which
organizations interact, of the complex circuits over which information
moves, and of the role played by oral communications and often tran-
sitory interconnections between networks. Fortunately for the historian
of continuous wave radio, the surviving evidence is at points rich enough
to make this possible.

There is, however, another side to the story. Clearly evident in the
events to be described is a trend toward greater formalization, toward
the institutionalization of processes that earlier had been handled on a
more personal and idiosyncratic basis. In Syntony and Spark it had been
possible to use a biographical approach almost exclusively. Hertz, Lodge,
Marconi—these were unambiguously the individuals responsible for the
“translations” that made a commercial communications system out of
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Maxwell’s equations. Formal organizations played a certain role—Mar-
coni’s Wireless Telegraph Company, the British Post Office—but they
remained largely in the background. As the story moved into the twentieth
century, however, this would no longer do. Indeed, much of the interest
lay precisely in the creation of institutions for the management of the
new technology and in the intervention of formal organizations—the
Navy Department, General Electric, AT&T—to protect and advance
their interests. The formation of RCA was itself a classic example of the
deliberate creation of a formal organization to oversee the deployment
of a technological innovation.

Where these new institutions appeared was precisely in the areas of
overlap where science, technology, business, and government met, and
it was to manage the complex interactions taking place in those areas
that they were created. That was where there was most at stake, where
the need for mutual intelligibility and cooperative action was greatest,
the task of translating different modes of thought most demanding. In-
stitutionalization of the translator function that earlier had been handled
on a highly personal basis was not easy: it still presents problems today.
The first two decades of the twentieth century were the period when
American industry and government began to learn which organizational
forms and managerial techniques worked in that arena and which did
not.

We can begin telling the story of continuous wave radio, therefore, by
describing the achievements and problems of individuals. But we end by
describing the strategy and tactics of large corporate bureaucracies and
government departments. In organizational terms the world of contin-
uous wave radio changed dramatically in two decades. How that change
took place is the subject matter of this book. It is not another study of
the “impact” of new technology; rather it is an inquiry into how tech-
nological change and organizational change influence each other. Inter-
dependence and interaction, not one-way linear causation, is the theme.
In particular we shall be interested in the emergence of new institutions
in that “grey area” where technology, government, and the economy
meet, overlap, and interpenetrate, where resources and information flow
between the systems. Failure to resolve the problems arising in that area—
as evidenced by inadequate financing, poor management, and a faulty
sense of the market—was a characteristic feature of the early phase: the
period of individual inventors and small, highly personalized firms. This
was a highly creative period in the technical sense: the critical inventions
and innovations were made then. With few exceptions, however, they
were imperfectly integrated into the economy. The entry of large cor-
porations into continuous wave radio, best symbolized by AT&T’s pur-
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chase of de Forest’s audion patents in 1912 and GE’s creation of RCA
in 1919, represented attempts to bring the new technology under control,
to develop it in directions that would further corporate interests and
control its use in areas where it might threaten those interests. Long-
term capital could be assured; predictable markets could be guaranteed
(or so it was thought); and the organized intelligence of corporate re-
search laboratories could be mobilized to perfect and extend what in-
dividual inventors had created.

It is a complex story but a fascinating one. And it has implications
that extend beyond radio and beyond the communications industry. The
processes we see operative in this case have been at work more generally.
Indeed, they have done much to shape the modern world. Since the closing
decades of the nineteenth century the large, multiunit, hierarchically or-
ganized corporation, staffed by salaried managers, has emerged as the
most powerful and characteristic of all private economic institutions. In
the perspective of history it ranks as an organizational innovation of the
first importance. The rate at which such giant corporate hierarchies ap-
peared on the scene differed from country to country and, because of
differences in legal codes, the structure of national markets, and other
factors, the precise form differed. But the process itself transcended na-
tional boundaries: in one country after another large bureaucratically
organized corporations since the late nineteenth century came to play an
ever-larger role in the coordination of economic life, and other possible
institutional arrangements, such as competitive markets, cartels, trade
associations, and the like, an ever-smaller one.?°

Theories intended to explain this historical process emphasize the mar-
ket power that such large consolidations can exercise or the economies
of production and distribution that large size often makes possible. These
are of course complementary lines of explanation. It is a truism of eco-
nomic theory that any set of competing firms can increase their joint
revenue by suspending competition and combining to act jointly. And it
is a well-verified empirical observation that, in some fields but not all,
modern industrial technology makes it possible for the large firm to
achieve, up to a point, significant economies of scale. The special con-

20 Alfred D. Chandler, Jr., Strategy and Structure (New York, 1966); Chandler,
The Visible Hand: The Managerial Revolution in American Business (Cambridge,
Mass., 1977); and Alfred D. Chandler and Herman Daems, eds., Managerial
Hierarchies: Comparative Perspectives on the Rise of the Modern Industrial
Enterprise (Cambridge, Mass. and London, 1980). On the role of technology in
the “Chandler thesis,” see especially Oliver E. Williamson, “Emergence of the
Visible Hand: Implications for Industrial Organization,” in Hierarchies, ed. Chandler
and Daems, pp. 182-202.
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tribution of modern scholarship, at the hands of A. D. Chandler, Jr., in
particular, has been to call attention to the organizational economies that
can result from centralized management and control, in addition to the
economies of production and distribution that are more conventionally
emphasized.

Technology’s role in the process has been recognized to some extent.
Early analyses of the rise of the giant corporation in the United States
tended to emphasize the appearance of a national market in the post-
Civil War decades. This was, in effect, an explanation in terms of tech-
nology. The emergence of a national market in an economically significant
sense—that is, an integrated market system in which prices and rates of
return tended to equalize among regions—depended less on the growth
of population and the westward movement of settlement than on specific
developments in the technology of communications, the railroad and the
telegraph in particular. Similarly, it had long been recognized that econ-
omies of scale in the conventional sense depended on industrial tech-
nology. But it was no less true that the organizational economies of the
large corporation depended on prior technological change in the area of
communications and information-processing. On several grounds, there-
fore, it was plausible to argue that technological change was at least a
necessary condition for the rise of the modern large corporation, if not
a sufficient one.

There may, however, be a little more to it than that. To generalize
from one or a few case studies is of course dangerous, and the formation
and expansion of each individual large firm takes place in a particular
context that differentiates it from others. Nevertheless, the example of
the radio industry raises a question whether the cautious “necessary but
not sufficient condition” formula adequately describes the role that tech-
nology can play.

The problem with the conventional wisdom concerning the rise of the
modern large corporation lies in its implicit assumption that the tech-
nology around which corporations are built is always under control, that
it is ““managed” from inception to maturation, and that at least the first-
order effects are fully anticipated. Technology, in short, is depicted as
passive, controlled, and predictable. This image of a docile technology
may seem somewhat incongruous to a generation grown increasingly
wary of the unanticipated consequences of technological change, but it
underlies much conventional historiography. Technology, we are asked
to believe, provides the context within which organizational innovation
takes place; it presents the opportunities to which creative entrepre-
neurship responds. But it does not itself spring any surprises.

In some respects, we must admit, the early history of continuous wave
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radio confirms and reinforces the conventional interpretation. By the end
of the First World War three feasible technologies for continuous wave
radio transmission had emerged: the oscillating arc, the radiofrequency
alternator, and (at a somewhat earlier stage of development) the oscil-
lating triode vacuum tube. Arc transmitter technology had been pioneered
in Denmark and brought to a high level of sophistication by the engineers
of the Federal Telegraph Company of California. In 1918, to ensure
continued American control of the technology, the key patents were
purchased by the U.S. Navy. The radiofrequency alternator had been
developed by the General Electric Company, originally on special order
for Reginald Fessenden of the National Electric Signaling Company, later
in the expectation of selling the machines to the Marconi organization.
In 1919 the U.S. Navy intervened to block the sale of alternators to
Marconi; after a complex series of moves, GE formed the Radio Cor-
poration of America as an operating company that would place its al-
ternators in service and function as the “chosen instrument” of American
national policy in telecommunications.

The arc and the radiofrequency alternator represent “managed tech-
nology,” and it is noteworthy that in both cases management required
joint action by government and corporate interests. The oscillating triode
vacuum tube is a quite different story. The device was invented (or so
the courts would eventually hold) by Lee de Forest in 1912. Commercial
rights to its use were purchased by the American Telephone and Tele-
graph Company. AT&T’s interest in the vacuum tube had originally little
to do with radio; it was looking for an amplifier for its long-distance
wired telephone circuits. Aware of its probable use in radio, however,
and of radio’s potential threat to wired systems, the Telephone Company
protected itself by acquiring radio as well as line amplifier rights. And
these rights were its major contribution to the RCA patent pool when
AT&T joined that organization in 1920.

RCA, at its inception, was designed to perform two functions: it was
to represent the American national interest in telecommunications; and
it was to arrange a consolidation of the key patents that controlled
continuous wave radio in the United States. Vacuum tube transmitters
had shown what they could do in short-range military service during
World War I, and AT&T had carried out some long-distance radiotel-
ephone tests in 1915. Engineers at GE, RCA, AT&T, and elsewhere knew
very well that at some time in the future high-powered vacuum tubes
would replace the alternators and the arcs that dominated long-distance
radio in 1919. But no particular problem was foreseen in gradually phas-
ing these new devices into RCA’s operating system as they became avail-
able. The whole situation was, surely, under managerial control. RCA
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was a very catefully assembled corporate structure. The cross-licensing
agreements that held it together were marvels of the lawyer’s art. But
the whole structure depended on the assumption that continuous wave
technology could be controlled and in fact had been controlled.

Within two years that assumption was proved false. The explosive
growth of popular broadcasting meant an exponential growth in the
demand for vacuum tubes, to which RCA held exclusive rights, and RCA
found itself transformed overnight from a gallant champion of American
rights into a despised “radio trust” that threatened the American public’s
access to broadcast radio. Broadcasting itself, in its new meaning, made
the careful lawyer’s terminology of RCA’s cross-licensing agreements
meaningless or irrelevant. And, within a few years more, the art of long-
distance radio was itself transformed by the discovery of short-wave
ionospheric propagation and “beam” transmission. RCA’s “state-of-the-
art” long-wave system, based on the alternator, was threatened with
instant obsolescence, and RCA itself, disillusioned with the profit poten-
tial of telecommunications, began turning its gaze to network broad-
casting, recordings, and the movies.

All these changes were based on the vacuum tube, the innovation that
had at first seemed so tamely under control but in fact was anything but
that. No corporate executive ever designed a broadcast network around
the alternator. No small-town entrepreneur ever set himself up in the
broadcasting business by installing a Federal arc. RCA was established
on the assumption that the true business of radio was telecommunications
and that the appropriate technology required for that function involved
very large, capital-intensive systems such as alternators and arcs. But
there was more to continuous wave radio than that: the technology had
some surprises to spring, and RCA found itself not controlling the trend
of events, but adapting to it.

The point is not that the individuals responsible for the establishment
and expansion of RCA should have shown more foresight than they did.
That would indeed be an inane conclusion. The moral is, rather, that
sometimes a technology seems to take charge of events and exercise what
is almost a legislative power of its own. In situations of that type tech-
nology is more than a context, a passive environment within which de-
cisions are made. It is a participant in the drama, a protagonist in the
dialectical struggle between aspirations and constraints.

The great economist, Joseph Schumpeter, in analyzing modes of en-
trepreneurship, made a distinction between the adaptive and the creative
response. In making an adaptive response to some change in circum-
stances, the entrepreneur would do something that was already within
the realm of existing practice. This was the type of response that neo-
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classical economic theory, with its elegant apparatus of marginal ad-
justments in quantities supplied and demanded, explained very well. In
contrast, when making a creative response, the entrepreneur would break
away from normal practice and do something that could not have been
predicted from knowledge of the preexisting market situation. It was to
describe and explain this second type of behavior that Schumpeter devised
his own theory of entrepreneurship and derived from that his own theory
of capitalist economic development.?!

Schumpeter’s distinction has proved useful for many purposes but
sometimes it fails us. There are situations in which the potentials of a
new technology unfold so rapidly that merely to adapt to the new op-
portunities it presents and the threats it poses requires creative entrepre-
neurship of a high order. Technological management in such a context
is management with a time lag. Decision-making becomes reactive. Events
are always one step ahead of policy, entrepreneurship is a matter of
grappling with changes that have already taken place, and the most
creative response that can be made is to find a strategy that permits
successful and continuous adaptation. In such a situation the distinction
between the adaptive and the creative response, so clear in theory, be-
comes blurred in practice. Survival requires adaptation, and adaptation
requires creativity.

Situations of this type can emerge when a technology that has been
developed for one purpose is found to have ready applicability to other
uses. If these other uses turn out to constitute a large, rapidly growing,
and potentially lucrative market, there can ensue a phase of explosive
growth that disrupts industrial structures and established managerial
strategies. In such a situation, technology for a time becomes more than
an instrumentality, a means for achieving ends already decided upon. It
creates a world of new possibilities in which new goals have to be for-
mulated. In that sense it acquires a determinative force to which organ-
izational decision-making has to adapt. One such situation emerged when
the technology of continuous wave radio, developed with other uses in
mind, encountered the latent market for public broadcasting.

21 Joseph A. Schumpeter, “The Creative Response in Economic History,” Jour-
nal of Economic History 7 (November 1947), 149-59, and Schumpeter, “Eco-
nomic Theory and Entrepreneurial History,” in Explorations in Enterprise, ed.
Hugh G. J. Aitken (Cambridge, Mass., 1965), pp. 45-64.
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Fessenden
and the Alternator

oN the 22nd of November 1899 Professor Reginald A. Fessenden

of the Western University of Pennsylvania addressed the Amer-

ican Institute of Electrical Engineers, meeting in New York, on
““The Possibilities of Wireless Telegraphy.”! The program for the evening
had listed this as a “Topical Discussion,” and Fessenden started off on
a suitably informal note. There were many advantages, he said, to living
in a city—he was referring to Pittsburgh—where a widespread and in-
telligent interest was taken in scientific work. But there was one offsetting
disadvantage. When some striking new discovery was made, the profes-
sor’s friends and the directors of the institution he was connected with
expected him to set aside his own work and plunge into “the novelty of
the hour.” This had happened to him several years before, Fessenden
recalled, when he had been induced to take up X-ray work. He had little
to show for his labors in that field. Since then he had considered himself
proof against the seductions of such things as “liquid air and wireless
telegraphy.” But recently once again, he said, he had allowed himself to
be diverted from his main line of work. In December of the previous year
he had been asked by the New York Herald to report the international
yacht races by wireless telegraphy. He had declined and they had con-
tacted Marconi instead. But, thinking it over later, it had become clear
to him that there were serious scientific questions still unresolved in that
field. In none of the work done so far had any exact measurements been
made. The theory of electromagnetic waves was, he thought, reasonably
well understood, but if that theory was correct it was difficult to account
for some of the empirical results achieved by Marconi.

'R. A. Fessenden et al., “The Possibilities of Wireless Telegraphy,” Transac-
tions of the American Institute of Electrical Engineers, 16 (1900), 607-51.
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This account of how Fessenden came to be involved in wireless teleg-
raphy may not have convinced every member of his audience, which
included his old friend and co-worker, Arthur Kennelly. Kennelly must
have remembered that ten years earlier, when they were both working
in Thomas Edison’s laboratory, Fessenden had sought Edison’s permis-
sion to begin work on the newly discovered Hertzian waves. And since
that time, as professor of electrical engineering first at Purdue and then
at the Western University of Pennsylvania, Fessenden had lectured on
electromagnetic waves and encouraged his students to experiment with
them. At Pittsburgh, too, he had the help of a talented assistant, S. M.
Kintner, who was later to succeed him in the professorship, and the two
of them had been working on Hertzian waves for several years. Fessen-
den’s interest in wireless telegraphy, in short, was not as recent in origin
as his remarks suggested; nor was his research in that field a reluctant
concession to “‘the novelty of the hour.”?

When Fessenden and his listeners thought of wireless telegraphy, they
had in mind what had already become an accepted and conventional
technology. In essence it differed little from the methods that Heinrich
Hertz had used in his laboratory at Karlsruhe in 1886-1887. Electro-
magnetic waves were generated by the discharge of a capacitor across a
spark gap and radiated from a dipole antenna. Instead of Hertz’s “ring
resonator”—a tricky form of detector even under laboratory conditions—
Marconi, Branly, Lodge, and others had introduced the coherer, in its
simplest form a glass tube filled with metal filings between two electrodes.
Marconi had also introduced the tall vertical antenna and the connection
to ground, in place of Hertz’s horizontal dipole. And in the search for
greater distance he had moved down from the very high frequencies at
which Hertz had worked to longer and longer wavelengths. Oliver Lodge

2 There is no good biography of Fessenden. That written by his wife, Helen
M. Fessenden—Fessenden: Builder of Tomorrows (New York, 1940)—is useful
but understandably uncritical. Ormond Raby’s Radio’s First Voice: The Story of
Reginald Fessenden (Toronto, 1970) is a romanticized account in which it is
impossible to distinguish between verifiable fact and imaginative reconstruction.
Orrin E. Dunlap, Jr., offers a brief biographical sketch in his Radio’s 100 Men
of Science (New York and London, 1944). Certain early sections of an intended
autobiography were published by Hugo Gernsback in Radio News 6 {January
1925) through 7 (November 1925); they include very little that is directly relevant
to his work on radio and it is not hard to understand why Gernsback cut him
off after eleven installments. Many of Fessenden’s papers are preserved in the
State Archives of North Carolina; others are in the Clark Radio Collection at
the Smithsonian Institution. The papers of his Pittsburgh backers, T. H. Given
and Hay Walker, Jr., have not been located.



30 Fessenden and the Alternator

had made explicit the importance of tuning, or what he called syntony.
This had been implicit in earlier work; Hertz’s transmitting and receiving
antennas had a natural resonant frequency, like a taut violin or guitar
string; so did Marconi’s grounded verticals. But Lodge stressed that, for
maximum transfer of energy between transmitter and receiver, both had
to be tuned to the same wavelength; and the sharper the tuning, the less
interference would be experienced from signals on other wavelengths.
This required careful calculation and adjustment of resonant circuits: to
rely on the natural resonance of the antenna was not good enough,
particularly when a spark gap was part of the antenna circuit at the
transmitter and a coherer part of the corresponding circuit at the receiver.3
These and other innovations had converted Hertz’s laboratory apparatus
into a technological system that could transmit information by means of
coded signals and that might even have some commercial value. But
essentially the technique was Hertz’s: you generated an electromagnetic
disturbance by means of a spark, and you created that spark by the
sudden discharge of the energy stored in a capacitor.

Most of the modifications in the original Hertzian apparatus between
1888 and 1899 had been made in a highly empirical, trial-and-error
manner. This was particularly true of Marconi’s work. Marconi himself
had little formal scientific training: what he knew about Hertzian waves
he had picked up from Augusto Righi’s lectures at the University of
Bologna, from private reading, and from his own experiments. He was
interested in science primarily for its instrumental value: he wanted to
construct a system of wireless telegraphy that could communicate reliably
over long distances; and he wanted to make money from it. This single-
ness of purpose had already begun to pay off, in public repute if not in
cash: in the popular consciousness of the late 1890s, wireless telegraphy
and Marconi were almost synonymous. But it also meant that many of
the technical assumptions that underlay the Marconi system had escaped
rigorous examination. There had been a lot of cut-and-try, a lot of im-
provisation. There had not been much controlled experimentation or
careful measurement or consideration of alternative approaches. And
there had been little input from the scientific community. With notable
exceptions, such as Oliver Lodge in England and Ferdinand Braun in
Germany, academic scientists had shown little interest in the use of Her-
tzian waves for signalling. Those who had followed in Hertz’s footsteps
took his work in a direction quite different from the one Marconi chose:
up to the ultrahigh frequencies where radio waves began to behave like

3 These matters are covered in more detail in the author’s Syntony and Spark:
The Origins of Radio (1976; Princeton, 1985).
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light, rather than down to the lower frequencies that seemed to be more
useful for signalling.

Fessenden’s remarks to the AIEE in 1899 were not a frontal attack on
the Marconi system: that would come later. He did point out, however,
that the links between Marconi’s work and the physical theory of elec-
tromagnetic radiation were tenuous; and he deplored the absence of
measurements. This, he pointed out, was not just a regrettable oversight:
the kind of detector used by Marconi, the coherer, was singularly ill-
suited for scientific research. A coherer, when properly built and adjusted,
was like a switch that was either on or off: normally nonconducting, it
became conducting when the energy from an incoming wave reached its
electrodes and created a difference in electrical potential between them.
Then it had to be tapped back to its nonconducting state in readiness
for the next incoming wave. This “trigger” action made it very difficult
to measure the strength of received signals. In the absence of such meas-
urements, scientific investigation of transmitter and receiver design, of
wave propagation, of antennas, and of a host of other problems relevant
to physics and to practical wireless telegraphy was not possible.

For Fessenden, the coherer was the most obvious weak link in the
Marconi system. At its best it was an insensitive detector: it took almost
one volt, Fessenden thought, to trigger it from the nonconducting to the
conducting state, and that was a lot to expect from a receiving antenna.*
What was needed was a detector that responded to the total energy of
the received signal, not just to its peak voltage. And he wanted one that
would make it possible to take quantitative measurements. He presented
three types that he and Kintner and their students had been working on
at Pittsburgh. True, they were laboratory instruments, not intended for
commercial service; but any one of them was more sensitive than a
coherer. And, more important, they opened the way to controlled ex-
periments and measurement. Fessenden listed a dozen lines of research
that were either already under way or planned for the immediate future.

The men who made up Fessenden’s audience that night were a mixed
lot. Some of them were highly trained academic physicists: Michael Pupin,
for example, professor of mathematical physics at Columbia University,
trained at Cambridge University and at the University of Berlin under
Helmholtz. Others were scientist-engineers, like Charles Proteus Stein- .
metz, master of alternating current theory and a key man in General
Electric’s research laboratory at Schenectady. And others were down-to-
earth experimenters and operators, like W. J. Clark, who followed Fes-

4 Fessenden, “Possibilities,” p. 617. The reader must bear in mind thatin 1899
there was no means of amplifying the strength of received signals.
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senden at the lectern and felt it necessary to explain that he was not “a
theoretical man.”” What brought them together was a common interest
in electricity. Wireless telegraphy was a new use for electricity; it posed
intriguing problems both for the theorist and for the practical man—
problems seemingly different from those encountered in the more familiar
fields of heat, light, and power. What made the November session of the
AIEE productive and exciting was that it provided a forum in which
physicists and engineers could interact. None of them asked whether they
were doing science or engineering; they were obviously doing both. Out
of this interaction came a kind of rigorous scrutiny that the Marconi
system had so far escaped, and an informed search for alternatives to
the technology that it embodied.

Fessenden’s detectors emerged from just such a critical scrutiny. His
comments on the inherent limitations of the coherer foreshadowed his
later rejection of spark technology as a whole. But Pupin’s comments as
official discussant gave an even clearer indication of what lay ahead. The
topic for the evening, he reminded the gathering, was the possibilities of
wireless telegraphy. The papers he had heard, though interesting, hardly
addressed that subject. Two possibilities seemed to him important: better
tuning and greater distance. In both of these respects the system currently
in use—the system Marconi was using—had serious defects, and wireless
telegraphy would never realize its full possibilities until these defects were
overcome.

Take the question of tuning, Marconi’s transmitters radiated waves by
creating sparks across a spark gap. What was the length of the wave that
resulted? No one could say: there was bound to be “an oscillation of all
sorts of unrelated frequencies.” And the reason for this was that a great
deal of energy was dissipated right in the spark gap. The antenna therefore
radiated a highly damped wave, one in which the oscillations diminished
very quickly in amplitude. “That,” said Pupin, “‘is the reason why they
have not been able to tune their receiving apparatus in England.” There
was no single wave to which a receiver could be tuned. Even if the
receiving and transmitting antennas were tuned to precisely the same
frequency, as long as the transmitter emitted those highly damped waves
“you will get no appreciable resonance. To produce strong resonance
you must send forth oscillations which have little damping.”’s

$1Ibid., p. 623. For a parallel discussion in terms of Fourier analysis, see Aitken,
Syntony, pp. 71-72. Pupin expressed serious doubt that, in a typical Marconi
vertical antenna, the waves emitted would bear any simple harmonic relation to
each other, on the ground that the capacity of the antenna per unit length was
not constant but varied with its distance from the ground.
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The implication was clear: a way had to be found to transmit un-
damped waves—or at least waves with as little damping as possible.
There would always be some damping, because the transmitting antenna
was radiating energy. But, said Pupin, “if you could excite oscillations
in a wire without a spark-gap [emphasis in original],” you would get
very close to undamped waves. “They would be, so to speak, sonorous
oscillations, as when you strike a bell made of fine bell-metal, it continues
to ring for a long time after the stroke is delivered. But if you put a finger
on the bell and strike it then, or put in some resistance, the sound dies
out very rapidly. So that is the state of affairs in this transmitting wire
with a spark gap . . . you have only a very few waves sent out after each
spark. Now, when you have a train consisting of very few rapidly di-
minishing waves, they cannot produce much resonance.”

How one might excite oscillations in an antenna without a spark gap
Pupin did not say: he mentioned the possibility as a theoretical ideal,
rather than something feasible. And his example of the bell makes it clear
that he was still thinking in terms of sparks. The bell had to be struck
with the clapper and then allowed to ring free, so that the resonant
vibrations died out only slowly. That was the physical image he had in
mind. But suppose a way could be found to make that bell ring contin-
uously, without striking it at all, but supplying energy to it in some other
way, to replace the energy it lost by radiating its sound waves? Then one
would have a wave with no damping at all, a true continuous wave.

Pupin did not explore these possibilities but he was clearly unhappy
with the highly damped waves and low spark frequencies of his day. The
same theme recurred when he turned to the second of his two “possi-
bilities”: greater distance. A way had to be found to increase the effective
radiating power of wireless transmitters. Think of the transmitting and
receiving antennas as a matched pair of tuning forks, said Pupin. The
problem was to get the tuning fork at the receiving end to resonate as
strongly as possible when the tuning fork at the transmitting end was
struck. One way of doing this was obviously to strike the transmitting
tuning fork harder: this would be the equivalent of increasing the wireless
transmitter’s power—a longer spark gap, in the parlance of those days.
But another way was to strike it more frequently—in other words, a
more rapid train of sparks. Marconi used a spark frequency of about
eight per second: that, said Pupin, was nothing at all—‘“the coarsest kind
of dilettante work.” He would like to see spark frequencies of at least a
thousand a second. Set that beside the idea of undamped oscillations and
you would really begin to get “the accumulated effect of resonance.” The
vibrations in the receiving tuning fork would have little chance to die
out: . .. before the energy which the second tuning fork has received,
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has decayed, if you strike the first tuning fork again and again, the
resonance of the second tuning fork will continually increase until it
reaches a maximum effect, and you cannot go beyond that.”

Again Pupin was thinking and speaking in terms of sparks. Only as a
theoretical possibility could he conceive of a true continuous wave ra-
diator using no spark at all. That was an ideal to be approximated as
closely as possible, by using resonant circuits and by increasing the spark
frequency so that one train of sparks followed very closely after the
preceding one. It was not something Pupin presented as attainable. In
that respect he was still working within the same mind-set as Marconi:
Hertzian waves could be generated only by a spark discharge. The limits
that Pupin saw to that approach were purely practical ones: how much
power could you feed into a spark gap before the electrodes fused to-
gether? There might, in short, be developmental difficulties as spark
transmitters moved to higher power. But neither from Pupin nor from
any member of the group was there an explicit assertion that the spark
gap approach should be abandoned.

And yet, implicitly, the idea was there. The most significant statement
Pupin made during his comments was thrown out almost as an aside.
“There is nothing mysterious or even strange,” he said, “about these
waves employed in wireless telegraphy, they being perfectly simple waves
like any other electrical waves and can be made to obey the same rules.”
Now, if this were really so, much followed. It followed, for example,
that between power engineering and radio engineering there could be no
unbridgeable chasm. It followed that the theory of alternating currents
could be applied both to the transmission of power and to the trans-
mission of information. And it followed that the methods and, moreover,
the vision of men like Nikola Tesla and C. P. Steinmetz, pioneers in the
design of alternating current machinery, could be used for wireless te-
legraphy. To think of wireless telegraphy as a special application of the
general theory of alternating current electricity was an intellectual in-
novation of some importance. That was not how Marconi thought of it.

Nobody questioned Pupin about that suggestion. No one wondered,
except perhaps in the privacy of his own imaginings, whether a machine
could be built that would generate alternating current electricity, not at
the 25, 50, or 60 cycles per second used for light and power systems but
at the 20,000 or more needed for wireless signalling.® Alternating current
itself was a new thing. The first European demonstration of an alternating
current distribution system had taken place in 1884, a bare fifteen years

¢ The lower limit of the radiofrequency spectrum is generally taken as 20 kHz.
See James M. Moore, Radio Spectrum Handbook (New York, 1970), pp. 9-10.



Fessenden and the Alternator 35

earlier. George Westinghouse, against the advice of his engineers and
patent lawyers, opted for alternating rather than direct current in 1885.
The Niagara Falls alternating current generators first went into service
in August 1895.7 All these systems had operated at low frequencies—the
Niagara Falls alternators at a mere 25 Hertz—and for supplying power
to street railways, urban lighting systems, and the electrochemical in-
dustry this was enough.8 A radiofrequency alternator was a different
proposition entirely.

Furthermore, the mental habit of thinking in terms of spark was hard
to break. The system worked—sometimes, it is true, not very well and,
in 1899, not very far. But no other system had been shown to work at
all. No other method of generating Hertzian waves was known. Already
the elements of the Marconi system—the high vertical antenna, the spark
gap, the coherer, the faith in long waves for long distance—had crystal-
lized into a technological paradigm, a standard, accepted approach, with
its own assumptions, its own criteria of performance, its own group of
adherents and skilled practitioners.” The mind-set that accompanied it
was difficult to escape.

* * *

The Marconi system of wireless telegraphy, as we have seen, had de-
veloped in a highly empirical manner, once the initial scientific insights
derived from Hertz were absorbed. It was a matter of improvisations
and expedients. The components of the system—antennas, detectors,
transmitters—were chosen, not as a result of scientific analysis, but be-
cause, for reasons imperfectly understood, they seemed to work. Sparks
were used to generate Hertzian waves because no one knew any other

7 See Harold C. Passer, The Electrical Manufacturers, 1874-1900: A Study in
Competition, Entrepreneurship, Technical Change, and Economic Growth (Cam-
bridge, Mass., 1953), esp. pp. 129-50 and 276-320. Westinghouse’s interest in
alternating current was first aroused by reading a report of a display of the
Gaulard and Gibbs system at the Inventions Exhibition in London in 1884-1885.
He was encouraged to proceed by a Budapest firm, Ganz and Company, the
European pioneers in alternating current.

8 The writer can recall, however, the perceptible flicker in incandescent bulbs
in Toronto in 1947, when that city was still using 25 Hz current.

® Compare the concept of a “normal technology™ as presented in Edward W.
Constant 1I, The Origins of the Turbojet Revolution (Baltimore, 1980). Reese
Jenkins, in his Images and Enterprise: Technology and the American Photo-
graphic Industry, 1839 to 1925 (Baltimore, 1975), pp. 4-6, makes good use of
the allied concept of a technological “mind-set.”
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way. And for a time, as Marconi and his emulators scrambled to find a
place for their systems in the world of practical affairs, that was good
enough. Before long, however, to undergird this body of empirical knowl-
edge, to explain why the methods in use worked, there appeared a the-
oretical rationalization. One of its central propositions directly contra-
dicted what Pupin had asserted. Hertzian waves were not ‘‘perfectly
simple waves like any other electrical waves.” They were waves of a
special type, radiated in a special way, and the spark discharge was
necessary for their creation. And this was presented, not as a mere em-
pirical observation, but as a deduction from the laws of physics. Its author
was an English scientist in the service of Marconi’s Wireless Telegraph
Company: John Ambrose Fleming.

Fleming, professor of electrical engineering at the University of London,
became associated with the Marconi Company in 1900. A respected
physicist, he brought to the company not only an intense interest in the
new art but also a thorough knowledge of its foundations in physical
theory. In 1906 he published the first edition of his monumental Principles
of Electric Wave Telegrapby, destined to remain for many years and
through several editions the leading treatise on the subject. The book
was notable for its comprehensive coverage, its detailed descriptions of
the equipment in use, and its careful and often mathematical presentation
of the underlying theory. It was an authoritative statement of the physical
principles on which the Marconi system was believed to rest.!°

Fleming began his treatise with an explanation of what was meant by
high frequency currents and the distinction between damped and un-
damped oscillations. This was followed by a description of machines that
had been built to generate sustained high frequency currents. There were
not many of these in 1906, and none of them so far had exceeded a
frequency of 10 or 15 thousand cycles per second (10 or 15 kHz). How
good were the prospects of being able to generate, by purely mechanical
means, frequencies an order of magnitude higher than this—say 100 kHz?
In Fleming’s opinion, not good at all; and even if it could be done, the
power output would be small. This meant that such machines, though
their design might present interesting problems for the engineer, were
unlikely to exhibit the phenomena that Fleming intended to discuss. Even
if they could be built, it was doubtful that any appreciable radiation
would result.!!

10]. A, Fleming, The Principles of Electric Wave Telegraphy, 1st ed. (London,
1906). All page references are to this edition unless otherwise stated; all quo-
tations are by permission of the copyright holder, Longman Group Limited.

1 Ibid., pp. 4-14, 81. As Fleming is reported to have stated in court testimony,



Fessenden and the Alternator 37

The only method of generating Hertzian waves that had so far been
found possible was by the oscillatory discharge of a condenser of some
kind. There could be no Hertzian waves without the Hertzian spark. In
order to create an electric wave, one had to create a state of strain in a
dielectric (that is, in a normally nonconducting medium) and then release
that constraint very suddenly. This was true of wave motion in general.
You could, for example, move your hand through the air, or swing a
bell in a church steeple, and all that would happen would be that the air
would flow gently around the moving objéct, creating whirls or vortices
that absorbed the energy. To create a sound wave a violent motion was
necessary—clapping two hands together, for example, or striking the bell
with a clapper. Similarly with electromagnetic waves: it was not enough
merely to create electrical oscillations. There had to be a sudden dlscharge
before waves could be radiated into space.

To explain how such radiation took place Fleming presented a physical
model. Its essential feature was what he called, in 1906, “decussation.””!?
Consider the kind of radiating antenna Hertz had used: essentially two
metal rods placed end to end, but separated by a small spark gap. When
these rods (the two elements of a dipole antenna) were conected to the
secondary circuit of an induction coil, they became charged with elec-
tricity, one acquiring a positive charge, the other a negative one. When
these charges reached a certain threshold value, the air insulation sepa-
rating the two rods would break down and a spark would jump across
the gap.

At that moment the two rods became in effect one conductor and an
electrical oscillation took place as the positive and negative charges neu-
tralized each other. If that oscillation were started sufficiently suddenly,
Fleming argued, some of the energy would be thrown off in the form of
an electromagnetic wave—the so-called displacement wave. And if the
induction coil were kept going, you would have groups of these oscillatory
discharges, and successive trains of waves would be thrown off, to travel
or spread out through the surrounding medium.

What was happening in this process, according to Fleming’s model,
was that lines of electric strain were being formed in the ether, as the

“unless some form of condenser is discharged to cross the spark gap there cannot
be any production of Hertzian waves—the disruptive discharge is the one essential
condition for the production of Hertzian waves.” (Quoted in R. A. Fessenden,
“How Ether Waves Really Move,” Popular Radio 4 [November 1923], 340.)
Compare Fessenden Papers, 1140-27, memorandum, “More Important Fessen-
den Wireless Patents.”

12 To decussate is to divide crosswise, as in the Roman symbol X for the number
ten. Decussation meant for Fleming the intersection of lines of strain in the ether.
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two arms of the antenna acquired their opposing charges. When the spark
jumped the gap, these lines of strain began to collapse inward. For ra-
diation to take place, it was essential that they collapse rapidly. It was
at this point that the theory of decussation entered. If the discharge was
slow and gradual, the lines of strain would collapse inwards and then
be re-created in an opposite direction, and that would be all.  “If,
however, the oscillations are sufficiently rapid, the lines of strain are
unable to accommodate themselves quickly enough. Each line, or rather
the medium in which it exists, possesses an inertia, and the lines of strain
cannot instantly be annihilated or recreated in any place. Hence it follows
that there is a decussation or crossing of some of the lines of strain during
the discharge. ... When this decussation takes place the line of electric
strain is nipped off at the crossing point, and part of it is detached as a
closed loop of electrical strain. This process is repeated at each alter-
nation, and results in throwing off normally from the rod self-closed lines
of electric strain.”

As an image with which to visualize the radiation of Hertzian waves,
Fleming’s model was probably effective. One could vividly see, in the
mind’s eye, the lines of strain suddenly collapsing when the spark jumped
the gap; as they collapsed they would intersect each other and be “nipped
off” at the point where they crossed, so that they could be “thrown off”
into space. And it was evident how, to anyone visualizing the process in
this way, it would seem highly unlikely, if not impossible, for continuous
oscillations to create and radiate Hertzian waves. The collapse of the
lines of strain had to be sudden.

Fleming, however, was not entirely comfortable with his metaphor,
and for good reason. It required him to think of the lines of strain as
objective physical realities, not just aids to thought. It required him to
accept the existence of the ether as the medium in which the lines of
strain existed and through which they were propagated. And, perhaps
most demanding of all to a thoughtful physicist, he would have to believe
in an ether that had inertia, for otherwise there was no reason to hold
that the lines of strain could not “instantly be annihilated or recreated
in any place.”

Partly for these reasons, partly because in the meantime it had been
convincingly demonstrated that continuous wave generators could and
did radiate, when the third edition of Fleming’s treatise appeared in 1916
the theory of decussation had disappeared. In its place there was inserted
a theory of “kinks.” As Fleming expressed it, “If the end of a line of
electric strain has a sudden movement given to one end . . . the result is
to create in the line a kink [emphasis in original] which travels outwards,
just as would a kink in a stretched rope if the end were given a jerk at
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right angles to the direction of the rope. If the end of a line of electric
force terminates on a point-charge of electricity or so-called electron,
then a sudden movement of this electron . . . will be accompanied by the
outward propagation of kinks or places of sudden bend or flexion along
the lines of electric strain.”!3

Whether the idea of kinks in the ether represented much of an advance
on the earlier theory of decussation was perhaps arguable. On the really
critical points Fleming did not yield. The later edition, just as the earlier
one, contained the flat statement that . . . in order to create an electric
wave we have to create a state, called, for the sake of definiteness, electric
displacement in a dielectric, and to release that constraint very suddenly.”
His skepticism about continuous waves was muted; a passage questioning
whether a high frequency alternator could ever radiate appreciable power
was deleted; and the book closed with a well-informed discussion of
advances in radiotelephony, which assumed efficient continuous wave
radiation. But the imagery of the spark discharge and the suddenly col-
lapsing lines of strain in the ether remained intact.

It has often been observed that the Marconi companies, originally
highly innovative, were by the second decade of the twentieth century
followers rather than leaders in the introduction of new radio techniques.
The innovations that made continuous wave telegraphy possible were
made in the United States and in continental Europe, not in Britain. And
the same is true of the early work on radiotelephony. Part of the expla-
nation probably lies in technological conservatism in the narrowest sense:
the tendency of any organization to cling to the formulas that first brought
it success, the reluctance to shift to something new and untried when
what is familiar and available seems to work well enough. But Marconi’s
persistent dedication to spark may also reflect, in part, a kind of intel-
lectual failure. If Fleming’s work represents the scientific theories—or,
more precisely, the scientific images—on which Marconi practice was
based, a serious question can be raised about their adequacy. The practice
of searching for physical models that could be visualized had, it is true,
paid handsome dividends in other fields, such as mechanical engineering.
And even in electromagnetic theory, for men like Faraday and Maxwell,
it had proved immensely useful. But it may be that, in carrying the
technique into the realm of what we now call electronics, Fleming was
taking it beyond its limits. His models were not wrong; they were just
inadequate. In particular they were inadequate to describe modes of radio
propagation other than by spark discharges. This element may well have
added its weight to the technical conservatism that seems to have afflicted

13 Fleming, Principles, 3rd ed. (London, 1916), p. 420.
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~the Marconi companies after 1910. Caught short in the transition to
continuous wave radio, they had to acquire the necessary technology
from others.

Fessenden, originally critical of particular components in the Marconi
system, moved rapidly to a rejection of the system as a whole. He became
convinced that Marconi and those who followed his example were on
the wrong track. Marginal improvements on what Marconi was doing
were not enough. It was necessary to start over again on a different basis
and build a system that was not slightly better than Marconi’s, but
capable of doing things that Marconi’s techniques could never do. The
key to this alternative system was the continuous wave. Fessenden was
willing to use spark if he had to—very high frequency spark, as Pupin
had suggested—but only as a temporary expedient. What he was after
was a device that would generate true continuous waves of constant
frequency—waves that could be interrupted to send Morse code but that
could also be modulated with speech and music. Such a system of trans-
mission would make many other innovations necessary—new methods
of reception, for example, for no coherer could ever detect radiote-
lephony. But above all it would necessitate a radical change in ways of
thinking. Fessenden and those who followed him had to break away from
the habits of thought characteristic of spark telegraphy. This was no
small task, since at the turn of the century these habits were shared by
almost everyone involved with wireless and underlay the only systems
that were known to work. Accomplishing it exacted its costs.

* * *

Those who have written about Reginald Aubrey Fessenden typically
use a common set of adjectives to describe his personality: vain, egotistic,
arrogant, bombastic, irascible, combative, domineering—it becomes a
familiar litany. And certainly a man who could tell one of his most valued
employees—not once but often—“Don’t try to think—you haven’t the
brain for it”—would seem to deserve some such characterization.!* On
the other hand Ernst Alexanderson of General Electric, who worked as
closely with Fessenden as any man and differed from him on important
issues, found him not at all difficult to deal with.'S And there has been

14 Raby, Fessenden, pp. 104-105.

15 Ernst Alexanderson, “Reminiscences” (Columbia University Oral History
Collection), p. 17. All quotations from the Ernst F. W. Alexanderson memoir in
the Radio Pioneers Series of the Columbia University Oral History Collection,
in this chapter and later, are copyright 1976 by The Trustees of Columbia Uni-
versity in the City of New York, and are used with their permission, which is
hereby acknowledged.
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preserved a letter from the assistant general manager of the Westinghouse
Company, recommending Fessenden for the chair of electrical engineering
at Purdue: “He is every inch a gentleman and an agreeable man to get
along with.”!6 This may confirm one’s suspicions of letters of recom-
mendation; on the other hand it may suggest that the personality usually
attributed to Fessenden was not something he was born with.

He was born in 1866, in East Bolton, a small town in what is now
the Province of Quebec (then, before Confederation, known as Canada
East). East Bolton was part of the area called the Eastern Townships, at
that time a mostly English-speaking Protestant enclave within the pre-
dominantly French-speaking Catholic culture. Fessenden’s father was a
minister in the Episcopal Church and the family was far from wealthy.
They changed their place of residence several times while the boy was
still young, as his father was transferred from one parish to another. By
the time he was nine years old they were living at Niagara Falls in Ontario.
Reginald Fessenden spent one year at a military college on the American
side of the river, acquiring there the erect, rigid posture that characterized
him for the rest of his life and, perhaps, something of his authoritarian
manner. In 1877 he transferred to Trinity College School at Port Hope,
Ontario, and from there he graduated at the age of fourteen. He seems
to have been an excellent pupil.

Up to this point there is no evidence to suggest that Fessenden had
any particular technical or scientific bent. His training at Trinity College
School was in languages, particularly the classics, and in mathematics.!”
In 1881 he received an offer of a teaching position in mathematics at
Bishop’s College School, in Lennoxville, in the Province of Quebec. This
institution was affiliated with Bishop’s College, where his father had
prepared for ordination, and it is entirely possible that Fessenden’s abil-
ities, qualifications, and needs for financial assistance had been made
known through the informal communications network of the Episcopal
Church in Canada. The terms of the offer were that he would teach
mathematics and other subjects to the pupils in the school; in return he
would receive a nominal salary, board and lodging, and the privilege of
being credited with a year’s work at the college without having to attend
classes, provided he passed the final examinations. Fessenden accepted.
The fact that, at the age of fifteen, with no previous teaching experience,

16 Fessenden Papers, 1140-94, William P. Zimmerman to President J. H. Smart,
8 July 1892.

17 Fessenden, *‘Autobiography,” Radio News 6 (May 1925), 2055. “The sec-
ular studies were substantially confined to classics and mathematics, taught in
the old-fashioned way.” This reference to secular studies may suggest a curricular
emphasis on preparation for holy orders.
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he was immediately appointed senior mathematics master is certainly
testimony to the confidence his employers placed in his talents; it may
also suggest that there were not many competitors for the job.

Fessenden was never graduated from Bishop’s College, although ap-
parently he completed “substantially all work necessary for a degree.”!®
Whether he may properly be termed “college educated” is, therefore,
largely a question of how much importance one attaches to the diploma.
More to the point, his service at Bishop’s College gave him a chance to
improve his mathematics in one of the best ways possible—by teaching
it to others. And, for the first time, if his recollections on the point may
be trusted, he became intrigued by matters technical and scientific.!® These
came to his attention, not in the classroom—there he studied mathe-
matics, Greek and Latin, a little Hebrew and Arabic, and some history—
but in the college library. There he found copies of Nature and Scientific
American which particularly intrigued him, and to the latter publication
he even submitted a formal communication—not, however, acknowl-
edged or accepted by the editor.

The image we have at this point is still that of a bright, personable
young man, moderately competent in mathematics and languages, head-
ing for a respectable if undistinguished career as a schoolteacher or per-
haps as a scholar. His next move probably resulted from the same kind
of personal recommendation as had taken him to Lennoxville. This was
in response to the offer of the principalship of the Whitney Institute in
Bermuda. Having completed most of the required work at Bishop’s Col-
lege, he felt there was little to keep him there; he needed more income,
partly for his own needs and partly to help pay for the schooling of his
younger brothers; and besides, as he later put it, he was “restless with
the feeling that there were fields more constructive than investigation of
the Greek particles.”20

Once again the title of the new position was grander than the reality.
Fessenden was indeed principal of the institute: he was also its only
teacher. Teaching everything that needed to be taught kept him busy,
but not too busy to participate in the social life of the island. Tall, red-
haired, with an irreproachable Canadian background, he must have been
considered an eligible bachelor, albeit an impecunious one. He became
engaged to Helen May Trott, daughter of one of Bermuda’s better-known

18 |bid., Radio News 6 (June 1925), 2217.

1 Ormond Raby, in his biography, depicts Fessenden as fascinated by these
subjects from his earliest boyhood. There is nothing in Fessenden’s autobiogra-
phy, nor in the biography written by his widow, to support this interpretation.

20 Fessenden, ““Autobiography,” Radio News 6 (June 1925), 2217,
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merchants and produce growers—a gentleman blessed with nine daugh-
ters and one son. Marriage, however, required a larger income. And
school-teaching by this time was coming to look like a dead end, at least
in the absence of stronger academic credentials than he then possessed.
In 1886 he left for New York City.

Fessenden’s biographers make much of the fact that his determination
at this point was to work for Thomas Edison in his laboratory. His own
recollections are somewhat less positive: . .. I decided I might as well
learn my practical electricity under Edison as anywhere else.”2! However
firm the intention, it marked a decided shift from the trajectory that
Fessenden’s life had followed previously. It was a move, perhaps sym-
bolic, from the small town to the big city. It was a move out of teaching
into engineering and research. It was a move away from the academic
study of mathematics and the classics to the world of science and tech-
nology. It was also an audacious move—almost naively so. Why should
Edison hire this unknown twenty-year-old schoolteacher? The audacity
lay not so much in the fact that Fessenden had no formal scientific or
engineering credentials: Edison was no uncritical admirer of diplomas
and degrees, and institutions in North America in 1886 where one could
get formal training in electrical engineering were few. More to the point,
Fessenden could offer no evidence whatever of his ability to conduct
scientific research or to work in an experimental laboratory. Nor were
any of the personal recommendations he could muster from previous
friends and acquaintances likely to help him in this venture.

One suspects, therefore, that there was more in Fessenden’s mind than
the hope of learning electricity by working with Edison, even though, in
the light of later history, this is what it is tempting to emphasize. This
may well have been his long-term objective; but in the short run he
intended to support himself by journalism. One of his acquaintances in
the boarding house where he had lived in Bermuda was a dedicated
supporter of Henry George and the single tax movement. George was at
that time running for election as mayor of New York City, and it was
by joining his entourage as a writer that Fessenden hoped to support
himself initially.?2 Recommendations had been provided; unfortunately,
they got Fessenden nowhere. Neither did a proposal to write scientific
articles for the Tribune. And neither did a direct approach to Edison.

Eventually he did get a job working for Edison. The Edison Machine
Works was at this time laying down electric light mains in Manhattan
between 14th and 52nd Streets and Fessenden, after many applications,

2 bid., p. 2218.
2 bid,, p. 2217.
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was hired as an assistant tester. This was at least a cut above common
laborer: what it involved was scraping the insulation off the conductors
where they emerged from the conduits, so that the tester could check for
ground faults. It was, Fessenden later recalled, “harder work than it
sounds, but I had got a start and was putting in my lunch hour in working
at electrical theory and analytical mechanics, which we had not had at
college.”?? Intelligence and hard work, in classic Horatio Alger style, paid
off, and he was soon promoted to tester and then chief tester. By the
time his section of the project was completed, in December 1886, he was
inspecting engineer—the first time he had been able to claim that title.
He was offered a choice between two new positions: either to continue
with the Edison Machine Works at their Schenectady headquarters, or
to become one of Edison’s assistants at the new Llewellyn Park laboratory
in West Orange, New Jersey, and work on dynamo development. Fes-
senden chose the latter.

Fessenden worked with Edison for a little over three years. His re-
sponsibilities were mostly in the area of industrial chemistry—new in-
sulating materials for cables, new lacquers for dynamo windings—and
despite the fact that he had no previous training in that field he ‘appears
to have given Edison the kind of help he needed. Three things impressed
him about the experience. The first was the chance to observe Edison’s
methods at first hand. The second was access to the laboratory’s library,
containing (or so it seemed to Fessenden) “complete sets of every scientific
transaction and proceeding and publication which had been printed up
to that date.””?* And the third was the close working relations with other
men in the laboratory. Particularly important was his friendship with
Arthur Kennelly, then Edison’s chief electrician. Kennelly, later to be
professor of electrical engineering at Harvard and famous in radio history
for his research on ionospheric propagation, was, like Fessenden, largely
self-educated as far as science and engineering were concerned, and the
two men proved highly congenial.2’ They read physics and mathematics
together during their lunch hours and they collaborated on several proj-

2 Ibid., p. 2274.

24 1bid., Radio News 7 (August 1925), 156.

25 Arthur Edwin Kennelly was born in India, educated in England, Scotland,
France, and Belgium, and emigrated to the United States to work under Edison
in 1887—the same year that Fessenden joined the laboratory. He is best known
for his demonstration in 1902 of the existence of what has come to be called the
Kennelly-Heaviside layer, a belt of ionized air that reflects radio waves of certain
frequencies back to earth and thus makes long-distance shortwave radio possible.
I am indebted to Professor C. Stewart Gillmor for the information that Kennelly
was self-educated in science and engineering.
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ects. The friendship was important, for it is in this period that we get
the first clear indication of Fessenden’s emerging interest in high frequency
alternating currents. This was not an interest likely to arise from any
work he did for Edison, with his dedication to direct current. Its origin
lay in joint study of electrical theory with Kennelly and exploitation of
the resources of the Llewellyn Park library.

For Edison personally Fessenden developed deep admiration. This was
based, not on the image of the ingenious empiricist that Edison liked to
present to the world, but on observation of the man at work and respect
for his leadership. There were some obvious lessons learned: the impor-
tance of patents, for example. And there were some less obvious ones,
such as the importance of a systematic search of the literature, of not
jumping at the first solution that seemed to work, of not quitting until
the full range of possibilities had been tested. Probably the most important
lesson was the element that later historians have emphasized as critical
to Edison’s success: his consistent practice of inventing whole systems,
rather than separate components for the systems of others.26 And he
probably understood Edison’s reasons for doing this: his drive to inno-
vate, not just to invent, and his appreciation of the way in which im-
balances within a system tended to stimulate further invention. These
are characteristics clearly evident in Fessenden’s later career. Like Edison
he strove to integrate his inventions, not resting content with particular
elements but driving always for a complete system, recognizably different
from and independent of the systems of others. And, like Edison but with
less success, he tried to maintain personal control of his inventions as
they moved from laboratory to commercial use.

There were also, however, lessons that he could have learned but did
not. Primary among these was Edison’s respect for the market—his de-
termination never to invent anything for which there was not a clear
commercial demand, never to be too far ahead of, or too far behind, his
time. There was a hardheaded sagacity in Edison’s approach to the busi-
ness of inventing that Fessenden never acquired. Both men were at their
best working on the frontier of technology; but the signals that Edison
followed when choosing new fields for exploration were signals given by
the price system. This was not Fessenden’s way: to him the technical
challenge was enough in itself. If he could solve the technical problem
people would buy the results—if they did not, it was because they were

¢ For my interpretation of Edison I have drawn heavily on the insights of
Thomas P. Hughes. See his Thomas Edison: Professional Inventor (London,
1976) and “Edison’s Method,” in Technology at the Turning Point, ed. William
B. Pickett (San Francisco, 1977), pp. 5-22.
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stupid or malevolent or both. It never occurred to him that an invention
might have technical merit, and clients might still not be interested in
it—and close association with Edison, then at the height of his success
and apparently incapable of inventing anything that would not sell, may
have aggravated his uncritical self-confidence. Technical achievement, to
Fessenden, was not only necessary for commercial success; it was a suf-
ficient condition. How to market the products of his genius was a problem
that he never solved.

Edison paid most of the expenses of the West Orange laboratory per-
sonally, from the earnings of his holdings in the various Edison com-
panies. This income, amounting to some $125,000 in 1888, was sharply
reduced in the year following, when these companies were merged into
the new Edison General Electric Company, controlled by a syndicate of
German electrical and banking interests organized by Henry Villard with
the blessing of J. P. Morgan.?” Edison had originally endorsed the re-
organization, hoping that it would relieve his chronic cash flow problem.
The result was exactly the opposite. Not only was he reduced to a mi-
nority stockholder in the new firm, with power to choose only one di-
rector; the income he drew from his holdings fell abruptly. His reaction,
as he expressed it to Villard, was one of “absolute discouragement” and
a determination to retire from the electric light business and devote him-
self to “things more pleasant.”?® One immediate consequence was a sharp
cutback in operations and personnel at the West Orange laboratory.
Fessenden was one of those let go.

In the circumstances we can only speculate as to the lines that Fessen-
den’s career might have followed if he had been retained in Edison’s
service. He tells us in his unfinished autobiography that in 1890, before
Edison departed on a grand tour of Europe, Fessenden asked whether
he could take up work “on the lines of Hertz’s experiments, which had
recently been published.” Edison said yes, but to wait until his return
from Europe. By the time he did return the financial situation had changed
and so had Edison’s plans. It is curious to think of Edison taking any
interest at all in alternating currents, and particularly in the very high
frequency currents that would have been involved in an attempt to extend

27 See Dietrich G. Buss, Henry Villard: A Study of Transatlantic Investments
and Interests, 1870-1895 (New York, 1978), pp. 188-220. Majority control of
the Edison General Electric Company was in the hands of the Deutsche Bank,
Allgemeine Elektrizitits Gesellschaft, and Siemens & Halske. This syndicate con-
trolled the company until its merger with the Thomson-Houston Company in
1892.

28 Thomas Edison to Henry Villard, 8 February 1890, as cited in Buss, Villard,
p. 210.
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Hertz’s experiments. But it is not impossible. If Fessenden in 1890 had
begun work on Hertzian waves, he would have been one of the first in
North America to do so. Hertz’s key findings had been published in
Wiedemann’s Annalen only two years before. In the United States there
seems to have been little interest in his work among physicists and elec-
trical experimenters until Oliver Lodge delivered his famous lecture on
“The Work of Hertz” at the Royal Institution in 1894.

For the time being experimental work on Hertzian waves had to be
put aside. Fessenden needed a job—he had married in September 1890
and bachelor rooming houses would no longer do—and he found one
as assistant electrician with the United States Electric Company, the east-
ern subsidiary of Westinghouse. The position was short-lived, but it was
important in Fessenden’s career for several reasons. It involved him for
the first time in the design of alternating current machinery. It brought-
him to the attention of George Westinghouse. And it enabled him to
extend his scientific reading, with the Newark public library substituting
for the resources of Llewellyn Park. Alternating current theory and the
papers of Hertz got most of his attention.? A developing interest in
alternating current electricity—still a novelty for industrial use—was also
responsible for his next move.3? This was to the position of electrician—
with a vague promise of an eventual partnership—with the Stanley Com-
pany in Pittsfield, Massachusetts. This firm operated a local power plant
and street railway, manufactured transformers, and hoped to develop
new inventions. Fessenden held the job for one year, working on insu--
lating materials for transformers and on the design of alternating current
motors. The most important benefit he derived from the experience may
well have been a company-sponsored visit to England to inspect the new
Ferranti power station outside London. Fessenden seized the opportunity
to make two side trips: one to the Cavendish Laboratory in Cambridge
to meet J. J. Thomson and disc