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Introduction
WICKED PROBLEMS
This book is about the origins of modern communications as seen through the adventures of several men who spent their careers working at Bell Telephone Laboratories. Even more, though, this book is about innovation—about how it happens, why it happens, and who makes it happen. It is likewise about why innovation matters, not just to scientists, engineers, and corporate executives but to all of us. That the story is about Bell Labs, and even more specifically about life at the Labs between the late 1930s and the mid-1970s, isn’t a coincidence. In the decades before the country’s best minds began migrating west to California’s Silicon Valley, many of them came east to New Jersey, where they worked in capacious brick-and-glass buildings located on grassy campuses where deer would graze at twilight. At the peak of its reputation in the late 1960s, Bell Labs employed about fifteen thousand people, including some twelve hundred PhDs. Its ranks included the world’s most brilliant (and eccentric) men and women. In a time before Google, the Labs sufficed as the country’s intellectual utopia. It was where the future, which is what we now happen to call the present, was conceived and designed.
For a long stretch of the twentieth century, Bell Labs was the most innovative scientific organization in the world. It was arguably among the world’s most important commercial organizations as well, with countless entrepreneurs building their businesses upon the Labs’ foundational inventions, which were often shared for a modest fee. Strictly speaking, this wasn’t Bell Labs’ intended function. Rather, its role was to support the research and development efforts of the country’s then-monopolistic telephone company, American Telephone & Telegraph (AT&T), which was seeking to create and maintain a system—the word “network” wasn’t yet common—that could connect any person on the globe to any other at any time. AT&T’s dream of “universal” connectivity was set down in the early 1900s. Yet it took more than three-quarters of a century for this idea to mature, thanks largely to the work done at Bell Labs, into a fantastically complex skein of copper cables and microwave links and glass fibers that tied together not only all of the planet’s voices but its images and data, too. In those evolutionary years, the world’s business, as well as its technological progress, began to depend on information and the conduits through which it moved. Indeed, the phrase used to describe the era that the Bell scientists helped create, the age of information, suggested we had left the material world behind. A new commodity—weightless, invisible, fleet as light itself—defined the times.
A new age makes large demands. At Bell Labs, it required the efforts of tens of thousands of scientists and engineers over many decades—millions of “man-hours,” in the parlance of AT&T, which made a habit of calculating its employees’ toil to a degree that made its workers proud while also keeping the U.S. government (which closely monitored the company’s business practices and long-distance phone monopoly) at bay. For reasons that are conceptual as well as practical, this book does not focus on those tens of thousands of Bell Laboratories workers. Instead, it looks primarily at the lives of a select and representative few: Mervin Kelly, Jim Fisk, William Shockley, Claude Shannon, John Pierce, and William Baker. Some of these names are notorious—Shockley, for instance, who won the Nobel Prize in Physics in 1956 and in his later years steadfastly pursued a scientific link between race and intelligence. Others, such as Shannon, are familiar to those within a certain area of interest (in Shannon’s case, mathematics and artificial intelligence) while remaining largely unknown to the general public. Pierce, a nearly forgotten figure, was the father of satellite communications and an instigator of more ideas than can be properly accounted for here. Kelly, Fisk, and Baker were presidents of the Labs, and served as stewards during the institution’s golden age. All these men knew one another, and some were extremely close. With the exception of Mervin Kelly, the eldest of the group, they were sometimes considered members of a band of Bell Labs revolutionaries known as the Young Turks. What bound them was a shared belief in the nearly sacred mission of Bell Laboratories and the importance of technological innovation.
The men preferred to think they worked not in a laboratory but in what Kelly once called “an institute of creative technology.” This description aimed to inform the world that the line between the art and science of what Bell scientists did wasn’t always distinct. Moreover, while many of Kelly’s colleagues might have been eccentrics, few were dreamers in the less flattering sense of the word. They were paid for their imaginative abilities. But they were also paid for working within a culture, and within an institution, where the very point of new ideas was to make them into new things.
SHOULD WE CARE ABOUT how new ideas begin? Practically speaking, if our cell phones ring and our computer networks function we don’t need to recall how two men sat together in a suburban New Jersey laboratory during the autumn of 1947 and invented the transistor, which is the essential building block of all digital products and contemporary life. Nor should we need to know that in 1971 a team of engineers drove around Philadelphia night after night in a trailer home stocked with sensitive radio equipment, trying to set up the first working cell phone system. In other words, we don’t have to understand the details of the twentieth century in order to live in the twenty-first. And there’s a good reason we don’t have to. The history of technology tends to remain stuffed in attic trunks and the minds of aging scientists. Those breakthrough products of past decades—the earliest silicon solar cells, for example, which were invented at Bell Labs in the 1950s and now reside in a filing cabinet in a forlorn warehouse in central New Jersey—seem barely functional by today’s standards. So rapid is the evolutionary development of technological ideas that the journey from state-of-the-art to artifact can occur in a mere few years.
Still, good arguments urge us to contemplate scientific history. Bill Gates once said of the invention of the transistor, “My first stop on any time-travel expedition would be Bell Labs in December 1947.”1 It’s a perceptive wish, I think. Bell Labs was admittedly imperfect. Like any elite organization, it suffered at times from personality clashes, institutional arrogance, and—especially in its later years—strategic missteps. Yet understanding the circumstances that led up to that unusual winter of 1947 at Bell Labs, and what happened there in the years afterward, promises a number of insights into how societies progress. With this in mind, one might think of a host of reasons to look back at these old inventions, these forgotten engineers, these lost worlds.
While our engineering prowess has advanced a great deal over the past sixty years, the principles of innovation largely have not. Indeed, the techniques forged at Bell Labs—that knack for apprehending a vexing problem, gathering ideas that might lead to a solution, and then pushing toward the development of a product that could be deployed on a massive scale—are still worth considering today, where we confront a host of challenges (information overloads, infectious disease, and climate change, among others) that seem very nearly intractable. Some observers have taken to calling them “wicked problems.” As it happens, the past offers the example of one seemingly wicked problem that was overcome by an innovative effort that rivals the Apollo program and Manhattan Project in size, scope, expense, and duration. That was to connect all of us, and all of our new machines, together.
“At first sight,” the writer Arthur C. Clarke noted in the late 1950s, “when one comes upon it in its surprisingly rural setting, the Bell Telephone Laboratories’ main New Jersey site looks like a large and up-to-date factory, which in a sense it is. But it is a factory for ideas, and so its production lines are invisible.”2 Some contemporary thinkers would lead us to believe that twenty-first-century innovation can only be accomplished by small groups of nimble, profit-seeking entrepreneurs working amid the frenzy of market competition. Those idea factories of the past—and perhaps their most gifted employees—have no lessons for those of us enmeshed in today’s complex world. This is too simplistic. To consider what occurred at Bell Labs, to glimpse the inner workings of its invisible and now vanished “production lines,” is to consider the possibilities of what large human organizations might accomplish.


Part 1


One
OIL DROPS
The first thing they tended to notice about Mervin Kelly was his restlessness. Anyone in the town of Gallatin, Missouri, could see it. The boy was antsy, impatient—barely able to contain himself in anticipation of some future event that could not possibly arrive quickly enough. You might think he’d been born with electricity running through his veins. He was serious about his schoolwork, but his excess of energy led him to a multitude of other jobs, too. At a very young age, he made extra money assisting in his father’s store and leading cows to pasture for local farmers. At ten he began building a paper route business, and soon became an employer of other boys who did the work, rather than the one who made the deliveries. By his teenage years he was also helping his father keep the books at the shop downtown. His high school class was small—just eighteen students—but he was a striver, becoming both class president and valedictorian. His classmates called him “our Irish king.” People in Gallatin noticed that, too. The young man was intent on being in charge. And in a place where people neither walked fast nor talked fast, young Mervin Kelly did both.
His father—kindly and bookish, and not nearly the go-getter his son was turning out to be—was named Joseph Fennimore Kelly. As a young man, Joe Kelly had taught high school history and English, but by 1900, when the Kelly family was counted for the first time in the Gallatin census, he was managing a hardware store on the east side of the town square. Despite being seventy-five miles from Kansas City, far enough away to be considered a backwater, Gallatin’s downtown bustled. The clear reason was its location at the intersection of two train lines, the Rock Island and the Wabash, both of which stopped in town to take in and disgorge passengers. As a result, Gallatin, with a population of just 1,700, boasted three hotels and several restaurants. The town had two newspapers, two banks, five dentists, four druggists, two jewelers, and nine physicians. There were two cigar factories, four blacksmiths, and several saloons. In Gallatin, the Kelly family had settled in a prosperous place that was perched on the cusp of modernity.
All around was the simplicity of small-town life. The days were mostly free of noisy machinery or any kind of electric distractions. You butchered your own hogs and collected eggs from your own hens. Farmers and merchants alike visited with acquaintances around the crowded town square on Saturday nights. The Old West—the Wild West—had not quite receded, and so you listened quite regularly to reminiscences about the trial of Frank James, Jesse’s outlaw brother, which Gallatin had hosted a few decades before. On hot days in the summer you walked or rode a horse a half mile from town to the banks of the Grand River, where you would go for a swim; and on some summer evenings, if you were a teenager (and if you were lucky), you danced with a girl at an ice cream social. There were no radio stations yet—the device was mostly a new toy for hobbyists—so instead there might be a primitive Edison phonograph or a string band at the party, some friends who could play fiddle and mandolin.
In the meantime, there was little doubt that Gallatin was moving ahead with the rest of the world. And the disruptions of technology, at least to a young man, must have seemed thrilling. It wasn’t only the railroads. As Mervin Kelly attended high school, automobiles began arriving in Gallatin. Thanks to a diesel generator, the town now enjoyed a few hours of electricity each evening. A local telephone exchange—a small switchboard connecting the hundred or so phone subscribers in Gallatin—opened its office near the town square, in the same brick building as the Kelly hardware store. To see the switchboard in action, Kelly would only have had to step outside his father’s store, turn right, and walk around the side of the building to the front door of the exchange. In a sense, his future was right around the corner.
At sixteen, he was awarded a scholarship to the Missouri School of Mines, located in the town of Rolla, 250 miles away. To someone from Gallatin, such a distance was almost unimaginably far, yet Kelly seemed to have no reservations about leaving. “I was really pretty lucky,” he later said. Few people in his town made it through high school; fewer still made it to college. When he departed, the young man thought he might ultimately work as a geologist or mining engineer. That way, he would travel to the far reaches of the earth. He seemed well aware that the course of his life might be determined by his energetic impulses. “My zeal,” Kelly noted in the Gallatin High School yearbook, “has condemned me.”
IN 1910, when Kelly set off for mining school, few Americans recognized the differences between a scientist, an engineer, and an inventor. The public was far more impressed by new technology than the knowledge that created the technology. Thus it was almost certainly the case that the inventor of machinery seemed more vital to the modern age than someone—a trained physicist, for example—who might explain how and why the machine worked.
There seemed no better example of this than Thomas Edison. By the time Kelly was born, in 1894, Edison was a national hero, a beau ideal of American ingenuity and entrepreneurship. Uniquely intuitive, Edison had isolated himself with a group of dedicated and equally obsessive men at a small industrial laboratory in New Jersey. Edison usually worked eighteen hours a day or longer, pushing for weeks on end, ignoring family obligations, taking meals at his desk, refusing to pause for sleep or showers. He disliked bathing and usually smelled powerfully of sweat and chemical solvents.1 When fatigue overcame him he would crawl under his table for a catnap or stretch out on any available space (though eventually his wife placed a bed in the library of his West Orange, New Jersey, laboratory). For his inventing, Edison used a dogged and systematic exploratory process. He tried to isolate useful materials—his stockroom was replete with everything from copper wire to horses’ hoofs and rams’ horns—until he happened upon a patentable, and marketable, combination.2
Though Edison became rich and famous for his phonograph and his filament for the electric light bulb, some of his less heralded inventions were arguably as influential on the course of modern life. One of those was a new use for a compressed carbon “button,” which he discovered in 1877 could be placed inside the mouthpiece of a telephone to dramatically improve the quality and power of voice transmission. (He had first tried lead, copper, manganese, graphite, osmium, ruthenium, silicon, boron, iridium, platinum, and a wide variety of other liquids and fibers.) A decade later Edison improved upon the carbon button by proposing instead the use of tiny roasted carbon granules, derived from coal, in the vocal transmitter.3 These discoveries made the telephone a truly marketable invention.
Edison’s genius lay in making new inventions work, or in making existing inventions work better than anyone had thought possible. But how they worked was to Edison less important. It was not true, as his onetime protégé Nikola Tesla insisted, that Edison disdained literature or ideas. He read compulsively, for instance—classics as well as newspapers. Edison often said that an early encounter with the writings of Thomas Paine had set his course in life. He maintained a vast library in his laboratory and pored over chemistry texts as he pursued his inventions. At the same time, however, he scorned talk about scientific theory, and even admitted that he knew little about electricity. He boasted that he had never made it past algebra in school. When necessary, Edison relied on assistants trained in math and science to investigate the principles of his inventions, since theoretical underpinnings were often beyond his interest. “I can always hire mathematicians,” he once said at the height of his fame, “but they can’t hire me.”4
And it was true. In the boom times of the Industrial Revolution, in the words of one science historian, inventing products such as the sewing machine or barbed wire “required mainly mechanical skill and ingenuity, not scientific knowledge and training.” Engineers in the fields of mining, rubber, and energy on occasion consulted with academic geologists, chemists, and physicists. “But on the whole, the industrial machine throbbed ahead without scientists and research laboratories, without even many college-trained engineers. The advance of technology relied on the cut-and-try methods of ingenious tinkerers, unschooled save possibly for courses at mechanics institutes.”5 Indeed, by the time Mervin Kelly began his studies at the Missouri School of Mines around 1910, any sensible American boy with an eye on the future might be thinking of engineering; the new industrial age mostly needed men who could make bigger and better machines.
And yet the notion that scientists trained in subjects like physics could do intriguing and important work was gaining legitimacy. Americans still knew almost nothing about the sciences, but they were beginning to hear about a stream of revelations, all European in origin, regarding the hidden but fundamental structure of the visible world. Words like “radioactivity,” “X-rays,” and, especially, “quanta”—a new term for what transpired within the tiny world of molecules—started filtering into American universities and newspapers. These ideas almost certainly made their way to Missouri, where Kelly was paying his rent in Rolla—a room on the third floor of the metallurgical building—by working with the State Geological Survey for $18 a week numbering mineral specimens. During one of his summer breaks he took a job at a copper mine in Utah, an experience that repelled him permanently from a career as a mining engineer and pushed him closer to pure science. After graduating he took a one-year job teaching physics to undergraduates at the University of Kentucky. The school also gave him a master’s degree in that subject. After that, he headed north to Chicago.
.   .   .   
FOR DECADES, any serious American science student had to complete his education in Europe, most often at schools in Berlin and Gottingen, Germany, where he could sit at the feet of the masters as they lectured or carried on laboratory research. (The language of science was German, too.) But early in the twentieth century a handful of American schools, notably Johns Hopkins, Cornell, and the University of Chicago, began turning out accomplished graduates in physics and chemistry. In 1916, Robert Millikan at the University of Chicago was establishing himself as a leading physicist and teacher of the subject. Then in his forties, he would go on to win the Nobel Prize in Physics in 1923, and grace the cover of Time magazine in 1927. Ultimately, he would build the California Institute of Technology into one of the country’s great scientific institutions, and throughout his career he would guide many of his brightest students to jobs with AT&T. To a student like Kelly, Millikan would have seemed heroic. His textbooks on physics were becoming the standard for college instruction, and his work on measuring the exact charge of an electron, an experiment that was continuing when Kelly arrived in Chicago to study with him, had made him famous in the small community of academic physicists.
Rather like Kelly himself, there was something authentically, irresistibly American about Millikan. Though he’d received a year’s worth of instruction in Paris, Berlin, and Gottingen, he was nevertheless the son of an Iowa preacher, cheerful, earnest, conservative, boyishly handsome, and almost always neatly dressed in a collared shirt and bow tie. Also like Kelly, Millikan was a man of action. He worked himself not quite to Edison’s extreme, but close, which suggested the bootstrap ethic could apply to physicists as well as inventors. As a younger man, the professor had almost missed his own wedding because he was so busy reviewing a scientific manuscript in his office.
By the early twentieth century, physicists were already dividing into camps: those who theorized and those who experimented. Millikan was an experimentalist. He shrewdly devised laboratory tests that validated theoretical work but also built upon the work of other experimentalists, “discovering the weak points that could be improved upon,” as his student Paul Epstein described it. Millikan’s first great claim to fame was something known as the oil-drop experiment, which was representative of those early-twentieth-century forays into laboratory physics. The experiment was both creative and demanding—creative in how it attempted to reveal the elements of the cosmos by way of a small device constructed from everyday materials, and demanding in how it required years of follow-up work (even after the results were first shared in 1910) before it could be deemed precise. It was also, not incidentally, Mervin Kelly’s first real encounter with deep, fundamental research.6
The oil-drop experiment would, in Millikan’s own words, serve as “the most direct and unambiguous proof of the existence of the electron.” More precisely, it would attempt to put an exact value on e, which is the charge of the electron, and which in turn would make a range of precise calculations about subatomic physics possible. Other researchers had already tried to measure e by observing the behavior of a fine mist of water that had been subjected to an electric charge. The experimenter would spray a mist between two horizontal metal plates spaced less than an inch apart. One plate carried a negative charge and the other a positive charge. The electric field between the two plates would slow the fall of some droplets. The idea, or rather the hope, was to suspend a droplet of water between the plates; then, by measuring the speed of the falling droplet and the intensity of the electric field required to slow the droplet, you could calculate its electric charge. There was a problem, however: The water in the droplet evaporated so fast that it would only remain visible for a couple of seconds. It was proving difficult to get anything beyond a rough estimate of the charge. The experiment was going nowhere.
One of Millikan’s great ideas—he would claim it came to him on a train traveling through the plains of Manitoba—was to change the measured substance from water to oil, because oil wouldn’t evaporate, and measurements would thus improve. (It was more likely that a graduate student of Millikan’s named Harvey Fletcher actually suggested the switch from water to oil and helped him create the testing apparatus.)7In time, the experiment came to work something like this: A researcher would stand in front of a boxlike chamber and spray a fine mist of oil from a tool called an atomizer; he would look through a close-range telescope at the droplets, which were illuminated by a beam of light; he would then turn on the electric plates and measure (stopwatch in hand) how the oil drops behaved—how long it took for them to move down or up in their suspended state—and write down the observations.
When Millikan’s student Harvey Fletcher first tried the experiment—when he looked through the telescope at the tiny oil drops suspended in air that sparkled like “stars in constant agitation”—he felt the urge to scream with excitement. To do the experiment for hour after hour, day after day, counting how long it took for a certain-sized drop to rise or fall a certain distance when a certain amount of current was applied, was a painstaking process. Fletcher was well matched for such work. But for someone in a hurry, for someone whose very constitution was unsuited to the practice of quiet and diligent observation, the time spent in the Millikan lab must have seemed like a kind of torture. Eventually, Fletcher’s role in the lab was taken over by a younger graduate student—Mervin Kelly. On some evenings, Kelly asked his new wife, Katherine, a pretty girl from Rolla whom he had met as an undergraduate and had married after a brief courtship, to come to the lab with him. On Chicago’s south side, late into the night, she would help him measure the drops.
LONG BEFORE Mervin Kelly came to Millikan’s lab in 1915, a chain reaction began that would ultimately shape his own career and Bell Labs’ singular trajectory. To understand how that chain of events started, it’s helpful to pause for a moment on the image of the young physicist in the lab, counting oil drops late into the night, and go back in time a few years, to 1902. That year, Robert Millikan was married. What was significant about Millikan’s wedding was not the ceremony itself. Rather, it was his best man: a slight, balding, cigar-smoking physicist named Frank Baldwin Jewett.
At Chicago, Jewett was pursuing a PhD when he met Millikan, a new faculty member who was nine years older. The two men lived in the same boardinghouse. Unlike Millikan, Jewett had grown up in the lap of privilege. He was the son of a railroad and electric utility executive, and his family had originally owned large tracts of land that became part of Pasadena and Greater Los Angeles. And yet Jewett wasn’t exactly a snob; he was agile-minded and glib; he could talk with and befriend almost anyone. He was especially adept at earning the trust of older men. When he graduated from Chicago, Jewett considered returning west to join the ranks of California industrialists, like his father. But first he decided to teach at the Massachusetts Institute of Technology instead. Midway through his year as a physics instructor, he had a chance meeting with one of the engineers at American Telephone & Telegraph, who was quickly charmed and impressed by him. When Jewett was offered a job with the company in 1904, he accepted. His pay was $1,600 a year, or about $38,000 in today’s dollars.
Contrary to its gentle image of later years, created largely through one of the great public relations machines in corporate history, Ma Bell in its first few decades was close to a public menace—a ruthless, rapacious, grasping “Bell Octopus,” as its enemies would describe it to the press. “The Bell Company has had a monopoly more profitable and more controlling—and more generally hated—than any ever given by any patent,” one phone company lawyer admitted.8 Jewett came into the business nearly thirty years after Alexander Graham Bell patented the telephone; by that point approximately two million subscribers around the country, mostly in the Northeast, were using AT&T’s phones and services. And yet the company was struggling. Bell’s patents on the telephone had expired in the 1890s, and in the years after the expiration a host of independent phone companies had entered the business and begun signing up subscribers in numbers rivaling AT&T. By then the company’s competitive practices—its unrelenting aggression, its flagrant disregard for ethical boundaries—had already won it a host of enemies. Almost from the day the Bell System was created, when Alexander Graham Bell became engaged in a multiyear litigation with an inventor named Elisha Gray over who actually deserved the patent to the telephone, the Bell company was known to be ferociously litigious.9 In its later battles with independent phone companies, however, it would often move beyond battles in the courtroom and resort to sabotaging competitors’ phone lines and stealthily taking over their equipment suppliers.
All the while, the company maintained a policy of “noncompliance” with other service providers. This meant that AT&T often refused to carry phone calls from the competition over its intercity long-distance lines. In some metro areas, the practice led to absurd redundancies: Residents or businesses sometimes needed two or even three telephones so they could speak with acquaintances who used different service providers.10 In the meantime, AT&T did little to inspire loyalty in its customers. Their phone service was riddled with interruptions, poor sound quality, unreliable connections, and the frequent distractions of “crosstalk,” the term engineers used to describe the intrusion of one signal (or one conversation) into another. In rural areas, phone subscribers had to make do with “party lines” that connected a dozen, or several dozen, households to the local operator but could only allow one conversation at a time. Subscribers were not supposed to listen in on their neighbors’ conversations. Often they did anyway.
AT&T’s savior was Theodore Vail, who became its president in 1907, just a few years after Millikan’s friend Frank Jewett joined the company.11 In appearance, Vail seemed almost a caricature of a Gilded Age executive: Rotund and jowly, with a white walrus mustache, round spectacles, and a sweep of silver hair, he carried forth a magisterial confidence. But he had in fact begun his career as a lowly telegraph operator. Thoughtfulness was his primary asset; he could see almost any side of an argument. Also, he could both disarm and outfox his detractors. As Vail began overseeing Bell operations, he saw that the costs of competition were making the phone business far less profitable than it had been—so much so, in fact, that Vail issued a frank corporate report in his first year admitting that the company had amassed an “abnormal indebtedness.” If AT&T were to survive, it had to come up with a more effective strategy against its competition while bolstering its public image. One of Vail’s first moves was to temper its aggression in the courts and reconsider its strategy in the field. He fired twelve thousand employees and consolidated the engineering departments (spread out in Chicago and Boston) in the New York office where Frank Jewett then worked.12 Meanwhile, Vail saw the value of working with smaller phone companies rather than trying to crush them. He decided it was in the long-term interests of AT&T to buy independent phone companies whenever possible. And when it seemed likely a few years later that the government was concerned about this strategy, Vail agreed to stop buying up companies without government permission. He likewise agreed that AT&T would simply charge independent phone companies a fee for carrying long-distance calls.
Vail didn’t do any of this out of altruism. He saw that a possible route to monopoly—or at least a near monopoly, which was what AT&T had always been striving for—could be achieved not through a show of muscle but through an acquiescence to political supervision. Yet his primary argument was an idea. He argued that telephone service had become “necessary to existence.”13 Moreover, he insisted that the public would be best served by a technologically unified and compatible system—and that it made sense for a single company to be in charge of it. Vail understood that government, or at least many politicians, would argue that phone subscribers must have protections against a monopoly; his company’s expenditures, prices, and profits would thus have to be set by federal and local authorities.14 As a former political official who years before had modernized the U.S. Post Office to great acclaim, Vail was not hostile toward government. Still, he believed that in return for regulation Ma Bell deserved to find the path cleared for reasonable profits and industry dominance.
In Vail’s view, another key to AT&T’s revival was defining it as a technological leader with legions of engineers working unceasingly to improve the system. As the business historian Louis Galambos would later point out, as Vail’s strategy evolved, the company’s executives began to imagine how their company might adapt its technology not only for the near term but for a future far, far away: “Eventually it came to be assumed within the Bell System that there would never be a time when technological innovation would no longer be needed.” The Vail strategy, in short, would measure the company’s progress “in decades instead of years.”15 Vail also saw it as necessary to merge the idea of technological leadership with a broad civic vision. His publicity department had come up with a slogan that was meant to rally its public image, but Vail himself soon adopted it as the company’s core philosophical principle as well.16 It was simple enough: “One policy, one system, universal service.” That this was a kind of wishful thinking seemed not to matter. For one thing, there were many systems: The regional phone companies, especially in rural areas, provided service for millions of Americans. For another, the closest a customer could get to telephoning long distance was a call between New York and Chicago. AT&T did not have a universal reach. It didn’t even have a national reach.
AT&T’s ENGINEERS HAD BEEN VEXED by distance from the very beginning. The telephone essentially converted the human voice into an electrical signal; in turn-of-the-century phones this was done by allowing sound waves produced by a voice to vibrate a taut diaphragm—usually a disc made of thin aluminum—that was backed by another thin metal disc. A mild electric current ran between the two discs, which were separated by a chamber filled with the tiny carbon granules Edison had invented. As sound waves from a voice vibrated the top diaphragm, waves of varying pressure moved through the granules below it. The varying pressure would in turn vary the resistance to the electric current running between the metal discs. In the process sound waves would be converted to electric waves. On a simple journey, the electrified voice signal would then travel through a wire, to a switchboard, to another cable, to another switchboard, and finally to a receiver and a distant eardrum. But a telephone voice signal was weak—much weaker and more delicate than a telegraph’s simple dot-dash signal. Even worse, the delicate signal would grow thinner—or “attenuate,” to use the phone company’s preferred term—after even a few miles.
In the telephone’s first few decades, AT&T’s engineers had found that different methods could move a phone call farther and farther. Copper wire worked better than iron wire, and stiff, “hard-drawn” copper wire seemed to work even better. Best of all was extremely thick-gauge hard-drawn copper wire. The engineers likewise discovered that an invention known as “loading coils” inserted on the wires could extend the signal tremendously. Finally, there were “repeaters.” These were mechanical amplifiers that took the sound of a weakening voice and made it louder so the call could travel many miles farther. But you could only install a few repeaters on a line before the advantages of boosting a call’s volume were undone by distortion and the attenuation of the signals. And that left the engineers at a final disconnect. The tricks of their trade might allow them to conquer a distance of about 1,700 miles, roughly from New York to Denver. A great impasse lay beyond.
In 1909, Frank Jewett, now one of the phone company’s senior managers, traveled to San Francisco with his boss, John J. Carty, AT&T’s chief engineer. They found parts of the city still in ruins. As Jewett recalled, “The wreckage of the [1906] earthquake and fire was still only partially cleared away and but the beginnings made on the vast rebuilding operations.”17 The men were there to determine how to repair the local phone system, but they also began discussing the possibility of providing transcontinental phone service—New York to San Francisco—in time for the Panama-Pacific International Exposition of 1914. Theodore Vail, who met Jewett and Carty there, was in favor of making a commitment, since it represented a clear step toward universal service. Carty and Jewett were more circumspect. Together they spent long days and nights debating the problem, usually continuing their discussions far past midnight. The men could see there were enormous, but surmountable, engineering challenges; they would, for instance, need a cable that could be effectively strung across the mountains and desert and survive the weather and stress. But there were also profound challenges of science. “The crux of the problem,” Jewett wrote in describing his conversations with Carty, “was a satisfactory telephone repeater or amplifier”:
Did we know how to develop such a repeater? No. Why not? Science hadn’t yet shown us the way. Did we have any reason to think that she would? Yes. In time? Possibly. What must we do to make “possibly” into “probably” in two years?
And so on night after night without end almost.
Carty and Jewett eventually told Vail they would do it—and the task soon came to be Jewett’s personal responsibility. That was risky on a number of counts. Jewett’s talents were as a manager and social sophisticate; he was quick to apprehend technical problems but not necessarily equipped to solve them. On the other hand, he knew someone who could help.
Jewett returned to the University of Chicago in the fall of 1910 to visit his old friend Millikan, and he started the conversation without small talk. Jewett began, “Mr. John J. Carty, my chief, and the other higher-ups in the Bell System, have decided that by 1914, when the San Francisco Fair is to be held, we must be in position, if possible, to telephone from New York to San Francisco.” To get through to San Francisco by the present methods was out of the question, he explained, but he wondered if perhaps Millikan’s work—he pointed to some complex research on electrons—suggested that a different method might be possible. Then Jewett asked his friend for help. “Let us have one or two, or even three, of the best of the young men who are taking their doctorates with you and are intimately familiar with your field. Let us take them into our laboratory in New York and assign to them the sole task of developing a telephone repeater.”18
Here was a new approach to solving an industrial problem, an approach that looked not to engineers but to scientists. The first person offered this opportunity was Millikan’s lab assistant from the oil-drop experiment, Harvey Fletcher, who declined. Fletcher wanted to return home to Salt Lake City to teach at Brigham Young University. The next person was Harold Arnold, a savvy experimentalist who said yes, and who quickly joined the New York engineering group under Jewett.
Within two years Arnold came up with several possible solutions to the repeater problem, but he mainly went to work on improving an amplifier known as the audion that had been brought to AT&T in 1912 by an independent, Yale-trained inventor named Lee De Forest. The early audion was vaguely magical. It resembled a small incandescent light bulb, yet instead of a hot wire filament strung between two supporting wires it had three elements—a metal filament that would get hot and emit electrons (called a cathode); a metal plate that would stay cool and attract electrons (called an anode); and between them a wire mesh, or “grid.” A small electrical current, or signal, that was applied to the audion’s grid could be greatly amplified by another electrical current that was traveling from the hot cathode to the cool anode. Arnold found, through trial and error, the best materials, as well as a superior way to evacuate the air inside the audion tube. (He suspected correctly that a high vacuum would greatly improve the audion’s efficiency.) Once Arnold had refined the audion, he, Jewett, and Millikan convened in Philadelphia to test it against other potential repeater ideas. The men listened in on phone conversations that were passed through the various repeaters, and they found the audion clearly superior. Soon to be known as the vacuum tube, it and its descendants would revolutionize twentieth-century communications.
The transcontinental line, complete with several new vacuum tube repeaters placed strategically in stations along the route, was finished in time for the Pacific exposition, which had been pushed back to 1915. Harold Arnold had improved the design so that the repeaters looked like spherical bulbs, with the three crucial elements inside, sitting upon a base from which three wires emerged. The continental link itself consisted of four copper wires (two for directing calls in each direction) that were strung coast-to-coast by AT&T linemen over 130,000 wooden poles. As a public relations stunt, Alexander Graham Bell, the inventor who had long since stopped having any day-to-day responsibilities at the company he founded, was stationed in New York to speak with his old assistant, Thomas Watson, in San Francisco.
“Mr. Watson, come here, I want you,” the old man quipped, paraphrasing what he had said to Watson on the day the two discovered the working telephone in Boston nearly forty years before.
“It would take me a week to get there now,” Watson replied.
It was a wry bit of stagecraft. For AT&T, it was also an encouraging sign that Vail’s notion of universal service might indeed be possible—at least for customers who could afford to pay about $21 (about $440 in today’s dollars) for a three-minute call to California.19
For Frank Jewett, meanwhile, the cross-country link proved that his cadre of young scientists could be trusted to achieve things that might at first seem technologically impossible. That led him to redouble his efforts to hire more men like Harold Arnold. Jewett kept writing to Harvey Fletcher, Millikan’s former graduate student who was now in Salt Lake City, sending him every spring for five consecutive years a polite and persuasive invitation to join AT&T. In 1916, Fletcher finally agreed to leave Brigham Young and come work for Jewett. Millikan, meanwhile, didn’t stop serving as the link between his Chicago graduates and his old friend. In late 1917, responding to an offer from Jewett for $2,100 a year, Mervin Kelly, now done counting oil drops, decided that he would come to New York City, too.


Two
WEST TO EAST
Fletcher and Kelly were joining a company whose size and structure seemed positively bewildering. AT&T was not only a phone company on its own; it contained within it a multitude of other large companies as well. Each region of the country, for instance, had its own local phone company—New England Telephone, for example, or Pacific Bell. These organizations were owned in large part by AT&T and provided service for local phone customers. But these so-called local operating companies didn’t manufacture the equipment to actually make phone service work. For that there was Western Electric, another subsidiary of AT&T. On its own, Western Electric was larger than almost any other American manufacturing corporation. Its factories built the equipment that consumers could see (such as cables and phones), as well as equipment that was largely hidden from sight (such as switchboards). Finally, there was a third branch of AT&T. Neither the local phone companies nor Western Electric maintained the long-distance service that connected different regions and states together. For that, there was AT&T’s Long Lines Department. Long Lines built and provided long-distance service to customers.
Both AT&T and Western Electric had large engineering departments. There was a certain amount of duplication—and sometimes friction—between the two. Generally speaking, the standards and long-term goals of the Bell System were determined by engineers at AT&T. Western Electric’s engineers, in turn, invented, designed, and developed all new equipment and devices.1 In 1916, the year before Fletcher and Kelly arrived, Frank Jewett was appointed the chief of Western Electric’s engineering division, which put him in charge of about a thousand engineers. Western’s main building was located on West Street in New York City, on the western fringe of Greenwich Village, in an immense thirteen-story yellow-brick redoubt that looked out over the tugboat and ferry traffic of New York Harbor. The engineers on the waterfront comprised a twentieth-century insurgency in a receding nineteenth-century world. The fragrance of coffee beans drifted through the large sash windows of the plant from the roasting factories nearby. A rail line, serving the busy harbor docks, stretched north and south along West Street in front of the building. “The trains ran along West Street carrying freight to the boats,” an employee there in the 1920s recalls. And oftentimes, “at dusk, a man with a lantern on horseback led the trains.”2
Under Jewett, Western engineers worked mainly in expansive open rooms floored with maple planks and interrupted every few dozen feet by square stone pillars that supported the building’s massive bulk. The elevators were hand-operated. All told, the rambling West Street plant comprised over 400,000 square feet—a figure that did not include the building’s rooftop, which was also used by chemists for testing how various lacquers and paints and metals withstood the elements. In their first days at the Western Electric shop, Kelly and Fletcher encountered a small city of men, along with a number of female assistants. Vast rooms of the building were dedicated to diagramming new devices for production—men in crisp white shirts, sleeves rolled above their elbows, bent over rows and rows of drafting tables. Before a device was ready for the drafting room, though, it would have to pass through a lengthy and rigorous development process. West Street was a warren of testing labs for phones, cables, switches, cords, coils, and a nearly uncountable assortment of other essential parts. There were chemical laboratories for examining the properties of new materials, such as alloys for wire and sheathing for cables; there were numerous shops, meanwhile, cluttered with wires and dials and batteries, where legions of employees spent their days testing the effects of electrical currents and switching combinations or investigating new patterns of circuitry. Large sections of the labs were also devoted to the perfection of radio transmission, for it was believed (by Jewett’s boss, John J. Carty, especially) that wireless transmission would be a thing of the future, a way “to reach inaccessible places where wires cannot be strung,” or a way to someday create a commercial business linking New York to, say, London.
There was no real distinction at West Street between an engineer and a scientist. If anything, everyone was considered an engineer and was charged with the task of making the thousands of necessary small improvements to augment the phone service that was interconnecting the country. Yet the company now had a small division of men working in the department of research with Harold Arnold. This department was established just after Arnold began his work on a cross-country phone repeater; it had grown slowly and steadily in the time since. Frank Jewett and John J. Carty viewed the research team as an essential part of the phone company’s business strategy.3 These young scientists, many of whom came through Millikan, were encouraged to implement Theodore Vail’s long-term vision for the phone company—to look beyond the day-to-day concerns that shaped the work of their fellow engineers (to think five or ten years ahead was admirable) and focus on how fundamental questions of physics or chemistry might someday affect communications. Scientific research was a leap into the unknown, in other words. “Of its output,” Arnold would later say of his group, “inventions are a valuable part, but invention is not to be scheduled nor coerced.” The point of this kind of experimentation was to provide a free environment for “the operation of genius.” His point was that genius would undoubtedly improve the company’s operations just as ordinary engineering could. But genius was not predictable. You had to give it room to assert itself.
.   .   .   
JOINING WESTERN ELECTRIC, even as a PhD in physics, entailed indoctrination in the phone company’s ways. In Harvey Fletcher’s first year he was taught to climb telephone poles, install telephones, and operate switchboards. Kelly’s experiences must have been similar, but his arrival also coincided with the company’s deepening involvement in building equipment for the military during the final years of World War I. He and his wife, Katherine, lived in a small apartment on Edgecombe Avenue in upper Manhattan, where she would look out the window each day to follow the construction of the Cathedral of St. John the Divine, located on a hill a few dozen blocks south. Kelly, meanwhile, began work in Harold Arnold’s division by sharing a lab office with a physicist named Clinton J. Davisson, whose friends called him Davy. Davisson was an almost spectral presence at the Labs. Taciturn and shy, he was physically slight. “His weight never exceeded 115 pounds,” Kelly recalled, “and for many years it hovered around 100.” Kelly believed Davy was quiet for a reason. He needed to minimize superfluous activity or argument so he could husband his “low level” of energy. Only by doing so, Kelly believed, could Davy direct it, vigorously, toward experimentation.
The two men were a peculiar contrast: the antic and robust Kelly paired with the wraithlike and slow-moving Davisson. Yet it didn’t take long for Kelly to discover he was impressed. Davisson was a midwesterner, too—he was born in Bloomington, Illinois—and like Kelly he owed a debt to Millikan at Chicago, who had championed his career and had helped him win academic appointments at Purdue and Princeton before he came to Western Electric. Also, Davisson was a gifted experimentalist who had an almost unwavering commitment to what Kelly would later define as basic research—that is, research that generally had no immediate application to a product or company effort but (as in Davy’s case) sought fundamental knowledge regarding the deeper nature of things, such as the behavior of electrons.
At Western Electric, Davisson’s passion, not to mention his manner, made him something of an oddity. Industrial labs were less interested in basic research—that was better left to the academics—than in applied research, which was defined as the kind of investigation done with a specific product or goal in mind. The line wasn’t always distinct (sometimes applied research could yield basic scientific insights, too), but generally speaking it was believed that basic research preceded applied research, and applied research preceded development. In turn, development preceded manufacture.
In Kelly and Davisson’s first years of 1917 and 1918, the military demanded workable technology in Europe—radio sets, cable lines, and phones produced in mass quantities and built to a higher standard than the ones used in the home market so as to withstand the stresses of battle. Kelly and Davisson were assigned to work on resilient vacuum tubes, which were still so new to communications that they hadn’t yet entered mass production. “The relatively few that were required for extending and maintaining [phone] service,” Kelly would remember, “were made in the laboratories of the [Western Electric] Engineering Department.” Thus on West Street the tubes needed to be designed and built, with the help of a team of expert glassblowers, and then tested for defects, one at a time. It was a development shop, in other words, with an eye on rapid deployment for urgent military needs. Until the end of the war, there wouldn’t be time for applied research, let alone basic research.
Kelly and Davisson worked together “in an atmosphere of urgency,” as Kelly recalled.4 “The rapid tempo of the work, with the necessity of accepting partial answers and following one’s nose in an empirical fashion, were foreign to [Davisson’s] way of doing things.” Still, Davisson seemed to accept the cut-and-try approach, along with the switch from research to development, without complaint. In a way, he and Kelly had largely regressed to the old inventive traditions of Edison. But in the process Kelly was learning some things about Davisson. If the Western Electric engineers in the tube shop confronted a baffling question, they would approach Davy, who would give a deep and thoughtful and ultimately convincing response—though it sometimes took him days to do so. Increasingly, Kelly recalled, he and the rest of the staff went to Davy as a matter of last resort. Western’s physicists, like Kelly, could easily understand whether a new tube, or a new tube design, worked or failed, in other words. But they couldn’t always easily understand why.
Davisson decided to stay at West Street when the war ended. He was allowed to carve out a position as a scientist who rejected any kind of management role and instead worked as a lone researcher, or sometimes a researcher teamed with one or two other experimentalists, pursuing only projects that aroused his interest. He seemed to display little concern about how (or whether) such research would assist the phone company. And he planned his experiments with such rigor and unhurried meticulousness that his output was considered meager, though in truth Davisson’s work was often interrupted by his colleagues’ questions. Frank Jewett had no illusions that his Western Electric shop was in the business of increasing human knowledge; they were in the business of increasing phone company revenues. By allowing Davisson a position on staff, though, Jewett and his deputy Harold Arnold recognized that Davy had financial value. If he was helpful to the researchers working on real-world problems, he was worth keeping around.
“He was perhaps my closest friend,” Kelly later wrote. The two men ended up living a mile apart, in Short Hills, New Jersey, and whenever Davisson was ill with some unspecified malady—a common occurrence—Kelly would visit. “Invariably I would find him in dressing gown, writing pad on his knee and pencil in hand, smoking his pipe and puzzling over his problem.” Davisson used to tell people he was lazy, but Kelly believed otherwise: “He worked at a slow pace but persistently.” Years later, Kelly noted that Davy might well be called “the father of basic research” at Bell Labs. It was another way of saying that early on, long before either man had gained power or fame, Kelly recognized in Davisson not only a friend and gifted scientist but a model for what might come later.
BY THE TIME KELLY ARRIVED at AT&T, the U.S. government had begun to concur with Theodore Vail’s arguments for his company’s expansion. A group of senators issued a report noting that the phone business, because of its sensitive technological nature—those fragile voice signals needed a unified and compatible infrastructure—was a “natural monopoly.” A House of Representatives committee, clearly sympathetic to the prospect of simply dealing with a single corporate representative, complained that telephone competition was “an endless annoyance.”5 In the Willis-Graham Act of 1921, the U.S. Congress formally exempted the telephone business from federal antitrust laws.6
By then, the so-called natural monopoly had grown even larger. Indeed, the engineering department at West Street had become so big (two thousand on its technical staff, and another sixteen hundred on its support staff) that AT&T executives agreed in a December 1924 board meeting to spin it off into a semiautonomous company. They chose the name Bell Telephone Laboratories, Inc. Some of their reasoning remains obscure. A short notice about the new labs in the New York Times noted that “the new company was said to [mean] a greater concentration upon the experimental phases of the telephone industry.” The spin-off, in other words, was justified by the notion that scientific research at Bell Labs would play an increasingly greater role in phone company business.7 Frank Jewett’s private memos, meanwhile, suggest that the overlap between the AT&T and Western Electric engineering departments was creating needless duplications and accounting problems. By establishing one central lab to serve two masters, the phone company would simply be more efficient.8
On January 1, 1925, AT&T officially created Bell Telephone Laboratories as a stand-alone company, to be housed in its West Street offices, which would be expanded from 400,000 to 600,000 square feet. The new entity—owned half by AT&T and half by Western Electric—was somewhat perplexing, for you couldn’t buy its stock on any of the exchanges. A new corporate board, led by AT&T’s chief engineer, John J. Carty, and Bell Labs’ new president, Frank Jewett, controlled the laboratory. The Labs would research and develop new equipment for Western Electric, and would conduct switching and transmission planning and invent communications-related devices for AT&T. These organizations would fund Bell Labs’ work. At the start its budget was about $12 million, the equivalent of about $150 million today.9
As president of Bell Labs, Jewett now commanded an enormous shop. That an industrial laboratory would focus on research and development was not entirely novel; a few large German chemical and pharmaceutical companies had tried it successfully a half century before. But Bell Labs seemed to have embraced the idea on an entirely different scale. Of the two thousand technical experts, the vast majority worked in product development. About three hundred, including Clinton Davisson and Mervin Kelly, worked under Harold Arnold in basic and applied research. As Arnold explained, his department would include “the fields of physical and organic chemistry, of metallurgy, of magnetism, of electrical conduction, of radiation, of electronics, of acoustics, of phonetics, of optics, of mathematics, of mechanics, and even of physiology, of psychology, and of meteorology.”10
From the start, Jewett and Arnold seemed to agree that at West Street there could be an indistinctness about goals. Who could know in advance exactly what practical applications Arnold’s men would devise? Moreover, which of these ideas would ultimately move from the research department into the development department and then mass production at Western Electric? At the same time, they were clear about larger goals. The Bell Labs employees would be investigating anything remotely related to human communications, whether it be conducted through wires or radio or recorded sound or visual images. At the opening of the new U.S. patent office a few years after Bell Labs was set up, Frank Jewett, whose speeches were often long-winded and hyperbolic, found a way to explain the essential idea of his new organization. An industrial lab, he said, “is merely an organization of intelligent men, presumably of creative capacity, specially trained in a knowledge of the things and methods of science, and provided with the facilities and wherewithal to study and develop the particular industry with which they are associated.” In short, he added, modern industrial research was meant to apply science to the “common affairs” of everyday life. “It is an instrument capable of avoiding many of the mistakes of a blind cut-and-try experimentation. It is likewise an instrument which can bring to bear an aggregate of creative force on any particular problem which is infinitely greater than any force which can be conceived of as residing in the intellectual capacity of an individual.”
Buried within Jewett’s long speech was a clear manifesto. The industrial lab showed that the group—especially the interdisciplinary group—was better than the lone scientist or small team. Also, the industrial lab was a challenge to the common assumption that its scientists were being paid to look high and low for good ideas. Men like Kelly and Davisson would soon repeat the notion that there were plenty of good ideas out there, almost too many.
Mainly, they were looking for good problems.
KELLY HEWED to his vacuum tube work in the years after World War I. As he ascended steadily into management, his job came to include responsibility for developing the vacuum tubes built by Bell Labs for Western Electric, which was to say he saw himself as being responsible for improving the most important invention of his lifetime up to that point. Tubes could do much more than amplify a weak phone signal or radio transmission: They could change alternating current into direct current, making them a crucial component in early radios and televisions, which received AC from the power grid but whose mechanisms required DC to operate. What’s more, the tubes could function as simple and very fast switches that turned current on and off. Early in Kelly’s tenure, his tube shop made fifteen different models. There were large water-cooled tubes the size of wine bottles that were used in high-power radio broadcast stations; small tubes for public-address systems; and the famed repeater tube that had been Harold Arnold’s great contribution in bringing the transcontinental connection to bear.
Sometimes a vacuum tube was described as a cousin to the ordinary incandescent light bulb. In some respects this was true—for instance, both devices contained wires that were sealed inside a glass container. Yet the differences between them were far more pronounced. A factory could turn out tens of thousands of bulbs a day. But the daily output of, say, a repeater tube that allowed telephone conversations to be conveyed across the country was at best in the hundreds. What’s more, the kind of tubes made in Kelly’s shop had to be forged with a jeweler’s precision. There was no room for error. If a light bulb failed, it would be easy to replace and not necessarily urgent; if a repeater failed, many conversations would, too. Money would be lost, maybe even lives.
Early in his career, Kelly wrote a long article explaining in meticulous detail how a vacuum tube was made. It reveals something of the nature of Bell Labs’ work in general at the time, which aspired to be at the leading edge of what any company in the world could achieve, both in conceptual and manufacturing terms. The tube shop Kelly described was located in a building a dozen blocks south of the West Street labs in Manhattan, at 395 Hudson Street. There, in a gritty industrial neighborhood, his workers, men as well as women, labored behind lab benches in large rooms outfitted for assembly and production. To explain the process, Kelly used the example of the repeater tube known as the 101-D. Its production began with a glass pipe about the size of a man’s pinkie. The pipe was heated and rotated on a machine so that its bottom opening could then be flared out. A different machine would take the top opening of the pipe, insert four long wires, and then heat the glass to seal the wires so they extended through the seal. The four wires resembled plant stalks poking through a hill of snow. This assembly was called the stem press.11
Next, a worker would attach, carefully and by hand, a solid glass rod atop the stem press, just behind the four wires that were already poking up. The glass rod was positioned vertically and was in turn superheated. A hand-operated machine was then used to insert in its hot, softened glass ten more wires. Two of these stuck out vertically, the other eight horizontally.
The assembly now looked more like a broken toy than an electronic device. It was a mass of wires, fourteen in all, poking out in all directions from a central glass core. But it wasn’t done. First, the tube’s glass core had to be heated and cooled and heated and cooled again in order to harden it. Afterward, a worker had to administer several chemical washes to remove grease and oil from the surface of the glass and wires. The faintest trace of impurities raised the risk of failure. Finally it was time for a worker to arrange the functional parts of the vacuum tube—the parts that would amplify phone signals—around the glass core and wires. These parts were the cathode, grid, and anode. It had taken the Bell scientists years to figure out, in Edisonian, trial-and-error fashion, which materials worked best. The anode was a tiny flattened, hollow box of sheet nickel; the grid was a mesh fashioned from nickel wire of several different diameters; the cathode was a ribbon of metal, M-shaped, made from a platinum-alloy core coated with other trace elements. All of these parts were heated in an oven to 1,000 degrees centigrade to burn off imperfections.
Afterward, the tube shop workers welded these parts to the ragged wires sticking out from the glass core. The contraption no longer looked disheveled. It looked like a device with a purpose. Every part was now tidily connected and wrapped tight. At this point an employee would insert what they had in front of them—the assembly of welded wires and metal plates anchored to the glass rod—into a round glass bulb roughly the size and shape of a conventional light bulb. Then they would heat the bottom of the bulb to create a closed seal.
A vacuum tube couldn’t work without a vacuum inside. So the pumping began. It was a complex, four-stage process requiring several different pumps, all of the machines designed within Kelly’s tube shop itself. The goal was to eliminate the air inside—to “approximately one-millionth of an atmosphere,” as Kelly would explain—through a hole on top of the bulb. But afterward a few other steps still remained: The inside of the bulb, for instance, had to now be heated to about 800 degrees centigrade for further improvements in the vacuum. And the hole on top of the bulb had to be sealed. Finally, a worker would connect four wires dangling from the bottom of the vacuum tube to a small cylindrical base and fasten the base to the bottom of the bulb. At last, after this final step, one could admire the finished vacuum tube, the 101-D, and get the impression of looking at a large but fabulously complex light bulb with an intricate miniature architecture of metal plates, posts, and wires inside.
Kelly called the tubes “miracle devices” that would usher in a great age of electronic communications. But he knew better than anyone how difficult they were to make: labor-intensive, complex, expensive. He knew they soaked up vast amounts of electricity to operate and gave off tremendous amounts of heat. Most of all he knew they had to be perfect, and often they weren’t. “They were awfully hard to make and they broke all the time,” his wife would recall. “He was always hoping there would be something.” Something else, in other words, that could do what only tubes could do.12
IN THE LATE 1920S, work at the tube shop, as well as at Bell Labs, boomed along with the rest of the American economy. In the months after the stock market crash of 1929, when the black depths of the Great Depression weren’t yet apparent, Kelly and a few other colleagues belonged to a buoyant “three-hours-for-lunch” club, a group of Labs employees intent on trying the newest Manhattan speakeasies (Prohibition was still in force) before the police could shut them down. But the business climate grew ever more dire. The astonishing drop in manufacturing jobs and the unrelenting misery in the American farm belt drove down phone subscriptions—and with them AT&T’s revenue. In the course of three years, between 1930 and 1933, more than 2.5 million households, most of them Bell subscribers, disconnected from the phone grid. In 1932 alone, the number of telephones with Bell service dropped by 1.65 million. Western Electric laid off 80 percent of its workforce. The Labs, which had typically hired a few hundred young employees every spring, sending out a team of recruiters to speak with professors at colleges around the country in search of graduate students who might be well suited for industrial research, stopped hiring. And then, with a straitened budget, Frank Jewett, still the Labs’ president, instituted pay cuts and a four-day workweek.
And then Harold Arnold died.
Jewett’s research deputy, forty-nine years old, suffered a heart attack at 3 a.m. on a July morning at his home in Summit, New Jersey. Jewett soon appointed a successor: a tall, thoughtful, experimental physicist named Oliver Buckley who had spent much of his career at the Labs trying to address the special problems that affected “submarine” cable—that is, cable that went under water, connecting islands to the mainland, and was susceptible to a range of stresses that didn’t affect ordinary underground phone cables. Buckley’s dream was to run a transatlantic cable from North America to Great Britain, a project that the Depression and various technological challenges had placed on an indefinite hold.
Not long after Buckley moved up, Mervin Kelly did, too. Through his work in the tube shop, as both a researcher and production chief, he had extended the life of the Western Electric telephone repeater tubes from 1,000 hours to 80,000 hours, an impressive and cost-saving feat. In 1936, Kelly was appointed director of research. The Bell Labs hierarchy was now established for the next decade: Frank Jewett on top, Buckley below him, then Kelly. Though Kelly was not technically in charge, that mattered little. As events would show, he would lead regardless of his rank or station.
KELLY’S PROMOTION, in the mid-1930s, coincided with a slight easing in the Great Depression. Phone subscriptions picked up, and so did telephone company revenues. At that point, Kelly successfully argued for extra funding to hire a group of scientists for his research department. He had his pick of almost anyone. For one thing, the Labs’ reputation had been burnished over the past few years by the work of Kelly’s old office mate, Davy Davisson. He had won fame in his profession—and in 1937, the Nobel Prize—for his experiments in what was called electron diffraction. (In an experiment, Davisson had bombarded a piece of crystalline nickel with electrons, and the results demonstrated a theory first put forward by the Austrian physicist Erwin Schrödinger that electrons moved in a wave pattern.) For Kelly’s new hires, however, a good salary likely mattered more than Davisson’s notoriety. Kelly had funding at a time when almost no one else did. The country’s universities had drastically pared their budgets and teaching positions were almost impossible to come by. And even where research or teaching positions could be found, colleges were offering only a fraction—a half or, at best, two-thirds—of the Labs’ starting salary of $3,000 a year. “I had already figured that $2,600 was practically putting me up in the state of a rajah,” said one of the recruits, Dean Woolridge, a student under Millikan (who had now moved from the University of Chicago to Caltech). “$3,000 was just fantastic.”13
It was curious, in a way, who they were, these men coming to Bell Labs in New York. Most had been trained at first-rate graduate schools like MIT and Chicago and Caltech; they had been flagged by physics or chemistry or engineering professors at these places and their names had been quietly passed along to Kelly or someone else at the Labs. But most had been raised in fly-speck towns, intersections of nowhere and nowhere, places with names like Chickasa (in Woolridge’s case) or Quaker Neck or Petoskey, towns like the one Kelly had come from, rural and premodern like Gallatin, towns where their fathers had been fruit growers or merchants or small-time lawyers. Almost all of them had found a way out—a high school teacher, oftentimes, who noticed something about them, a startling knack for mathematics, for example, or an insatiable curiosity about electricity, and had tried to nurture this talent with extra assignments or after-school tutoring, all in the hope (never explained to the young men but realized by them all, gratefully, many years later) that the students could be pushed toward a local university and away from the desolation of a life behind a plow or a cash register.
The young Bell Labs recruits had other things in common. Almost all had grown up with a peculiar desire to know more about the stars or the telephone lines or (most often) the radio, and especially their makeshift home wireless sets. Almost all of them had put one together themselves, and in turn had discovered how sound could be pulled from the air.
Kelly had personally hired two young PhDs from MIT, William Shockley and Jim Fisk, both of whom would have vast impacts on the Labs’ future. Others came from Caltech, such as Woolridge and an engineer named John Pierce. A chemist named William Baker was hired from Princeton. Pierce and Baker would also have tremendous influence over Bell Labs’ destiny. Another Caltech graduate was a physicist named Charles Townes, who’d been raised on a farm near Greenville, South Carolina. To grow up that way, he would later explain, made you “pay attention to the natural world, to work with machinery, and to know how to solve practical problems and fix things innovatively, with what is on hand.” In Townes’s view, those “farms and small towns are good training grounds for experimental physics.”14
This was not necessarily an isolated opinion; a young experimental physicist who had come to the Labs a few years before Townes felt the same way. Walter Brattain grew up in rural Washington State, in Walla Walla. He had spent an entire year before college herding cattle in the mountains near his home, sleeping alone for months on end in a tent with a rifle. (When he left Washington for graduate school in Minnesota, he hopped a freight train to get there.)15 In regard to his skills as a physicist, Brattain would later say it was important “that my maternal grandfather was [a] flour miller by trade, that my paternal great grandfather, Andrew McCalley, was also a flour miller by trade, and [that] I spent a considerable [part] of my youth—a lot of years of high school and while I was at college—in a flour mill run by my father.” Brattain could take apart a car engine easily and put it back together with equal ease.16
A certain fearlessness about life characterized the recruits. Charles Townes had been given $100 by Bell Labs to make the trip from California by rail, a sum he figured could go much further if he improvised. He took a Greyhound bus from Los Angeles to Tucson, and once there he bought a ticket for a cheap train to Mexico City. Before leaving on his trip he’d bought an accordion from a German student, “a rather ardent Nazi follower who spent a fair amount of time telling us all what a vital job Hitler was doing.” And so Townes sat on the Mexico City train in third class in the summer of 1939, “on slatted wood benches that were none too comfortable, and played a Nazi’s accordion and sang songs with Mexican fruit pickers on their way home from the fields in the United States.” He felt nervous about eating the local food at the stops—mostly he was afraid of dysentery—and for two days he lived on bottled beer. From Mexico City he traveled to the Guatemala border, but could go no farther when he discovered a bridge was closed. So instead he went up to Acapulco, not yet a tourist destination, and rented a hut on the beach for fifty cents a night, where he spent the days swimming in the warm tropical waters. Then another cheap train to Texas. Then a bus to see his family in South Carolina. And then finally another bus to get to New York City. “The $100 from Bell Labs,” he recalled, “just about exactly covered the trip’s total cost.”17
During their first few days in New York, the new “members of the technical staff”—MTSs, as they were called—learned their way around West Street. They were summoned to listen to speeches by Labs vice president Buckley, delivered from detailed note cards, and research chief Kelly, delivered from memory with his eyes closed, as was his habit, welcoming them to Bell Labs. But mostly they met with their supervisors—in Townes’s case, Harvey Fletcher; in Bill Shockley’s case, Clinton Davisson—to try and hash out what kind of work they would be doing. At one point during the first few days the freshmen were asked to sell the rights to their future patents, whatever these might be; their research, wherever it took them, was to benefit Bell Labs and phone subscribers. None of the young men refused. And in exchange for their signatures, each was given a crisp one-dollar bill.


Three
SYSTEM
The physicists that Kelly hired toward the end of the Great Depression—Shockley, Fisk, Woolridge, Townes, and all the rest—already knew how easily ideas could move from one side of the earth to the other. Usually the ideas came inside an envelope, printed in a formidable journal—Annalen der Physik from Germany, for instance, or Physical Review from New York—transported by the mail trains to New England, the Midwest, or the West Coast, where the package would be eagerly received by young physicists at places like Harvard, Chicago, or Caltech. The ideas also came to willing readers, in clear and eloquent English, via a publication named the Bell System Technical Journal, where a physicist named Karl Darrow, another former student of Millikan’s, had a gift for summarizing what he called “contemporary advances” in science, such as the newest model of the structure of the atom. Darrow had trembling hands. This left him unsuited to experimentation. Before Harold Arnold died, however, he had recognized in Darrow a useful skill for disseminating information. “I was thinking that I ought to look for a place in the academic world,” Darrow recalled, when Arnold “told me I might remain and do what I pleased.”1 The catch was that Darrow shouldn’t expect his Bell Labs salary to rise as high as that of the engineers working more directly on phone company business—a fair enough trade-off to Darrow. From then on his job involved traveling to Europe in the summers and effectively serving as an intermediary between scientific ideas there and in the United States. More often than not, his writings addressed the behavior of matter and energy at the tiny, molecular—that is, quantum—level. Quantum mechanics, as it was beginning to be called, was a science of deep surprises, where theory had largely outpaced the proof of experimentation. Some years later the physicist Richard Feynman would elegantly explain that “it was discovered that things on a small scale behave nothing like things on a large scale.” In the quantum world, for instance, you could no longer say that a particle has a certain location or speed. Nor was it possible, Feynman would point out, “to predict exactly what will happen in any circumstance.” To describe the actions of electrons or nuclei at the center of atoms, in other words, was not only exceedingly difficult. One also had to forsake the sturdy and established laws of Newtonian physics for an airy realm of imagination.2
Increasingly, during the late 1920s and early 1930s, ideas arrived in the flesh, too. Some years Karl Darrow would visit California to lecture; some years students in various locations would learn from a physics professor named John Van Vleck, who was permitted to ride the nation’s passenger trains free of charge because he had helped work out the national rail schedules with exacting precision. It also was the case that a scholar from abroad (a 1931 world tour by the German physicist Arnold Sommerfeld, for instance) would bring the new ideas to the students at Caltech or the University of Michigan. Indeed, the Bell Labs experimentalist Walter Brattain, the physicist son of a flour miller, was taking a summer course at Michigan when he heard Sommerfeld talk about atomic structure. Brattain dutifully took notes and brought the ideas back to New York. At West Street, he gave an informal lecture series to his Bell Labs colleagues.
Every month, as it happened, seemed to bring a new study on physics, chemistry, or metallurgy that was worth spreading around—on the atomic structure of crystals, on ultra-high-frequency radio waves, on films that cover the surface of metals, and so forth. One place to learn about these ideas was the upper floor of the Bell Labs West Street offices, where a large auditorium served as a place for Bell Labs functions and a forum for new ideas. In the 1920s, a one-hour colloquium was set up at 5 p.m. on Mondays so that outside scholars like Robert Millikan and Enrico Fermi or inside scholars like Davisson, Darrow, and Shockley—though only twenty-seven years old at the time—could lecture members of the Bell Labs technical staff on recent scientific developments. (Albert Einstein came to West Street in 1935, but was evidently more interested in touring the microphone shop with Harvey Fletcher than giving a talk.)3 Another place to learn about the new ideas was the local universities. The Great Depression, as it happened, was a boon for scientific knowledge. Bell Labs had been forced to reduce its employees’ hours, but some of the young staffers, now with extra time on their hands, had signed up for academic courses at Columbia University in uptown Manhattan. Usually the recruits enrolled in a class taught on the Columbia campus by a professor named Isidor Isaac (I. I.) Rabi, who was destined for a Nobel Prize.
And there was, finally, another place on West Street where new ideas could now spread. Attendance was allowed by invitation only. Some of the Labs’ newest arrivals after the Depression had decided to further educate themselves through study groups where they would make their way through scientific textbooks, one chapter a week, and take turns lecturing one another on the newest advances in theoretical and experimental physics. One study group in particular, informally led by William Shockley at the West Street labs, and often joined by Brattain, Fisk, Townes, and Woolridge, among others, met on Thursday afternoons. The men were interested in a particular branch of physics that would later take on the name “solid-state physics.” It explored the properties of solids (their magnetism and conductivity, for instance) in terms of what happens on their surfaces as well as deep in their atomic structure. And the men were especially interested in the motions of electrons as they travel through the crystalline lattice of metals. “What had happened, I think, is that these young Ph.D.’s were introducing what is essentially an academic concept into this industrial laboratory,” one member of the group, Addison White, would tell the physics historian Lillian Hoddeson some years later. “The seminar, for example, was privileged in that we started at let’s say a quarter of five, when quitting time was five.” The men had tea and cookies served to them from the cafeteria—“all part of the university tradition,” White remarked, “but unconventional in the industrial laboratory of that day.” The material was a challenge for everyone in the group except Shockley, who could have done the work in his sleep, Woolridge would recall. Out of habit, the men addressed one another by their last names. According to Brattain, it was always Shockley and Woolridge—never Bill and Dean, and never Dr. Shockley and Dr. Woolridge.
As the study group wound down for the evening, the men would often make their way over to Brattain’s Greenwich Village apartment for a drink. By then it was 8 or 9 p.m.—time for dinner at a restaurant in the Village and then bed. Shockley lived nearby in an apartment on West 17th Street. “I don’t think we had the idea then that some of the sort of things that later have become so central in the technology—that they were around the corner,” he would recall. “There’s no telling how far off they were.”4 By outward appearances, the study group was merely comprised of telephone men who were intent on learning new ideas. They weren’t yet famous enough to set their own hours. They were expected to be back at West Street the next morning at 8:45 sharp, each wearing a crisp white shirt, jacket, and tie.
IN LATER YEARS it would sometimes be construed, thanks in part to AT&T’s vast publicity apparatus, that scientists came to the Labs in the 1930s and 1940s for the good of science. But that was an incidental dividend of their work. Mervin Kelly hired the best researchers he could find for the good of the system. The new recruits were no longer asked to climb telephone poles and operate switchboards. But all were given long seminars in their first few weeks on how the Bell System worked. Oliver Buckley, the Labs vice president, told his new employees, “Our job, essentially, is to devise and develop facilities which will enable two human beings anywhere in the world to talk to each other as clearly as if they were face to face and to do this economically as well as efficiently.”5 It was reminiscent of Theodore Vail’s dictum of “one policy, one system, universal service.” But it likewise suggested that the task at hand was immense. Already in the Bell System there were about 73 million phone calls made each day—and the numbers kept climbing.6 In the earliest days of AT&T, company engineers realized the daunting implications of such growth: The larger the system became, the larger the challenges would be in managing its complexity and structural integrity. It was also likely that the larger the system became, the higher the cost might be to individual subscribers unless technologies became more efficient. To scientists like Jewett, Buckley, and Kelly, that the growth of the system produced an unceasing stream of operational problems meant it had an unceasing need for inventive solutions. But the engineers weren’t merely trying to improve the system functionally; their agreements with state and federal governments obliged them to improve it economically, too. Every employee on West Street was therefore encouraged to take a similar perspective on the future: Phone service not only had to get better and bigger. It had to get cheaper.
Not everyone took Ma Bell’s corporate adages at face value. By the late 1930s, in fact, AT&T was in the midst of a federal investigation that focused closely on whether it was overpaying for phone equipment from Western Electric, and thus overcharging phone users as a result. Some of the findings that came out of the multiyear inquiry—summarized in a scathing portrait of the company, written by a federal lawyer named N. R. Danielian, entitled A.T.&T.: The Story of Industrial Conquest—portrayed the Bell System as a monstrous entity focused less on public service than on maintaining its stock price and rate of expansion. Danielian painted an ugly picture of how Ma Bell executives had used propaganda—books, periodicals, short films—to enhance their corporate image during the 1920s. In his view, moreover, AT&T’s size and dominating nature raised the question of whether it was actually an “industrial dictatorship” obscured by a scrim of civic-mindedness. “The [Bell] System,” Danielian pointed out, “constitutes the largest aggregation of capital that has ever been controlled by a single private company at any time in the history of business. It is larger than the Pennsylvania Railroad Company and United States Steel Corporation put together. Its gross revenues of more than one billion dollars a year are surpassed by the incomes of few governments of the world. The System comprises over 200 vassal corporations. Through some 140 companies it controls between 80 and 90 percent of local telephone service and 98 percent of the long-distance telephone wires of the United States.” The Bell System owned the wires involved in certain aspects of radio transmission, Danielian added, and had become involved in a host of other pursuits, such as equipment for motion pictures. Its needs for raw materials added up to “hundreds of millions of dollars” annually; its deposits in banks involved “almost a third of the active banks in the United States”; its investors numbered nearly a million. It was also, not incidentally, the largest employer in the United States.7
Kelly would maintain—sometimes under oath, in front of a state or federal utility commission—that Bell Labs’ purpose was to give AT&T and its regional operating companies “the best and most complete telephone service at the lowest possible cost.” He could talk for long stretches—easily for thirty minutes at a time, and with deep conviction—about the virtues of the Bell System and the scientific research it paid for at his laboratory. The difficulty was to reconcile his views with Danielian’s. Perhaps the only way to do so was to accept that there was no reconciliation. The truths about the Bell System, and in turn Bell Labs, were not so much mutually exclusive as simultaneous. The overseers of the phone company, those top-hatted executives at AT&T, were mercenary and aggressive and as arrogant as any captains of industry. But the phone service offered to subscribers was reliable and of high quality and not terribly expensive. That was a point even Danielian conceded. AT&T’s aggressive strategy to patent its inventions, meanwhile, made it difficult for individuals and smaller companies to compete; it was also a tool for generating profits. But Danielian likewise acknowledged that the discoveries at Bell Labs had been essential to the progress of society at large. “They have not only made things better, but have created new services and industries,” he wrote of the scientists and engineers. “They have also made significant contributions to pure science. For these, no one would wish to deny just praise.”
The larger point in all of this was that Bell Labs, for all its romantic forays into the mysteries of science, remained an integral part of the phone business. The Labs management made an effort to isolate its scientists from the gritty day-to-day political concerns of the business. But the managers themselves had to keep track of how the technology and politics and finances of their endeavor meshed together. Indeed, they could never forget it. As long as the business remained robust—and it was the primary job of people like Mervin Kelly to keep the business robust—so did the Labs.
IN THE FIRST DECADE of the twentieth century, the transcontinental phone line had been one example of how the challenges of expanding the phone system led to inventions like the repeater tube. But it was only one example. Following the rapid development of the telephone business in the early twentieth century, everything that eventually came to be associated with telephone use had been assembled from scratch. The scientists and engineers at Bell Labs inhabited what one researcher there would aptly describe, much later, as “a problem-rich environment.”8 There were no telephone ringers at the very start; callers would get the attention of those they were calling by yelling loudly (often, “ahoy!”) into the receiver until someone on the other end noticed. There were no hang-up hooks, no pay phones, no phone booths, no operator headsets. The batteries that powered the phones worked poorly. Proper cables didn’t exist, and neither did switchboards, dials, or buttons. Dial tones and busy signals had to be invented. Lines strung between poles often didn’t work, or worked poorly; lines that were put underground, a necessity in urban centers, had even more perplexing transmission problems. Once telephone engineers realized they could also broadcast messages via radio waves, they encountered a host of other problems (such as atmospheric interference) they had never before contemplated. But slowly they solved these problems, and the result was something that soon came to be known, simply and plainly, as the system.
The system’s problems and needs were so vast that it was hard to know where to begin explaining them. The system required that teams of chemists spend their entire lives trying to invent new, cheaper sheathing so that phone cables would not be permeated by rain and ice; the system required that other teams of chemists spend their lives working to improve the insulation that lay between the sheathing and the phone wires themselves. Engineers schooled in electronics, meanwhile, studied echoes, delays, distortion, feedback, and a host of other problems in the hope of inventing strategies, or new circuits, to somehow circumvent them. Measurement devices that could assess things like loudness, signal strength, and channel capacity didn’t exist, so they, too, had to be created—for it was impossible to study and improve something unless it could be measured. Likewise, the system had to keep track of the millions of daily calls within it, which in turn required a vast, novel infrastructure for billing. The system had to account for it all.
“There is always a larger volume of work that is worth doing than can be done currently,” Kelly said, which was a way of acknowledging that work on the system, by definition, could have no end. It simply kept expanding at too great a clip; its problems meanwhile kept proliferating. For one person to call another required the interrelated functioning of tens of thousands of mechanical and electronic elements, all of them designed and developed by Bell Labs, and all of them manufactured by Western Electric. What’s more, almost every part of the system was designed and built to stay in service for forty years. That entailed a litany of durability tests at the West Street plant on even the most trifling of system components. Labs engineers invented a “dropping machine” to simulate “the violence of impact” of a receiver dropped into its cradle tens of thousands of times. They fashioned a “woodpecker machine,” meant to resemble “that industrious bird in action,” to test the scratch-resistant qualities of varnishes and finishes. They fabricated what they called an “artificial mouth,” resembling a freestanding microphone, to test the aural sensitivity of handsets; they created a machine with a simulated finger to mimic the demands of button-pushing and dialing. And it wasn’t enough to merely measure the durability of a telephone dial; other teams of engineers had to calibrate and measure, to a level approaching perfection, the precise speed at which the dial rotated.
Some men at West Street specialized in experimenting on springs for switchboard keys, others in improving the metal within the springs. AT&T linemen bet with their lives on the integrity of the leather harnesses that kept them tethered at great heights—so Labs technicians established strength and standards for the two-inch leather belts (limiting “the content of Epsom salts, glucose, free acid, ash and total water-soluble materials”) and improving the metal rivets and parts. Millions of soldered joints held the system together—so Labs engineers had to spend years investigating which fluxes and compounds were best for reinforcing anything from seams on sheet metal to lead joints to copper wires to brass casings. AT&T lines carried transmissions from the Teletype, a machine that could send and translate written messages over long distances—so Labs engineers likewise found it necessary to invent a better teletypewriter oiler, a small square oil can, named the 512A tool. And the Labs engineers were not necessarily content with designing any oil can; this one had to be built with a complex inner mechanism for dispensing up to (but no more than) fifteen drops of lubricant. The 512A was an example of how, if good problems led to good inventions, then good inventions likewise would lead to other related inventions, and that nothing was too small or incidental to be excepted from improvement. Indeed, the system demanded so much improvement, so much in the way of new products, so much insurance of durability, that new methods had to be created to guarantee there was improvement and durability amid all the novelty. And to ensure that the products manufactured by Western Electric were of the proper specifications and quality, a Bell Labs mathematician named Walter Shewhart invented a statistical management technique for manufacturing that was soon known, more colloquially, as “quality control.” His insights not only guided the manufacture of items within the Bell System for the next few decades, but in time were applied to improve industrial processes and products around the world.9
The system demanded that a small branch of the Labs was established in western New Jersey, in the country village of Chester. The men there were to study the outdoors deterioration of telephone equipment. Lodgepole pine trees from five western states had been determined by Labs engineers to be the most useful for poles, and so telephone men in Chester buried the pine phone poles ten feet deep and spent decades studying their degradation. At the same time, they mixed a witches’ brew of stains and fungicides, applied them to the buried poles, and graded their effectiveness. They found it necessary, too, to investigate the behavior of gophers, squirrels, and termites, which gnawed through wood and cables and were fingered as the cause of hundreds of thousands of dollars in losses every year. (One strategy the men discovered could rebuff the pesky gopher: steel tape on cables.) The cables seemed to require a variety of other types of study, too. A Bell Labs engineer named Donald Quarles, who was in charge of the Chester plant, wrote a long treatise entitled “Motion of Telephone Wires in the Wind.” His men made rigorous, multiyear tests on the proper spans (how far should the poles be spaced apart?), proper lashing (how tight should the wires be tied together?), proper vertical spacing between horizontal strings of wires (company practice suggested twelve inches, but engineers discovered eight inches could be enough to prevent abrasion). Many of the system’s most important cables, meanwhile, were not strung through the air but ran underground. For burying wire, the men in Chester had to develop new processes involving special tractors they invented and splicing techniques. Other Labs engineers focused on undersea cables, which required not only special materials and techniques but special ships, outfitted with enormous spools of cable in their massive holds, that could lay the cable smoothly on the sea bottom.
The system demanded that the Labs men go anywhere necessary to test or acquire proper materials. A sturdy telephone cable that carried hundreds of calls at the same time would do so at different frequencies, much as daylight carries within it different colors of the spectrum. “In order to get the economies resulting from putting a bundle of dozens or hundreds of telephone conversations in one conductor,” Kelly explained, “you have got to have very intricate and complex equipment at the ends of those circuits to combine all of these different telephone conversations in the one single bundle and then at the other end to unscramble them so that each conversation shall go where you want it to go.”10 The scrambling and unscrambling was done at either end with electronic filters, which separated channels, just as a prism can divide light. The essential components of these filters were quartz plates cut from quartz crystals. The men at the Labs had discovered that the best quartz for this purpose came from Brazil—“the only place in the world that has the quality of crystals of sufficient size to do this work,” Kelly said. And so the Bell Labs managers set up an extraordinary supply chain so they could get the perfect quartz, so they could make the perfect quartz filters, so they could try to perfect the system that, by its very nature, could never be perfected.
WE USUALLY IMAGINE that invention occurs in a flash, with a eureka moment that leads a lone inventor toward a startling epiphany. In truth, large leaps forward in technology rarely have a precise point of origin. At the start, forces that precede an invention merely begin to align, often imperceptibly, as a group of people and ideas converge, until over the course of months or years (or decades) they gain clarity and momentum and the help of additional ideas and actors. Luck seems to matter, and so does timing, for it tends to be the case that the right answers, the right people, the right place—perhaps all three—require a serendipitous encounter with the right problem. And then—sometimes—a leap. Only in retrospect do such leaps look obvious. When Niels Bohr—along with Einstein, the world’s greatest physicist—heard in 1938 that splitting a uranium atom could yield a tremendous burst of energy, he slapped his head and said, “Oh, what idiots we have all been!”11
A year earlier, Mervin Kelly assigned William Shockley to a training program for new employees that included time in the vacuum tube laboratory. One day, Kelly stopped by Shockley’s West Street office, possibly to visit with Davisson, with whom Shockley shared the office, and began to talk. Shockley later recalled:
I was given a lecture by then–research director Dr. Kelly, saying that he looked forward to the time when we would get all of the relays that make contacts in the telephone exchange out of the telephone exchange and replace them with something electronic so they’d have less trouble.12
In a system that required supreme durability and quality, there were, in other words, two crucial elements that had neither: switching relays and vacuum tubes. As we’ve seen, tubes were extremely delicate and difficult to make; they required a lot of electricity and gave off great heat. Switches—the mechanisms by which each customer’s call was passed along the system’s vast grid to the precise party he was calling—were prone to similar problems. They were delicate mechanical devices; they used relays that employed numerous metal contacts; they could easily stop working and would eventually wear out. They were also, because they clicked open and closed, far slower than an electronic switch, without moving parts, might be. Kelly had set an intriguing goal that lingered in Shockley’s mind as he finished his indoctrination program and turned back to studying the physical properties of solid materials on his own and with his study group. Kelly’s articulation of a solution—a product, in essence—was fairly straightforward, even if the methods for creating such a product remained obscure: Perhaps the Labs could fashion solid-state switches, or solid-state amplifiers, with no breakable parts that operated only by way of electric pulses, to replace the system’s proliferating relays and tubes. For the rest of his life Shockley considered Kelly’s lecture as the moment when a particular idea freed his ambition, and in many respects all modern technology, from its moorings.
.   .   .   
WHEN HE WAS OLDER, when he had become famous for his scientific achievements and infamous for his unscientific views on race, Bill Shockley would recount his past and point to what he called “irregularities.” There were, he would concede, certain irregularities about his childhood—that he was homeschooled until he was about eight, for instance, or that his parents moved so often and so arbitrarily that it was sometimes difficult to explain why he attended a particular school or lived in a particular place. Other irregularities he didn’t readily concede. As a toddler, Shockley—“Billy” to his parents, May and William—would experience tantrums that put him beyond the reach of consolation. As his father dutifully related in his diaries, his son’s emotional outbursts were often uncontrollable. Billy would slap at his parents, throw stones at other boys, bark like a dog. “Billy always gets angry because he is thwarted or denied something,” his father noted in May 1912, when his son was just two years old, in a prescient journal entry entitled “Billy’s rages.” A week later, he observed that “when he is good, he is very good indeed; and when he is bad he is horrid.”13
Shockley was an only child, and a solitary one. When he was three years old, May and William had settled in Palo Alto, California, to begin eking out a middle-class life in the same small city where May had been raised. Shockley’s father was a mining engineer with a thoughtful demeanor and substantial assets from earlier in his career, but in Palo Alto he was often short on both employment and money. His fitful work schedule left him home often enough to tutor his son in math and encourage his early curiosity about science. But Shockley would say that his largest influence was a neighbor named Pearley Ross, a professor at Stanford who worked with X-rays and whose young daughters were Shockley’s main companions. Ross taught Shockley the fundamentals of physics.
In his teens, Shockley’s family moved from Palo Alto to Los Angeles, where he attended high school before enrolling at Caltech. Slight in frame (at five foot eight) but in taut physical condition (he was devoted to calisthenics and swimming), he cut a memorable figure as an undergraduate. His childhood rages had subsided, replaced by a geniality that hid a relentless competitive edge and an occasional and savage asperity. The science prodigy seemed to have a compulsive need to charm, to entertain, to challenge the dull conventionality of academia, often in a way that subtly merged humor and aggression. Shockley schooled himself in parlor tricks and amateur magic. Sometimes he would use it to entertain a crowd at parties; other times he would use it to interrupt a sober affair or gently humiliate a lecturer. Bouncing balls materialized from nowhere, flowerpots exploded, bouquets popped suddenly from his sleeve in place of a handshake—incidents that created a distraction from the seriousness of institutional life while turning attention back on Shockley. How did he do
that? It was no wonder he loved to construct intricate practical jokes as well. In one Caltech class, Shockley, with the help of some fellow students and a few faculty members, concocted a successful scheme to enroll an entirely fictitious student named, in one Caltech student’s recollection, Helvar Skaade. The target was the class professor, Fritz Zwicky, who was known for his casual attitude on matters of class attendance. “All these tests were open book exams typically,” Dean Woolridge, one of Kelly’s young recruits who also attended Caltech, would later recall. “You could use any books that you wanted to. The procedure was for the professor to come in and write down the questions on the board, and Zwicky always had five problems, and then he would leave the room and come back at the end of the hour.” Shockley arranged for one copy of the exam to be taken out of the classroom, solved expertly by himself and a team of graduates who had already taken the class, signed by Helvar Skaade, and then returned in time to be handed in. Skaade, the mysterious young genius, answered all the questions brilliantly except for the last one, to which he responded, “Hell, I’m too damn drunk to write anymore.” Skaade got an A-minus, the highest grade in the class.14
Shockley came east with an adventurous flourish that burnished his personal mythology. In the summer of 1932, he and an acquaintance, Fred Seitz, drove from California in Shockley’s 1929 DeSoto Roadster. Shockley was on his way to MIT, where he had decided to pursue a PhD. Seitz was going to get his physics PhD at Princeton—the men agreed Shockley would drop him off there. For the trip, Shockley brought a loaded pistol that he kept in the glove compartment. They selected a southern route that took them through Arizona, New Mexico, Texas, and Arkansas, and they barely survived the trip. They encountered nights of torrential rains that obliterated the desert highways; in Kentucky, they narrowly averted a deadly head-on collision when they encountered two trucks racing toward them around a mountain pass, taking up both lanes of a two-lane road. “By the grace of the Lord, I had just enough shoulder to squeeze by the oncoming truck with perhaps an inch to spare,” Seitz recalled. “To the best of my knowledge I have never been closer to instant death than in those few seconds.”15 A few days later, on a moonlit night, Shockley dropped his new friend off in New Jersey. Princeton’s campus struck him as extremely attractive. When he arrived at MIT the next day, a stiff wind was blowing factory fumes into his face and the campus buildings appeared more industrial than academic. He wondered if he’d made a mistake. But MIT nevertheless turned out to be a good experience for Shockley. It gave him a strong background in quantum mechanics and introduced him to two friends who would prove crucial to his later career: Jim Fisk, a classmate, and Philip Morse, a professor.
To know Shockley, even in his twenties and thirties, was to be confused by him. Was he likable? “In a way,” says one of his former colleagues, Phil Anderson. An infectious energy and a boundless enthusiasm for physics had a tendency to pull colleagues into his orbit and allow them to overlook, at least for a while, his marauding ego. He could be fantastically good company—warm, witty, entertaining. He loved sharing a drink or two and frequently invited friends for rock-climbing trips or vacations in upstate New York with his wife and young daughter. He had an extraordinary talent for instruction and could be surprisingly generous with his time. “I would go visit him in the evenings in his apartment in Manhattan,” Chuck Elmendorf, a Caltech graduate who joined Bell Labs in 1936, recalls. “And I would just sit there on the edge of his couch and he would just teach me physics every night. He was decent, wonderful, pleasant.” In a more formal work environment, moreover, being around Shockley meant being dazzled. “He was the quickest mind I’ve ever known,” adds Anderson, a theoretical physicist who went on to win a Nobel Prize. Even at the Labs, a place where everyone was fast on their feet, Shockley was faster. “His intellectual power was such that when Shockley said something,” recalled his colleague Addison White, “I recognized it was right.”16
There was something in particular about the way he solved difficult problems, looking them over and coming up with a method—often an irregular method, solving them backward or from the inside out or by finding a trapdoor that was hidden to everyone else—to arrive at an answer in what seemed a few heartbeats. Mervin Kelly had sensed this gift right away when he had visited MIT and met with Shockley in 1936. Shockley would later say, “I can recall talking to Kelly and being impressed that he called up, used the telephone to call all the way down to New York City, to find out if he’d be authorized to make me an offer, because I had to decide right then and there.”17
In Kelly’s research department on West Street, Shockley found he could go mostly where his curiosity led him, which was often to solid-state physics. He likewise found that at the Labs the experimentalists and theoreticians were encouraged to work together, and that chemists and metallurgists were welcome to join in, too. The interactions could be casual, but the work was a serious matter. Every new member of the technical staff was given a stock of hardcover lab notebooks that were bound in cloth and leather and filled with two hundred lined pages. In most offices, recalls Walter Brown, an experimental physicist who worked under Shockley, there was a notebook table, “maybe twelve by eighteen inches, standing on a three-legged stand on the floor, painted black. It was intended to hold a notebook for recording details of experiments and their results [as well as] ideas and plans for the future. Results or ideas that one thought were potentially valuable were witnessed and signed by another engineer for documentation of the timing of the idea.” The scientists were not permitted to rip out pages. Nor were they encouraged to attach loose sheets of paper into the notebook. “No erasures,” says Brown. “Lines through mistakes—initialed by who drew the lines.”18Also, the notebooks were issued with registered numbers that were matched to each scientist and were tracked by supervisors and Labs attorneys. There was to be no confusion about who did what. The notebooks were proof for gaining a patent.
At some point in late 1939, Shockley had settled on an idea for how to make an electronic amplifier—much like the old repeater tube that Harold Arnold had improved—but this time out of solid materials. The production of vacuum tubes had improved since the days when Kelly ran the tube shop, but the essential problems remained: They were still fragile, they still consumed much electricity and produced much heat. The first attempts at making a solid-state amplifier, as Shockley was trying to do, involved simply copying the architecture of vacuum tubes. Shockley recalled later that his “first notebook entry on what might have been a working [solid-state amplifier] was as I recall late 1939.”19 It was actually December 29, 1939. Shockley had concluded by then that a certain class of materials known as semiconductors—so named because they are neither good conductors of electricity (like copper) nor good insulators of electricity (like glass), but somewhere in between—might be an ideal solid replacement for tubes. Under certain circumstances semiconductors are also known to be good “rectifiers”; that is, they allow an electric current passing through them to move in only one direction. This property made them potentially useful in certain kinds of electronic circuits. Shockley believed there could be a way to get them to amplify a current as well. He intuited that one common semiconductor—copper oxide—was a good place to start.
As a physicist, Shockley was far better as a theoretician than an experimentalist. On the other hand, Walter Brattain, his colleague at West Street, was about as good an experimentalist as could be found at Bell Labs. With good reason, Brattain prided himself on being able to build anything. “He came to me one day and said that he thought that if we made a copper-oxide rectifier in just the right way, that maybe we could make an amplifier,” Brattain recalled. “And I listened to him. I had a good esprit de corps with him, and so after he explained, I laughed at him.” Brattain, it turned out, had already tried a variation on the idea with another colleague. But when he saw how intent Shockley was on trying out his idea, Brattain went along, pledging that he would make a prototype to Shockley’s precise specifications. In the early winter months of 1940, Brattain built a couple of units to Shockley’s specifications. “It was tested and the result was nil,” he recalled. “I mean, there was no evidence of anything.”20
But Shockley wasn’t convinced his idea was wrong. He would speculate later about what might have occurred had he continued to develop that particular amplifier experiment without interruption. But as it happened he couldn’t. In fact, few people at the Labs could carry on their customary work anymore. The news from Europe—beginning with Germany’s invasion of Poland in 1939, and its invasion of Belgium, France, and the Netherlands in the spring of 1940—put an end to business as usual.


Four
WAR
By the middle of 1940, the research department at Bell Labs stopped doing research as nearly all of the Labs’ work—about 75 percent of it—was redirected toward developing electronic devices for wartime, first to help the Allies in Europe, and soon after to assist the U.S. Army and Navy. Frank Jewett, Bell Labs’ president, began spending almost all his time in Washington advising political leaders on how the country’s scientists might contribute to the war effort. Oliver Buckley, the Labs’ vice president, mostly focused on their obligation to maintain phone company operations. “Buckley in essence handed over Bell Laboratories to [Mervin] Kelly during World War II,” one Bell Labs researcher recalled.1 Indeed, Buckley let Kelly—whose research department was essentially dismantled for the duration of the war and replaced by a multitude of development projects—run the day-to-day business of the laboratories from that point on.
One of the Labs’ first assignments as the war began in Europe resulted from Jewett’s political connections:2 finding out at the government’s behest whether it was actually possible, in light of several recent theoretical papers on nuclear reactions, to create a weapon out of ordinary uranium.3 At Kelly’s request, Shockley and Jim Fisk, his friend from MIT who had just joined the physics department at the Labs, were asked to take time off to prepare a report. Shockley did most of the calculations. And while the two men quickly concluded that uranium in its natural state could not make a devastating weapon, they theorized that by placing “piles” of a specially enriched uranium preparation close together one might be able to create a sustained, low-level reaction. Put simply, they’d figured out how to make a nuclear reactor.4 The men tried to patent the idea, but met with resistance from the government and the patent courts. As Fisk would recall, the reason was that the physicists Enrico Fermi and Leo Szilard “had essentially the same idea and probably at about the same time. We may have been earlier, they may have been earlier, I don’t know. I don’t think that anybody will ever know. But they were working hard on this and we were doing this simply as an exercise to answer the question.”5
Like Kelly, Shockley rarely lingered over any one project. That he had figured out the essential concepts for nuclear power on his own (actually, the idea came to him while he was taking a shower) merely seemed an intriguing interlude in a frenetic schedule. Indeed, his schedule was too busy for him to do anything else but keep moving. Beginning in 1940, Kelly assigned Shockley to a secret effort to help develop applications for a new technology known as radar. Other members of the technical staff were asked to put aside their research work, too, in the same way that Kelly and Davisson had done two decades earlier during World War I.
There was no use challenging the Labs executives on the matter. For one thing, it was Kelly giving the orders. He still carried forth the brusque manner that had defined him as a young man, but he was now a boss who wielded power forcefully, and sometimes fearsomely. For another thing, researchers in Kelly’s department rarely had any objections to pitching in on the war effort. One day not long after he began his war work, Charles Townes was walking through Times Square when a complete stranger came up to him: “You’re not in uniform. Shame! A man your age ought to be in uniform, and helping out.”6 Townes was working fifty- and sixty-hour weeks to do precisely that. To the general public, however—largely unaware that this war would depend as much on technology as strategy—their role remained obscure. For a while, at least, so did the devices they were working on.
ON THE HOME FRONT, the war overturned the established norms of science, engineering, and business. Mervin Kelly had long regarded scientific research as a pursuit of the unknown that inherently defied corporate and political regimes. Science had no true owners, only participants and contributors. By the early 1940s, the great discoveries of his lifetime, including the work of his friends Robert Millikan at Chicago and Davy Davisson at Bell Labs, were such that they transcended borders and nationalities. The results of their work were widely shared, discussed, and augmented, as Kelly thought they should be, through international gatherings and cooperative, investigative efforts. Engineering, however, was different. Kelly defined it as the application of science to a problem affecting society. Engineers dipped into the “common reservoir” of science on behalf of their own industries and countries. In peacetime, that meant they focused on making profitable commodities like automobiles and telephone equipment; in wartime, that meant they focused on building military communications equipment as well as ships, planes, and munitions. At the same time, wartime engineers had an additional responsibility. They were charged not only with building everything better but building everything faster, which meant striving to improve their processes as well as their products. In the summer of 1943, Kelly wrote an article for an engineering publication called The Bridge that directed attention to the contributions of the American engineers working on the Allied war effort. In particular he remarked on the speed with which U.S. industry had caught up with the military economies of the Axis powers. “Progress has been made in some fields of technology in a four-year interval,” he pointed out, “that, under the normal conditions of peace, would have required from ten to twenty years.” Much of what Bell Labs was now building hadn’t existed four years before. “In this astonishing short period of time,” he added, “we have developed, designed, placed in manufacture and expanded to unprecedented high rates the production of a substantial portion of the tools of warfare that our Army and Navy now are so successfully employing.” If the peacetime needs of the rapidly expanding phone system were an unceasing force for new inventions, in other words, war was turning out to be an even greater force.
One obvious reason was that war created an air of urgency. An example Kelly liked to cite was the supply of quartz crystals for telephone filters—the crucial equipment used to scramble and unscramble transmissions at either end of a cable.7 In the late 1930s, the supply of quartz from South America slowed noticeably. The countries of the world had already begun competing for valuable resources. “We had been working in the period before the war in growing crystals in the laboratory,” Kelly explained, “growing out of solutions crystals which would have the same electrical and mechanical properties as quartz.” War accelerated these developments. Technicians in fact discovered that by placing a small “seed” in a vat of chemicals—the scientists tried a hundred different formulas before settling on one—artificial crystals could be grown to the length of six inches, resembling in their glass tanks huge clusters of rock candy. At that point the fully grown crystals were removed from the tanks, the New York Times explained, “sawed into thin wafers, ground carefully to precise thicknesses, mounted in special holders and installed in electrical circuits.”8 It was a good example, in Kelly’s view, of how America’s scientists and engineers had responded to the war effort. The Labs ultimately produced hundreds of thousands of synthetic crystals.
The war also unleashed a great gush of money toward new technology. In an effort to quicken the development of equipment as much as possible, beginning around 1941 the federal government began directing hundreds of millions of dollars toward engineering organizations like Western Electric and Bell Labs. In the first few years after Pearl Harbor, in fact, Bell Labs took on nearly a thousand different projects for the military—everything from tank radio sets to communications systems for pilots wearing oxygen masks to enciphering machines for scrambling secret messages—leading Kelly to expand his staff by several thousand. The Labs actually doubled its size from about forty-six hundred before the war to nine thousand during it. At the West Street offices, Oliver Buckley wrote, “there is hardly room to turn around.” Elevators were so jammed with employees that it was difficult to squeeze on. A six-day workweek became the norm.
Not all the new employees fit the profile of the old-time telephone engineer. Some seven hundred Bell Labs staff members had gone into active military service. (“There are so many Laboratories people on Guam at one time or another,” the Bell Laboratories Record noted, “that they might have opened a Western Pacific branch.”) This led Labs executives to hire hundreds of women to replace the men. What’s more, for the first time, the Labs began to hire Jews, bucking a strain of anti-Semitism that ran deep within the AT&T establishment, though not, apparently, within Kelly. The precise reasons for the shift remained ambiguous, though some Labs members later reflected that by 1940 the specter of war had trumped the Bell System’s ugly traditions of bigotry. A slightly different explanation was that a meritocratic organization such as the Labs could perceive a competitive disadvantage of passing over the best scientists on religious grounds, an error they might have already made with the young Richard Feynman, a former colleague of Shockley’s at MIT who would eventually be drafted into the Manhattan Project.9 Whatever the explanation, some of the older and most hidebound scientists at the Labs found discomfort in this aspect of the Labs’ evolution, as well as in Kelly’s war mobilization effort. Lloyd Espenschied, for example, an inventor of the thick coaxial cables that carried phone conversations between major cities and a senior advisor to Oliver Buckley, was an avowed isolationist. In the midst of the war, an investigator for the War Department named G. E. Schwartz visited Espenschied at West Street. “We were led into this mess largely by British propaganda, Jewish propaganda, Roosevelt imperialism,” Espenschied told him in response to his questions.
He then said “I suppose you are anti-Semitic.” I told him he could take that supposition if he wished, that frankly I do not like Jews. He then asked me why I did not like them and I told him that it was because of their racial characteristics. To his question of why was this, I responded that he would have to ask the Jews themselves that question, looking him straight in the face as the Jew that he appeared to be. I told him that to my mind all this was part of the problem as a result of different peoples being thrown together rather rapidly in this age of increased mobility and shrinking distances.10
Frank Jewett and Oliver Buckley were appalled by Espenschied’s “incredible stupidity”—though it was not clear whether their displeasure related to the content of Espenschied’s opinions or his willingness to share them. “His error lies in his insistence on expressing his views intemperately,” Jewett noted in a private memo about the exchange.11 Espenschied was forbidden from having any contact with work on the war, or with any Labs employees involved with such work. He was not dismissed, however—a report on the incident was filed away by Buckley and stamped as “Confidential F.B.I.” Mostly it seemed that Jewett and Buckley were primarily concerned that one of their most accomplished engineers might be a blemish on the Labs’ reputation for patriotism and national service.12
Probably they worried needlessly. Thousands of men and women under Kelly were working intently on military applications, and the public was increasingly aware of their contributions. Press coverage of various aspects of what was known as “the physicists’ war” was glowing. Still, for many members of the technical staff, the wartime work required a difficult philosophical transformation. The ideas of scientists thrive on publication and broad dissemination; but the ideas of engineers, especially during wartime, thrive only if secrecy is maintained. For the first few years of World War II, the word “radar”—its name stood for “radio detection and ranging”—was almost unknown by the general public, earning it the description of a New York Times reporter as being “the war’s most fabulously and zealously guarded secret.”13 This was not quite true—the Manhattan Project was kept under tighter wraps—but it was generally the case that Kelly’s men at Bell Labs, many of whom worked on radar systems, were forbidden to speak with anyone, even their wives, about their work, and that virtually all details about radar and its sister technology for underwater detection, sonar, were closely held for the duration of the war. Harvey Fletcher, for instance, who contributed his knowledge of acoustics to the Bell Labs sonar work during the early 1940s, actually refrained from speaking of his involvement for fifty years after victory was declared. Kelly never offered any details about his war work and likely either destroyed or purposely discarded his personal files on military matters. Secrecy began to cloak his responsibilities, as well as his power. When a three-hundred-page internal history of Bell Labs’ World War II work was later compiled, his name was never mentioned.
THE SCIENTIFIC PRINCIPLES OF RADAR were fairly straightforward, even if the details of the technology weren’t. A memo to Bell Labs employees explained that radar could be defined as a powerful electronic “eye” that used high-frequency radio echoes to determine the presence and location of unseen objects in space: “Specifically, a radar system does the following: (1) it generates high-power electrical waves; (2) it projects these waves from an antenna, usually in a narrow beam; (3) it picks up the waves which reflect back from objects in its range; and (4) converts these into a pattern on a fluorescent screen.” The memo might have added that the waves traveled and bounced back at the speed of light, about 186,000 miles per second. Thus, in evaluating the time it took for radar waves to leave and then echo back to a radar antenna, a set could also calculate the distance of an unseen object based on the knowledge that distance equals rate multiplied by time. (Radar equipment was designed to divide in half the distance a wave traveled, since operators didn’t need the distance to and from the object, only the distance in one direction.) It all happened instantaneously. An object one thousand yards from the radar set would give its echo six-millionths of a second later.14
Scientists who worked on radar often quipped that radar won the war, whereas the atomic bomb merely ended it. This was not a minority view. The complexity of the military’s radar project ultimately rivaled that of the Manhattan Project, but with several exceptions. Notably, radar was a far larger investment on the part of the U.S. government, probably amounting to $3 billion as contrasted with $2 billion for the atomic bomb. In addition, radar wasn’t a single kind of device but multiple devices—there were dozens of different models—employing a similar technology that could be used on the ground, on water, or in the air. Perhaps most important, radar was both an offensive and a defensive weapon. It could be used to spot enemy aircraft, guide gunfire and bombs toward a target, identify enemy submarines, and land a plane at night or in thick fog. Its origins for domestic military uses dated back to the 1930s, when several scientists at the Naval Research Laboratory discovered that when they directed a radio pulse from a transmitter toward planes passing overhead some of the waves were reflected back. In 1937, the Navy approached Bell Labs to help it refine the technology. Those first applications were primitive and riddled with problems, but by the start of the war radar sets were being used in Great Britain, where an intricate network of coastal radar stations helped the British defend against the onslaught of German bombers. The U.S. military also used radar stations in the Pacific—indeed, the Japanese squadrons flying toward Pearl Harbor were picked up well before they arrived. The officers monitoring the stations disregarded their readings, thinking the blips to be friendly aircraft.15
In time difficulties like this were overcome—a method was devised to distinguish between friendly and enemy aircraft—but the rapid evolution of radar between 1937 and 1943, the same speedy development that had awed Kelly in assessing the innovative forces of war, was rife with frustrations. In early 1940, if one could by chance eavesdrop on a group of Bell Labs radio engineers discussing the ideal radar set, one would hear described a technology that with the help of vacuum tubes could transmit very brief electromagnetic pulses (perhaps a thousand per second) in a very focused beam of waves that measured perhaps ten or fifteen centimeters in length. This was a fraction of the length of regular radio waves, the ones that brought music and news, which were sometimes a hundred meters long. It was also an ideal and not a reality. At the start of the war in Europe, the vacuum tubes that powered the early radar sets mostly sent out longer waves measuring a meter or more in length; such waves were too diffuse to help “pilots home in on their quarry.”16 And when American scientists attempted to create sets that could emit shorter waves of thirty or forty centimeters, they discovered that their vacuum tubes lacked the power to send out a strong enough signal. “The big problem in radar is to generate enough power to get a detectable echo from a distant point,” Time magazine explained. “Of the total energy sent out in a radar beam scanning the skies, only a tiny fraction hits the target (e.g., a plane), and a much tinier echo gets back to the receiver. Engineers estimate that if the outgoing energy were represented by the sands of a beach, the returning echo would be just one grain of sand.”17
How to create a device to send out shorter waves, and with more power? There was a solution to this problem—it came by ship, in a veritable black box, by way of a secret mission to the United States by British scientists in the late summer of 1940. In the box was something called a cavity magnetron, a metal device invented by two physicists at the University of Birmingham that resembled a small fishing reel. “Unlike conventional vacuum tubes,” a Bell scientist explained, “with their components exposed in a glass envelope, the new tube was an inscrutable copper cylinder with cathode leads and a coaxial line emerging from it.” The magnetron whirled electrons inside its six or eight circular internal cavities to produce short waves of ten centimeters and transmissions of great power. It was brought to Kelly at the West Street labs not long after the British mission came to the United States—the idea was that Western Electric would be the logical company to mass-produce the device if Bell Labs could refine the technology and design. On October 6, Kelly watched as the magnetron was demonstrated for the first time in the United States at a small Bell Labs branch office in Whippany, New Jersey.18 The engineers in the room were dumbstruck by its power output. It wasn’t just an incremental improvement in radar engineering. Luis Alvarez, a physicist who wasn’t present that day but would later work directly on the magnetron designs, pointed out that the invention improved upon current technologies by a factor of three thousand. “If automobiles had been similarly improved,” he noted, “modern cars would cost about a dollar and go a thousand miles on a gallon of gas.”19
THE DEVELOPMENT WORK on magnetrons—the work that preceded their manufacture—was done in concert at MIT and Bell Labs. At MIT, an ad hoc group of scientists and engineers, eventually numbering several thousand, worked in a secure campus building with blacked-out windows known as the Rad Lab. At Bell Labs, many of the scientists on the radar project worked under Jim Fisk, who had already won favor for his work with Bill Shockley on uranium. Kelly directed him to set up a workshop in a building near the West Street offices that had once been a biscuit factory. The horses for the New York Police Department were housed nearby; Fisk would later recall that his senses were often sharpened by the “man-eating flies” that shuttled between his offices and the stables. At first Bell Labs’ technicians took X-ray photographs of the British magnetron so they could create blueprints; in those photographs the device looks like a small, circular metal plate that contains a linked chain of eight smaller circles around its inner edge. It resembled an old-style film projector reel. But it still wasn’t immediately clear how to manufacture devices for production. Engineers at the Labs knew that the gulf between an invention and a mass-produced product could in some cases be extraordinary, even insurmountable. “Could the new magnetron be reproduced quickly and in quantity?” Fisk wondered. “Was its operating life satisfactory? Could its efficiency and output power be substantially increased? Could one construct similar magnetrons at [wavelengths of] forty centimeters, at three centimeters, even at one centimeter?”20
In some respects, the work ahead of him was, by necessity, at odds with Kelly’s philosophical preferences. Instead of using scientific research for development so that he could then make a device, Fisk was reverse-engineering—analyzing an existing device so he could work out a research plan he would then use for development. He quickly saw that he couldn’t just make a magnetron bigger or smaller to get different outputs in microwave power and wavelength; engineering the device for ships and planes and other uses involved a careful consideration of everything about the magnetron—the size and number of its internal cavities, the shape of those cavities, its input voltage, and so on. Fisk carried around with him a notebook he filled with sketches and ideas. Often he consulted with Clinton Davisson, the thin, quiet researcher who stayed far away from development but was always willing to ponder a difficult problem, especially if it had to do with electrons.
Having just turned thirty years old, Fisk was now charged with perhaps the most important scientific project in the United States. Only a couple of years before, when he was finishing graduate school and beginning to look for a job, he had visited the research department at West Street to see his old MIT friend Bill Shockley. After he left, Shockley turned to a colleague and said, “Remember I told you. If that man gets hired, we’ll all be working for him in ten years.” Fisk himself had no managerial aspirations when he began at Bell Labs, but the war began to shape the course of his career in unexpected ways. “When we got all through,” he said of the various researchers doing wartime magnetron work, “some of us emerged as something else.”21 Kelly had nonetheless seen executive potential in Fisk from the start, when he’d offered him a job the first time they met over lunch at a midtown Manhattan hotel. “Jim was Mervin’s protégé,” Kelly’s son-in-law recalls, noting that Fisk was soon a frequent guest at Kelly’s house in Short Hills, New Jersey, joining other regulars in the Kelly home like Davisson, Buckley, and, during his occasional visits to the United States, the physicist Niels Bohr.22 In some ways the two had much in common—agile minds and a natural talent for decision-making. Both loved golf and gardening, though Kelly grew flowers and Fisk grew vegetables. Fisk—slender, patrician, polite, unflappable—was a more polished version of his mentor. Always with a cigar in hand, he had the soft touch and twinkle that Kelly lacked. On long train rides with colleagues (frequently they would go from New York to Western Electric factories in Chicago), Fisk would sometimes produce a bottle of Southern Comfort and pass it around.23 He was fond of putting his colleagues on mailing lists of doctors peddling dubious tonics. When a friend of his went away for a week to a New Hampshire resort, Fisk sent to him a series of telegrams that resembled the instructions of an underworld gangster to one of his cronies.24 At the magnetron workshop in the old biscuit factory, Fisk sometimes wore a striped train engineer’s cap and, on occasion, striped overalls to meetings. “After all, we’re engineers,” he would say. His friend Larry Walker recalled that at the biscuit factory work was done in a large open first-floor room divided by waist-high partitions. Sitting in an office, Walker remembered, “one saw only the upper half of the people as they passed.” It was Fisk’s occasional habit, “if he caught someone’s eye as he was leaving, to continue walking but gradually [bend] his knees farther and farther. Few who saw it can have forgotten the sight of Mr. F. apparently disappearing in a hole in the ground, eyes firmly ahead, chin up.”
Fisk was liked the same way that Kelly was feared. Soon enough, he became known for “Fiskian” aphorisms: “When you don’t know what to do,” he would say, “do something.” Or: “We have now successfully passed all our deadlines without meeting any of them.” The magnetron project was starting to look like that, as the men worked out the fiendish difficulties, often during all-night sessions, of not only putting the original model in production but modifying the device for new applications. The low point for Fisk’s team was the day after Pearl Harbor, as the men sat among stacks of nonworking magnetrons (they had poor vacuum seals, apparently) and listened to the grim news in the Pacific.25 At one point during the work, Fisk—perhaps seeking a diversion from the grinding six-days-a-week schedule—came up with the notion that the propulsion system of sharks was worth studying for applications to naval warfare. He decided to try to requisition $50,000 for a swimming pool, to be constructed in the basement of the biscuit building, from Bell Labs management. It was a joke with an appearance of plausibility (in fact, many years later at Bell Labs, biological systems would become an acceptable research pursuit). Fisk’s request rose through the executive ranks, receiving several green lights, until it got to Kelly, who instantly rejected it.26
.   .   .   
FISK AND HIS STAFF eventually worked out fifteen different and successful magnetron designs for new radar instruments. His team passed its finished work on to Western Electric, which ultimately manufactured more than half of the radar sets used in World War II. Bill Shockley had been involved with the radar work at the start, but for the star Bell scientist, the war brought a profusion of other opportunities. In early 1942, Shockley received an offer from his friend Philip Morse, an MIT professor who was now in Washington organizing something called the Anti-Submarine Warfare Operations Research Group, commonly referred to as ASWORG. Morse asked Shockley to become the group’s research director, and Kelly agreed to give his prize physicist a leave of absence from Bell Labs. Essentially a small think tank, the ASWORG group was staffed by statisticians and physicists and even a chess grandmaster. Together, they used sophisticated probability calculations to solve military problems. At the start, they were charged with figuring how to better detect and destroy the elusive German U-boats that were making passage through the Atlantic deadly. The work—conceptual rather than experimental—suited Shockley well: He and his colleagues looked at statistical information to figure out more effective methods of combat. An early problem: Why did bombs dropped from Allied airplanes have no effect on German submarines that had come to the surface? Shockley realized that the bombs were set to explode at a depth of seventy-five feet—too deep to sink a sub that was on the surface. He suggested changing the depth charge to thirty feet. Morse noted that within two months the change increased by a factor of five the number of subs sunk by Allied bombs.
Shockley and his staff at ASWORG rarely went out into the field. But the military men grudgingly admitted the effectiveness of the insights coming from these desk-bound civilian scientists. With the help of an IBM data processing system, the team assumed record-keeping duties for the entire U.S. antisubmarine effort. They brought in a computer expert and several insurance actuaries to analyze data on “hits” and “misses.”27 Shockley became immersed in these efforts. As his Washington schedule became increasingly demanding, in fact, Shockley moved to the capital, eventually taking a room at the University Club and coming home by train on occasional weekends to see his family in Madison, New Jersey. His marriage was not going well. He barely saw his daughter or newborn son. A tendency to push himself to exhaustion, an old habit, returned. His new habit was to try and organize a life that was so absurdly busy it couldn’t possibly be organized. From the war onward until the end of his life, Shockley began to keep several different sets of calendars and diaries, some for his military work, some for his scientific work, and some for his home life. The war diaries suggest that his days were a blur of ideas and appointments and phone calls, all tucked between exercise regimens, doctor’s appointments, train trips, and lunch and dinner meetings.28 It hardly helped that his travel schedule was frenetic, too. As a testament to his high security clearance, he was authorized by the secretary of war to ride any commercial airplane in the country at any time. Often his schedule took him around the country as well as to Europe.29
The work, the travel, the wartime pressure—all of it bore down on him. In addition, Shockley was struggling to manage a few dozen men, some of whom in his opinion were not as bright or committed as he regarded himself. And here, perhaps for the first time, a clear sign of Shockley’s limitations emerged. Whatever his friend Jim Fisk found easy and natural—relaxing a roomful of scientists with some inspired slapstick, for instance, or giving men freedom to do their work as they chose—Shockley found difficult. He simply could not get the hang of managing people. Some fifty years later, Shockley’s biographer, Joel Shurkin, found among his private papers a sealed envelope from this period containing a note informing his wife that he had just attempted suicide. He had played Russian roulette with a revolver. “There was just one chance in six that the loaded chamber would be under the firing pin,” he wrote, before adding, with characteristic precision, that “there was some chance of a misfire even then.” He apologized to her that he hadn’t found a better way of solving their domestic problems.30 Shockley never gave her the note and returned to his work on the war.
BELL LABS VICE PRESIDENT Oliver Buckley wrote a form letter in January 1944 to the Bell Labs staff members on leave with the military services. The war hadn’t yet turned decisively in the Allies’ favor—D-Day and the invasion of Europe were still six months away—but the news was increasingly encouraging. “We hear a lot these days about ‘post war planning,’ and hear of some others doing research and development for the post-war period,” Buckley wrote. “As far as we are concerned, that is pretty well out. We want to see this war won before we start working on what is to follow.”31
It was not quite true. Nearly a year before, for instance, Mervin Kelly began writing a twenty-nine-page memorandum—“A First Record of Thoughts Concerning an Important Post-War Problem of the Bell Telephone Laboratories and Western Electric Company”—that was circulated to Buckley and a number of other executives at the Labs in May 1943. Kelly’s point was not to outline precisely what new products the company should make at the close of war. Rather, he felt compelled to outline his vision of how Bell Labs, once it regrouped, would fare within an electronics industry that was sure to grow exponentially after the war’s conclusion. “It is reasonable to expect that in the decade following the war there may well be changes of even greater total significance than those of the past thirty years,” Kelly wrote. Radar, he added, had already opened up vast new opportunities in the business of radio wave and microwave devices. Kelly also thought it likely that the telecommunications industry was destined to resemble, in its nature as well as its products, sister industries like radio and television. Before the war this had not been the case: Bell Labs researched and designed equipment for the highly specialized nature and problems of telephone service. But to Kelly, the era at hand would require different approaches. Deep within the long memo, he noted, “We have been a conservative and non-competitive organization. We engineer for high quality service, with long life, low maintenance costs, [and a] high factor of reliability as basic elements in our philosophy of design and manufacture. But our basic technology is becoming increasingly similar to that of a high volume, annual model, highly competitive, young, vigorous and growing industry.”32 In other words, there would soon be a revolution in electronics. And as he saw it, Bell Labs would need to lead it rather than join it.
Kelly wanted his old team back—the team he had handpicked in the late 1930s. First, he pursued Bill Shockley. In January 1944 Shockley had left his position with the Navy for a job at the War Department. Now working with a group considering radar problems on B-29 bombers, he had maintained his frenetic schedule, beginning with a world tour of B-29 bases overseas, “going by way of England and Italy, and visiting American and British bombing establishments en route,” the Bell Laboratories Record noted. “After six weeks at the B-29 base in India, he proceeded via Australia to 21st Bomber Command headquarters in the Marianas, then across the Pacific to the United States, where he arrived in January 1945.” Not long after, Kelly invited Shockley to Bell Labs for a series of meetings. The two men discussed Shockley’s 