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Praise for Grace in All Simplicity



“In Grace in All Simplicity, Cahn and Quigg share with us their ring-side view of the discoveries that led to our current picture of our most fundamental physical laws. Ironically, the path taken that led to our emerging view of the Universe is neither simple or graceful, but spell-binding and charming in all its human complexities.”

—Professor Steven Chu, Nobel laureate, Professor of Physics, Molecular and Cellular Physiology and Environmental Science and Engineering, Stanford University

“Engaging and captivating, Grace in All Simplicity is filled with riveting stories of the ups and downs of the remarkable scientists who made key experimental and theoretical advances in the search for a fundamental theory that might explain it all. The last chapter on ‘The Best of All Possible Worlds?’ is itself worth getting this book.”

—E. William Colglazier, former science and technology adviser to the U.S. Secretary of State, former executive officer of the U.S. National Academy of Sciences

“Cahn and Quigg regale us with non-stop fascinating stories about the quirky characters and inventive experiments that have built our understanding of the physical world and how it works. And those physicists, their experiments—and the rules of our universe that they discovered—really are quirky! A rare insider view into the dramatic developments of particle physics and cosmology.”

—Saul Perlmutter, Nobel Laureate in Physics, Professor of Physics at University of California, Berkeley

“Grace in All Simplicity is an accessible and comprehensive narrative that reveals the history, personalities, experiments, accomplishments, failures, and metaphysical speculations involved in the rise of modern science. Cahn and Quigg deliver a realization of amazing grace in this extraordinarily satisfying and extremely educational read.”

—S. James Gates, Jr., Clark Leadership Chair in Physics and Public Policy, recipient of the National Medal of Science

“A grand history of the brilliant physicists who answered the question of all questions: What is the whole universe made from?”

—Edward Tufte, statistician, visualizer, artist, and professor

“In this insightful and accessible book, Quigg and Cahn celebrate the people behind these discoveries, following their paths around the globe to explore the extraordinary experiments that probe the fundamental properties of the universe. The vast collective of minds that collaborate in this building, across space and time, is an astonishing feat itself—one driven by the most essential curiosity: that of our existence. A captivating book that reveals the interconnectedness of science’s most profound advances.”

—Kirkus Reviews

“Cahn and Quigg’s marvelous book gracefully leads us on a promenade through the many wonders that physicists and cosmologists, like themselves, have uncovered in the past hundred plus years. In doing so, their writing is a model of lucidity. I remain in awe of their achievement.”

—Gino Segrè, Professor of physics, University of Pennsylvania, author of The Pope of Physics

“Robert Cahn and Chris Quigg share an uncanny ability to open up complex and bedrock scientific concepts to ordinary people in a way that clarifies the mind, makes what seemed impenetrable clear, and most of all sparks curiosity. After any given page of this book, a reader wants to know more.”

—Greil Marcus, author of Lipstick Traces

“At heart, this book is a travelogue that takes readers on a journey through conceptual landscapes so exotic they challenge the imagination. It’s a highly engaging account of how successive generations of scientists broke through to the strange reality that underpins the familiar world we inhabit, beautifully capturing the wonder and fun of it all.”

—J. Madeleine Nash, former TIME senior science correspondent and author of El Niño: Unlocking the Secrets of the Master Weather-Maker

    “Erudite yet accessible, Grace in All Simplicity interweaves scientific adventure with remarkable human stories. Grace is also personal, as the authors Cahn and Quigg themselves participated in—and were affected by—many of these great discoveries. This makes the book a fine embarkation for those just beginning their journey, for those already on a scientific path, or for anyone who has followed this great story.”

—David Saltzberg, Professor of physics and astronomy, University of California Los Angeles, Science Consultant for The Big Bang Theory, Young Sheldon, and Oppenheimer.
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To the colleagues, teachers, and students who enrich our lives in science, and to all who view the natural world with a sense of wonder.






INVITATION

Grace in All Simplicity celebrates and illuminates science in the making, featuring the people who make the discoveries and reveal the insights that redefine our place in the universe. Many of its stories tell how new truths were found, while others illustrate the puzzles for which we have as yet no answer. To provide answers, today physicists and astronomers are exploring distances from a billionth of a billionth of the human scale to the entire cosmos, and contemplating time intervals that range from less than a trillionth of a trillionth of a second out to far longer than the age of the universe. To explore—to leave home in a metaphorical way—requires devising new instruments that spectacularly expand our senses and conceiving new ways of thinking that expand our minds.

We invite you to join us as we follow the path of extraordinary people who uncovered new laws of nature. The trail leads to mountaintops, to caverns, to the coldest place on Earth, and to the farthest reaches of the cosmos. We will be traveling light, with no equations, no diagrams, no tables, no pictures. The best part of many journeys is often the people you meet along the way, so we will introduce you to some of our friends and colleagues who made fundamental discoveries over the past fifty years and to some of our heroes of the past. Among these are professional scientists and amateurs, eccentrics and normal folk, performers and introverts.

Grace in All Simplicity is your guidebook. The journey we’ve laid out is not chronological but our recommended route. Together, we will travel the path to the Higgs boson, weigh the evidence for subliminal dark matter, and learn what makes scientists invoke a mysterious agent named “dark energy.” We will behold the emergence of a compelling picture of matter and forces, simple in its structure, graceful in the interplay of its parts, but still a tantalizing work in progress. We thrill to the prospect that, at any moment, vast new vistas could open before us. This trail isn’t designed for experts. You don’t need to be a scientist to appreciate the tour any more than you need to be a musician to appreciate a symphony. All you need to bring is your curiosity.

Our first stop will be along the border between Italy and Switzerland, where three young men are stringing cables across deep chasms in the hope of harnessing the might of lightning to split the atom. Would they be the first to succeed in tearing apart the nucleus on a grand scale, or would makers of the first particle accelerators win the prize?

We next step back in time to 18th-century London, where Stephen Gray, a pensioner living in the former monastery Charterhouse, devotes himself to playing with static electricity, distinguishing conductors from insulators, and making the first primitive telegraph.

A bit before the outbreak of World War I, we visit the laboratory of Ernest Rutherford, the first to surmise that atoms contain a compact nucleus surrounded by electrons. Young Harry Moseley finds a way to measure the positive charge on each nucleus, refining Mendeleev’s periodic table and predicting the existence of four missing elements.

We climb through the mists that enshroud the top of Ben Nevis, the highest peak in the Scottish Highlands, to join C. T. R. Wilson in 1911 as he wonders whether he can re-create the scene in the laboratory. When he does, his cloud chamber reveals contrails left by visitors from outer space, the cosmic rays, and opens a new world of varieties of matter never before seen. Cloud chambers in the Alps and the Andes then reveal a zoo of bizarre particles, and more appear once particle accelerators replace the random showers of cosmic rays with tamed beams of charged particles. Then a pattern emerges: everything can be explained if there are three building blocks called quarks. But no one had ever seen an isolated quark. Still no one has, and yet…

You will walk with us, your humble tour guides, on November 11, 1974, when everything changes, when the quarks become so real that we can almost touch them (but can’t). What made quarks real was a new particle made of a fourth quark, the charmed quark, and its antimatter counterpart.

In pursuit of theoretical understanding of this new discovery, we step back to 1928 to join Paul Dirac who has set out to write the simplest equation that might describe an electron. When he deciphers what he himself has written, it is a single line that describes the electron, its interactions with a light quantum, and—to make the picture hang together, an antimatter electron, the positron. His equation has become a script for a multi-act play, a theory called quantum electrodynamics. After six acts, theory matches experiment at the level of one part per trillion.

Emmy Noether proves that symmetries in the laws of nature lead to laws like energy conservation, and that symmetries can dictate forces. Hermann Weyl finds that a symmetry inherent in quantum mechanics implies the electromagnetic force. Their reasoning has led us to a profound new understanding of the forces of nature.

The idea of quarks seemed too simple to be true, and no one could explain why they combined to make the observed particles. For the story to make sense, quarks needed to have a new attribute, called color. Following Noether’s example, symmetry among the colors implies a force that ties the quarks together so tightly that no one has ever found an isolated quark. It is a new law of nature—quantum chromodynamics.

Wolfgang Pauli confronts a startling result: careful measurements show that when an element emits an electron to become a neighboring element in the periodic table, some energy seems to disappear, which would mean that energy is not conserved. Pauli proposes a desperate remedy: the energy is carried away by a particle that is not seen, and that he imagines will never be seen. Enrico Fermi joins Pauli’s conjecture with Dirac’s methods to make a theory whose influence is still felt.

We take a break from alien particles and recondite theories to visit the Dutch university town of Leiden, the coldest place on Earth in 1911. Heike Kamerlingh Onnes, the first to liquefy helium at 4.2°C above absolute zero, could survey how substances behave in the ultracold. There the electrical resistance of mercury simply vanished, meaning that a current could circulate forever, undiminished—superconductivity! At Bell Labs in the 1950s, Ted Geballe and Bernd Matthias conjure up new recipes for superconductors that will make electromagnets of unprecedented strength.

Fermi’s theory of weak interactions endured for three decades with one simple amendment. But unlike the theory of electromagnetic interactions, Fermi’s script ended at the first act. The insight leading to an improved theory came from superconductivity. The successor to Fermi’s theory, formulated by Steven Weinberg and others, adds the insight that many symmetries in nature are hidden to the principle that symmetries dictate interactions. The electroweak theory predicts a new weak interaction and a new massive particle, the Higgs boson.

What innovations would be required to test the theory? Today’s premier accelerator, the Large Hadron Collider at CERN, takes a tamer path to high energies than the trio had tried on Monte Generoso. A ring twenty-seven kilometers around, the LHC uses many gentle pushes to accelerate protons through 6.8 trillion volts.

Inventions that extend our senses drive fundamental discovery. The cloud chamber and bubble chamber allowed us to see the interactions of subatomic particles with our eyes. But our eyes are no match for electronics, which can both observe and record. The magic of silicon, which has defined our digital age, has also transformed particle physics. But the legacy of the cloud chamber and the bubble chamber has not been lost. Dave Nygren, a latter-day wizard of particle detectors, invented the Time Projection Chamber, which gave electronic detectors the capability to follow tracks in three dimensions.

Inspiration and innovation can come from unexpected places. Scores of American children in our generation dreamed of playing baseball in the major leagues. For most, this dream was out of reach. But we had All-Star Baseball, a board game in which a turn of the spinner would reenact with proper probabilities the batting prowess of the great Babe Ruth and the heroes of our youth. This game of chance, invented by major leaguer Ethan Allen, could simulate with satisfying verisimilitude what could have happened. We were using the Monte Carlo method, essential to contemporary particle physics and finance, long before we even knew its name.

By the summer of 2012, forty years of evidence argued that symmetries and hidden symmetries lie behind the strong, weak, and electromagnetic interactions. One by one, the predictions of that paradigm had been borne out in the interactions of neutrinos and electrons and in the highest energy collisions. But the Higgs boson, the keystone to the electroweak theory, was still an object of desire. Then on the Fourth of July, two experiments at the Large Hadron Collider revealed a new particle that looked for all the world like the Higgs boson of our dreams. Was it, indeed? And what might we learn from it? What would come next?

The picture of fundamental particles and the forces that rule them looks complete. This might tempt us to ask, as every trail walker sometimes does, “Are we there yet?” We may have accounted for the microcosm, but the macrocosm tells us this isn’t at all the end of the trail. By cosmic accounting, we have achieved an excellent description of just less than 5 percent of what must actually be present in the universe.

The birth-cry of the universe reaches us in the form of a steady radio hum, very nearly uniform across the sky. Three decades after the discovery of this cosmic microwave background, George Smoot and his team detected exquisitely subtle stippling in the baby picture of the universe when it was, in human terms, just a day old. Variations in the temperature of patches in the heavens of perhaps one part in 100,000 represent the seeds of all the large-scale structure in the universe. Cosmology becomes a quantitative science.

Would the universe expand forever, gradually slowed by the pull of gravity? Would the expansion slow so much that the universe would begin to contract, as a ball thrown in the air returns to Earth? When Saul Perlmutter’s team and their rivals produced growth histories of the universe, the astonishing answer was “Neither!” More than half the energy in the universe is a mysterious something that accelerates the expansion. It is not matter of any sort, so we give it the name dark energy. To add to the puzzle, about four-fifths of the matter around us is not the stuff we see, but a nearly imperceptible something that we call dark matter.

Our trail ends, for now, at one of the deepest questions of all, explored more than half a century ago by Andrei Sakharov. How can we understand why there is anything tangible at all in the universe? Why didn’t all the matter and antimatter annihilate at the beginning? Sakharov set down three criteria for the persistence of matter that guide our search for an explanation today.

These are just some of the highlights of the path that Grace in All Simplicity will follow. As one puzzle after another has been resolved by experiment or insight, new ones appear. The stakes grow higher and higher. How can we have a perfect picture of quarks and the like and still be missing most of the matter in the universe? What is that missing energy, the dark energy?

We have made enormous progress toward making sense of the physical world. But the consequences of our best theory, the provisionally named “standard model of particle physics,” depend on some two dozen parameters—among them, the masses of the elementary particles and the strengths of their interactions. These dictate the nature of our quotidian world. How they got their values we cannot yet say. Changing these parameters, even a little, would lead to a very different world. Are we just lucky? Is ours the best of all possible worlds? Here physics runs up against metaphysics, but many remaining questions are unmistakably scientific. Answers can only come from new explorations and the new discoveries they will bring. Remarkably, the more we have learned and the more we have tried to explain, the simpler and more satisfying the full explanation has become. In that simplicity lies not just grace, but beauty and truth.






1 SPLITTING THE ATOM: 1927


Thunderstorms visit most of Europe only eleven days a year, but during the summer season on Monte Generoso in the Italian-Swiss Alps, they give a breathtaking performance every other day. Afternoon clouds sweep in, welling up deep and rich as bruises, purpling the waters of Lake Lugano nearly 5,000 feet below. Lightning slips down the throat of the sky like a shot of grappa.

Thunder echoes majestically through mountain corridors. The next morning, the newly washed air reveals the great canine of the Matterhorn, sixty miles away. Now and then, Monte Viso appears, a faint obelisk of snow more than a hundred miles to the southwest.

Visitors to Monte Generoso in the summer of 1927 found new reason to be conscious of the might of thunderstorms. A net woven of iron cable, nearly half a mile long, stretched between the summit and the end of a ridge 500 feet below. At night, a corona of bluish-green light, sometimes many yards across, shimmered around the net, as mesmerizing as the aurora borealis. On several occasions during storms, loud reports sounded once a second from the vicinity of the net. According to a dispatch published in the far-off New York Times, “the hills rang as if a giant machine gun were laying a barrage on the enveloping clouds.”

One can picture summer residents exchanging reports and speculations over aperitivi about the construction on the ridge and the three young men from Berlin who were leading the work. Did the displaced northern lights and the rapid-fire thunder mean that scientists were able to control the weather? Or had engineers devised a means to collect energy from thunderstorms? A persistent theory, endlessly embroidered, was that the young Germans were trying to harness the power of the atom, so that the world could dispense with oil and coal.

Arno Brasch, Fritz Lange, and Kurt Urban welcomed their celebrity, and took some pleasure in the talk of atomic energy sources. That possibility had lived in popular imagination since the very beginning of the 20th century, when Ernest Rutherford and Frederick Soddy, a twenty-three-year-old chemist, grasped that in the glow of radium they were seeing a process far more powerful than any chemical reaction: the transmutation of one element into another.

Liberating atomic energy was not the immediate goal that drew scientists to Monte Generoso, but the tales invented to account for the strange goings-on nevertheless contained more than a grain of truth. By recreating Benjamin Franklin’s mythic kite experiment on an epic scale, the three young physicists hoped to summon from nature enough energy to dismantle the atomic nucleus. What drove them to labor with their ungainly contraption was a passion to know what the world is made of, following in Rutherford’s footsteps.

Ernest Rutherford came from a family of New Zealand homesteaders. A stellar student, he was already doing impressive research on magnetism by the age of eighteen, but life in colonial New Zealand demanded more prosaic pursuits. Twenty-three-year-old Ernest was toiling in the family garden when his mother brought the telegram announcing that he had won an 1851 Exhibition Fellowship that would take him from the antipodes to the University of Cambridge. “That’s the last potato I’ll dig!” he crowed.

It was a propitious moment to launch a scientific career. In 1895, the year Rutherford came to Cambridge, Wilhelm Conrad Roentgen discovered X rays. The next year Henri Becquerel found that uranium emitted unseen radiation that would fog photographic plates. Maria Skłodowska-Curie and her husband, Pierre, isolated polonium and radium, new elements even more radioactive than uranium. In 1897, Rutherford’s mentor, J. J. Thomson, discovered that electrons, electrically charged particles much lighter than an atom, were ubiquitous constituents of matter. Thomson hypothesized that an atom was composed of thousands of electrons, whose negative charge was balanced by a positive charge spread uniformly throughout the volume containing the electrons. In Thomson’s atom, electrons were scattered about like raisins in a plum pudding.

In Thomson’s laboratory, Rutherford joined the pursuit of the mysterious uranium rays. He found that radium emitted two distinct kinds of radiation. One, which he called alpha, was blocked by thin aluminum foils, or even by sheets of cardboard, and was deviated only slightly by a magnetic field. The other, which he called beta, penetrated such barriers easily but was influenced more strongly by a magnetic field. Later, he gave the name gamma to a still more penetrating kind of radiation that was unaffected by a magnetic field.

Already by the fall of 1898, Rutherford’s research into radioactivity had gained such recognition that he was offered a professorship at McGill University in Montreal. Superb equipment compensated for Canada’s remoteness from the great European centers, and new discoveries followed quickly.

Working with Soddy, who had come to Canada from Oxford, Rutherford established that radioactivity actually changed one element into another. “Rutherford, this is transmutation,” Soddy declared one day as they were isolating radium that had begun as thorium. “For Mike’s sake, Soddy,” Rutherford burst in, “don’t call it transmutation. They’ll have our heads off as alchemists!” (In 1937, a decidedly less timorous Rutherford published a thin volume titled The Newer Alchemy: The transmutation of elements, how it has been accomplished, and what it means.) When radium breaks apart, it expels an alpha particle moving at about 10,000 miles per second—roughly a twentieth of the speed of light—and leaves behind an atom of a new element, the radioactive “radium emanation” now familiar as radon, the insidious infiltrator of homes. When Rutherford and Soddy calculated the energy carried away by alpha particles in the disintegration of radium, they glimpsed a reservoir of energy within the atom that “may be a million times as great as the energy of any molecular change,” like burning wood or exploding dynamite.

In the enthusiastic final chapter of his popular account of their discoveries, The Interpretation of Radium (1909), Soddy tried to imagine the implications of the newly recognized stores of energy. He compared his moment in history to the time when primitive man first noticed, but had not yet mastered, the energy liberated by fire, and imagined how the world could be changed if humans could learn to kindle the radioactive flame. “Radium,” Soddy wrote, “has taught us that there is no limit to the amount of energy in the world available to support life, save only the limit imposed by the boundaries of knowledge.” But, he cautioned, a single mistake had the potential for infinitely disastrous consequences. He even ventured that a past calamity in which knowledge of the atom was imprudently used might possibly account for the biblical tale of the Fall of Man.

Soddy’s prophetic vision of a civilization with limitless possibilities poised on the brink of catastrophe resonated with both the optimistic faith in technology and the reformist zeal of H. G. Wells. In The World Set Free, written a year before the start of the Great War and dedicated to The Interpretation of Radium, Soddy’s conditionals became Wells’s statements of historical fact: coulds were replaced by dids. Wells put 1933 as the date when mankind would learn how to speed up the natural process of radioactivity and tap the energy within the atom to light a great city, to drive the wheels of industry, to power aircraft, and, inevitably, to explode devastating weapons. The threat that a world war fought with atomic bombs would end civilization was an ideal vehicle for Wells’s campaign for a world government.

The atom was far from the pages of popular fiction when Rutherford came on the scene.

Although we can trace the notion of fundamental constituents of matter—minimal parts—through the 1st century B.C.E. Roman poet Lucretius to the ancients, the experimental reality of the atom is a profoundly modern achievement, established during the lifetime of our grandparents. Through the end of the 19th century, controversy seethed over whether atoms were real material bodies or merely convenient computational fictions. The simple proportions of chemical compounds and the indivisibility of the elements supported the notion of real atoms, but a reasonable person could resist because no one had ever seen an atom. Wilhelm Ostwald, one of the founders of physical chemistry, wrote influential chemistry textbooks that had no use for atoms. In a passionate 1895 lecture, he declared, “We must… definitively renounce any hope of interpreting the physical world by describing real phenomena with evocative images of the mechanics of atoms.” Then, channeling Moses, Ostwald exhorted, “Thou shalt not make unto thee any graven image, or any likeness!” The physicist, philosopher, and psychologist Ernst Mach likened “artificial and hypothetical atoms and molecules” to algebraic symbols, tokens devoid of physical reality that could be manipulated to answer questions about nature.

In the end, the atomists won not because they could see atoms—atoms are far too small to see—but because they learned to determine the size and weight of a single atom. Even under conditions of macroscopic tranquility—perfect equilibrium and constant temperature—particles suspended in a liquid are in perpetual erratic motion. At the Sorbonne in 1908, Jean Perrin established that the wild-wandering “Brownian” movement results from the relentless buffeting of suspended pollen grains by agitated molecules of the surrounding medium. Verifying a relation for the rate of wandering derived by Albert Einstein, he deduced the mass of an individual molecule. In demonstrating the mechanical effects of tiny atoms and molecules, Perrin effectively ended skepticism about their physical reality. Ostwald announced his conversion in 1909, the year he won the Nobel Prize; Mach went to his grave in 1916, doggedly fighting a futile rearguard action. But scientists of the old school could not hold back the idea that each element had its own smallest building block, its own indivisible and immutable atom. To Rutherford’s generation, the reality of atoms was self-evident. Ironically, the atom became real just as it came apart.

Radioactivity arrived just in time to rock the new wave’s own comfortable order. Whether you dared utter the word “transmutation” or not, radioactivity caused one element to turn into another when an alpha or beta particle was emitted. How could scientists continue to think of atoms like unbreakable bricks? To Rutherford and Soddy, the conclusion was irresistible: that if one atom could become another, it must do so by rearranging its parts, and so it must have constituents and structure. Their corollary—that the properties of the elements could be understood from the structure of the atoms—was revolutionary.

In 1907, Rutherford returned to England and a new position at the University of Manchester, ready to use his alpha particles as a scalpel to cut to the heart of the atom. By now, he had learned much more about alpha particles. Rutherford’s alpha particles emanated from radon sealed inside a glass tube. The captive radon threw off alpha particles, some of which escaped through a thin window at the end of the tube. Rutherford tracked the alphas as they passed through sheets of mica. To “see” the alphas, he used an early version of the phosphor-coated screen that later produced television images. He and his disciples spent long hours in a darkened room counting scintillations—brief flashes that appeared on the screen when an alpha particle struck. Some contemporaries resorted to belladonna drops as a performance-enhancing drug, to dilate their pupils and gain sensitivity. The flashes showed that the alphas changed course by a degree or so on their way through the mica—a very subtle bend, but too large to be explained by the plum-pudding atom. Because atoms are only a few billionths of an inch across, Rutherford concluded that very intense electrical forces operating within the atom must cause the deflections.

We can draw an instructive metaphor from the game of golf, which became Rutherford’s Sunday pastime. The atoms in the mica sheet could be viewed as small mounds steering alpha particles like golf balls putted across a green. The speeding alphas deviated only slightly from their original path as they passed over the atomic contours, but the tiny deviations gave evidence of an atomic topography.

At Manchester, Rutherford passed the question of atomic structure on to his postdoctoral assistant, Hans Geiger, and a young student, Ernest Marsden, suggesting they look for larger deflections. In June 1909, an excited Geiger reported to Rutherford that about one alpha particle in 8,000 was reflected from a thin gold foil—that the fast, massive projectiles were bouncing backward. The great man was flabbergasted: “It was quite the most incredible event that has ever happened to me in my life,” he recalled. “It was almost as if you fired a fifteen-inch shell at a piece of tissue paper and it came back and hit you.” The fraction of alpha particles thus reflected was much greater for targets made of heavy elements than for light elements.

In 1911 Rutherford announced his explanation of the phenomenon. Golf balls rolling across gently sloping manicured greens do not suddenly bounce back to the spot from which they were putted. The atomic links must be a freakish miniature golf course with a towering peak rising up from the center of a mostly featureless green. If the atomic golfer putted straight for the peak, the ball would climb until it could rise no higher, then roll back down toward the golfer. A ball aimed just off-center would veer wildly from its initial course. In an entire session of putting practice, only a few balls would encounter the narrow spire, but their trajectories would be astonishing.

Rutherford calculated that a backward recoil must be the result of a head-on collision of an alpha with a minute central body—a nucleus—in which most of the mass and positive charge of the atom were concentrated. The new Rutherford atom resembled a miniature solar system, in which electrons orbited like distant planets around a small, massive core that was the seat of the properties of an element. Rutherford’s atom was mostly empty space: if the nucleus were the size of a small pearl, the nearest electron would be fifty yards away.

The pace of revolutionary discoveries in Rutherford’s laboratory slowed when the Great War called his young researchers into battle. Rutherford himself was occupied with anti-submarine warfare, but kept a small research program going with the help of a single technician. He used a radium C (Bismuth-214) source, which emitted more energetic alphas than radon, to irradiate nitrogen gas. What emerged occasionally from the collisions were not deflected alpha particles, but protons—hydrogen atoms stripped of their lone electron. Rutherford painstakingly demonstrated that the protons were not the result of contamination nor were they emitted directly by the radioactive source, and concluded that “The nitrogen atom is disintegrated under the intense forces developed in a close collision with a swift alpha particle.”

The more energetic alphas produced by radium C were able to climb further up the hill toward the very center of the nucleus, close enough to allow the nitrogen nucleus to swallow the alpha and spit out a single proton, becoming an oxygen nucleus. In radioactive decay, elements transmuted themselves spontaneously. Rutherford had shown that he could induce transmutation artificially. He foresaw that “if alpha particles—or similar projectiles—of still greater energy were available for experiment, we might expect to break down the nucleus structure of many of the lighter atoms.”

Now it was open season on the inner workings of the nucleus. What was inside? How were the pieces assembled? What forces held the parts together? And, always in the background, the question that most interested the prophets: Could the incredibly vast reserves of energy within the atom be put to work? The insight that the elements were compound made it possible to consider questions that had seemed beyond the reach of science: Why do these particular elements occur in nature? Why do they have the properties they do? It allowed scientists to see a path to understanding why the world is the way it is, instead of merely describing the world they observed.

Radium had provided both motive and means for exploring the structure of the atom, but the questions scientists wanted to answer exposed its limitations as a probe. Radium is so rare that in most laboratories in the 1920s, only a fraction of a gram was available for use as a radioactive source. Half the radium atoms in any sample will fly apart in the course of its half-life of 1,620 years. Half the remainder will disintegrate in the next 1,620 years, and so on. That time is a blink of an eye compared with the Earth’s age of about four and a half billion years, so whatever radium came as part of the Earth’s original equipment has long since decayed away. The only reason any radium exists on Earth today is that it is continuously being resupplied in small amounts by the disintegration of uranium, whose half-life is about the same as the age of the Earth. Extracting that radium from even the richest ore required a heroic effort. The Curies, working in their “miserable shed” in Paris, showed the magnitude of the challenge: from five tons of pitchblende ore they culled but a single gram of radium. A 1930 British Pathé newsreel on the extraction process called radium “the rarest substance known.” The price was correspondingly high: a gram could be had in 1927 for about $60,000. The total supply in all the world’s laboratories was no more than a pound.

Radium has other shortcomings. Even with the highest-energy source, radium C, the particles emitted move at a mere one-sixteenth of the speed of light. More energetic alpha particles would open new possibilities: to break apart nuclei that proved resistant to radium’s missiles, to disturb familiar nuclei in novel ways. Perhaps other kinds of fast particles—protons and electrons—would penetrate more readily the electric field that guards the nucleus against intruding alphas. To understand the nucleus, physicists needed more energy, more intense beams, and a greater variety of projectiles. They had to free themselves from their reliance on radium.

The three young physicists who went to Monte Generoso—Arno Brasch, Fritz Lange, and Kurt Urban—were captivated by the problem of taking apart the atomic nucleus to learn its structure and composition. Frustrated by the limitations of the tools at hand, they conceived a way to extend the experiments in which Rutherford had shattered atoms with alpha rays: they would create faster particle beams containing as many atom-smashing missiles as would be emitted by several hundred pounds of radium.

Electrical forces can accelerate alphas and other charged particles. Hitch up the positive end of a battery to one metal plate and the negative end to another plate. Place the positive alpha particle near the positive plate and it will rush toward the negative plate. To challenge Rutherford and his coworkers, the intrepid trio would have to generate millions of volts and harness those high voltages in a practical way to accelerate particles. Brasch, Lange, and Urban came up with the audacious idea of using the electrical energy in thunderstorms to develop the high voltages they required. If one of nature’s gifts, radium, was not up to the task of laying bare the nucleus, perhaps another gift, atmospheric electricity, was.

When Ben Franklin reported drawing “electrical fire” from the string of his kite during a thunderstorm in 1752, he showed the world that lightning is an electrical discharge. Franklin’s successors found that thunderstorm activity around the globe leaves the whole atmosphere electrified, even in fair weather. Over the oceans, or above the wide-open spaces of flat desert country, it is as if little batteries were stacked in towers from the surface of the Earth up to the skies, each battery delivering about four times the voltage for its size as the ones that power our flashlights.

The best time to extract energy from the atmosphere is during thunderstorms, when the atmospheric batteries near the ground under a storm can give 10,000 volts for each inch of their length. Although kites and balloons can easily ascend hundreds of feet, where the potential reaches several million volts, they cannot survive the high winds of thunderstorms. A collector stretched far above the ground between separated summits would serve as one plate and the ground below as the other. The atmosphere would supply a battery of millions of volts. This was the energy source that Brasch, Lange, and Urban sought to develop. Choosing a site was troublesome because they needed an easy-to-reach spot with frequent thunderstorms. Meteorologists advised the three Berliners that the best sites for thunderstorms were in South Africa or the Andes, but those were dismissed because of high transportation costs. In Europe, the Swiss canton of Ticino was the place to go. Ticino’s advantages as a spawning ground for thunderstorms include the frequent invasion of masses of warm, moist air that drift up from the Adriatic Sea, steep valleys to capture it, mountain slopes to push it upward, and, for good measure, a supply of surrounding cool air chilled by alpine glaciers. Monte Generoso won out over other peaks because of the rack railway that winds from the village of Capolago on the shore of Lake Lugano nearly to the summit, providing ready access of people and matériel.

The Berliners first sketched a mile-long metal hammock to collect electric charge, suspended between the summit of Monte Generoso and the neighboring peak of Monte Sant’Agata. The average height of the collector above the valley floor would have been 2,300 feet, as high as a 200-story building. At that altitude, the potential during thunderstorms could be expected routinely to reach twenty million volts—more than enough for their experiments. Despite their eagerness, the physicists concluded that it did not seem wise to start with a full-scale apparatus right away.

Instead, they decided first to erect a more modest prototype, a mere half-mile long, between two peaks of the Generoso ridge. Two tasks had to be accomplished: building an efficient collector of charge, and suspending it in midair, electrically isolated from the ground, lest the charge flow ineffectually into the mountainside. Building a large collector—a coarsely woven wire net, to which they attached thousands of spikes that would assist in gathering charges—turned out to be the easy part of the task. Franklin’s silk-handkerchief kite was succeeded by a two-ton iron hammock that covered an area as large as a tennis court.

Insulating the collector raised problems that dogged the experimenters throughout their work. Brasch, Lange, and Urban had known from the start that the net had to be isolated from the anchors. In the support cable high above the rocks they placed special ceramic insulators that would protect against large voltages and could bear the weight of the apparatus in the swirling winds of thunderstorms.

The corona that played around the net on stormy nights, a larger-scale version of the hissing and glowing you can observe around high-voltage transmission lines on sultry evenings, was an unforeseen problem. The high voltage ripped apart surrounding air molecules just the way the mountaineers hoped to rip apart the nucleus. The ionized air provided an alternate conduction path that would bleed away the accumulated charge. Because the effect is more pronounced around small conductors or sharp points, the corona can be reduced by increasing the size of the conductor, but weight and cost make thick, solid conductors impractical. The boys strung hollow metal beads seven feet long on the 500 feet of cable closest to the anchorage like pearls on a string. The diameter of the beads increased steadily from three inches near the net, where the corona had been small, to three feet where the cable met the insulators, where the corona was largest.

The experimenters’ ambition was not simply to accumulate high voltage, but to measure it and use it to accelerate beams of particles that could penetrate the nucleus. They built a voltage-measuring device near the lower anchorage, where the terrain was comparatively gentle. On a tower under the last hollow cylinder of the collector, they mounted a thick wire, connected to the rocks below, that they could raise or lower with a lever. The experimenters operated the lever from a lightning-proof corrugated-metal hut that resembled a suburban backyard garden shed, placed out of harm’s way some 200 yards from the tower. For the young scientists to venture outside this fortress during a storm, reported the New York Times in the spring of 1928, “means to throw themselves into a bristling mass of unknown current waves which would make hair stand on end and cause the body to tingle.”

When the collector was sufficiently charged up during storms, fat sparks jumped like small lightning strokes from the hollow dome at the end of the cylinder to the wire. The higher the voltage they had accumulated, the longer a gap the spark could bridge. A spark that leaped fifteen feet, the maximum distance between the two poles of the spark gap, meant that the collector had reached a potential of more than two million volts. Preparations for experiments in 1927 took much longer than planned because of the ruggedness of the site and numerous mishaps during construction. Solving the problem of corona discharges had diverted considerable effort. The capabilities of the equipment could only be tested in a single late-season thunderstorm. The maximum distance of the spark gap was easily surpassed, but, as on several occasions earlier in the summer, sparks repeatedly jumped across the insulators, showing that even larger voltages were to be had if only the experimenters could learn to contain them.

After a summer’s work on the mountain, Brasch, Lange, and Urban had confirmed that immense electrical energy was theirs for the taking. They returned to their Berlin laboratory determined to solve the insulator problems that had limited the voltage they could gather, and to learn how best to use high voltages to disrupt the atom.

The daring young Berliners were not the only ones devoted to the quest for higher energies. In his presidential address to the Royal Society of London in November 1927, Ernest Rutherford, now a knighted elder statesman of fifty-six, reviewed some of the other work in progress around the world. So great had been Rutherford’s success with modest equipment and elegantly conceived experiments that he had disdained complicated or large-scale apparatus. For five years, he had shown little interest in appeals from his Cambridge University colleagues to establish work in the Cavendish Laboratory on the acceleration of particles by high voltages. But now, at last, he was prepared to embrace the goal.

Though the Berlin physicists were not alone in the pursuit of high voltages or in their desire to dismantle the atom, their spiritual identification with Franklin’s heroic deeds made them charismatic figures within the romantic fraternity of atomic physicists. To a watching world, they combined an adventurer’s disregard for personal safety with the awe inspired by the unknown consequences of disrupting the atom. The Times report on their plans for the summer of 1928 bore the subhead, GREAT RISK IS INVOLVED. In a breathless tone, the Times explained, “They are working with the comparatively unknown and the danger is all the greater because they are unacquainted with what is safe and what is perilous. They estimate that they will get power equal to Alpha rays from 220 pounds of radium. What may happen if this force gets beyond their control after it is released no one is willing to try to estimate.”

The Times editors showed the same excitement and optimism in a Sunday editorial. It concluded, “Clearly, the Germans are dealing with forces compared with which those that blotted out whole villages in the recent war were puny indeed. In this effort to shatter atoms all the resources of the inventor, physicist and engineer must be taxed to the utmost. But what a triumph if the experiment succeeds! A new tube of tremendous potentialities. Rutherford’s list of disrupted atoms extended by the addition of the more complex. The boundaries of physical chemistry pushed out still further into the unknown. Man given a little more control over the stuff of which the universe is made.”

Over the winter, while back in their Berlin laboratory, Brasch, Lange, and Urban devised a way to accelerate particles using sudden bursts of voltage like those they had observed in the collector when lightning struck nearby. Accordingly, in the summer of 1928, the experimenters concentrated on exploiting the influence of lightning bolts. Charge would build up so quickly that the corona discharge would have little effect and they could dispense with the metal beads installed at such great cost in time and effort in 1927.

As a first step, they discarded the collector mesh, saving weight and enabling them to add insulators to prepare for larger voltages. Extremely high voltages were induced in the new device—a horizontal antenna—by lightning strikes within a mile, but even the enlarged insulator chains could not keep the charge from escaping before it could be used. Unwanted discharges made their way part way along the insulator chains with loud bangs, then leaped down to the ground below. Nature was providing more voltage than the scientists were able to use: another long summer would be spent struggling with insulators.

Doubling the chains of insulators made the antenna so heavy that it could not be raised high enough to gather the desired high voltages. The physicists tried replacing the chains of ceramic insulators with lighter 300-foot-long insulating ropes two inches in diameter, to raise the high-voltage section of the apparatus farther from the ground. But what if the insulation failed and a spark set the rope afire? To eliminate this hazard, they inserted more insulators at the ends of the ropes. It was now possible to raise the antenna higher than before, because the sleeker apparatus weighed only half as much as in 1927. Streamlining brought another benefit: without the mesh, the ceramic insulators, and the metal beads to prevent corona discharges, the antenna was no longer buffeted by winds.

After going to such lengths to increase the voltage their antenna could gather and hold, the Berliners had to find a way to measure larger voltages. The solution they invented was simple and ingenious. They hung a wire from the antenna and tied its free end to an insulating rope that ran over pulleys on the tower into their metal shed. By pulling in the rope or playing it out, they could raise or lower the end of the high-voltage wire. A second wire, connected to the mountainside, was attached a little higher on the tower and supported by an insulating rope hung from the antenna.

During a storm, one of the physicists would gradually reel in the rope—hoping that it truly was an insulator—to raise the slack high-voltage wire until it came close enough to the ground wire to induce a spark. A dazzling flash, a sizzling crackle, and a loud boom gave the signal to record the distance between the wires, from which the antenna’s voltage could be figured. Adjusting the spark gap was not the only aspect of life on the mountain that required iron nerves. Although the apparatus had been designed to exploit the influence of nearby lightning strokes, not to serve as a lightning rod, its exposed location made it an inviting target. During one storm, the physicists claimed that the antenna had taken thirty direct hits—so much for the folk wisdom that lightning never strikes twice. Popular Science Monthly named Kurt Urban the “ ‘most shocked man in the world’ from being knocked unconscious by sky currents.” The Monte Generoso experiment was not for the faint of heart.

During thunderstorms, sparks regularly jumped a sixty-foot gap with apparent ease, signaling a potential of at least eight million volts. The prototype had provided all the energy that Brasch, Lange, and Urban would need for their atomic explorations. The grandiose apparatus linking Monte Generoso with the summit of Monte Sant’Agata would not be required. The first goal of the Monte Generoso installation, collecting nature’s high voltages, had been met. The late summer of 1928 was devoted to making detailed measurements under different conditions, to learn better how to use the apparatus, and perhaps how to improve it. But the prime question was now the one that had inspired Brasch, Lange, and Urban to come to the Alps in the first place. Could the three comrades put to work the high voltages they had collected to accelerate beams of protons, electrons, and alpha particles that would disrupt the nucleus and unlock its secrets?

They would never find out. About seven o’clock in the evening of Monday, August 20, twenty-four-year-old Kurt Urban fell from the antenna onto the rocks 150 feet below and was killed instantly. Newspaper accounts of his death are brief and confused, but scientific legend has it that he was struck by lightning. Urban did not receive the same attention in death that his efforts had attracted in life. The Times, which had called attention to the heroic and perilous nature of the undertaking, took no notice at all.

Much greater notoriety had been accorded the first martyr to the study of atmospheric electricity. A year after Franklin’s kite experiment, Georg Wilhelm Richmann, professor of experimental physics at the Imperial Academy of Sciences that Peter the Great had established in St. Petersburg, attempted to bring atmospheric electricity into his home laboratory for systematic study. Richmann fixed an iron rod on the roof of his house and connected the rod by a chain to his measuring device. He met his maker in the company of a master engraver named Ivan Alexeevich Sokolow, who had come to illustrate a report of the experiments. (Perhaps there is a message for modern scientists who invite film crews to record their moments of discovery for posterity.)

“Richmann was describing his apparatus,” according to a 19th-century popular history, “when a terrific clap of thunder alarmed the whole city, and from the rod a ball of fire leapt to the head of the unfortunate professor, who was standing at a distance of about a foot. He instantly fell backward, dead. Sokolow was stupefied for a few minutes but was not otherwise injured.”

Richmann’s death made a strong impression on scientists and the public alike, for it showed that—even in the hands of a skilled experimenter—the power of lightning was fearsome, unlike the parlor tricks with static electricity that had delighted Europe for twenty years. But Richmann was universally admired for having made the supreme sacrifice in the name of science. In his 1767 treatise, The History and Present State of Electricity, the English chemist and investigator of electrical phenomena Joseph Priestley declared, “It is not given to every electrician to die in so glorious a manner as the justly envied Richmann.”

Urban’s tragic accident ended the work on Monte Generoso. Brasch and Lange returned to Berlin, where they pursued by other means the race to disintegrate the atom.

In 1929, the course of that race was changed decisively by separate events in Berkeley, California, and Cambridge, England. One evening early that year, Ernest Orlando Lawrence, a new faculty member at the University of California, was glancing through scientific journals in the university library. Scanning a German electrical engineering journal, he came across an article by the Norwegian Rolf Wideröe on the acceleration of protons or alpha particles. Born in South Dakota into a Norwegian-immigrant community, Lawrence earned his doctorate at Yale and served on the faculty there before being lured to California, where he emerged as a charismatic leader. According to Lawrence, his command of German was so primitive that he had to puzzle out Wideröe’s general approach from the accompanying drawings and photographs. He saw that Wideröe had exploited the technique familiar to anyone who has ever pushed a child on a playground swing: many gentle pushes, delivered with the right rhythm, will eventually lift the swing far higher than a single, uncontrollably forceful push. Likewise, charged particles could be raised to very high energies with a succession of gentle accelerations, requiring only modest voltages, delivered at the right moment. Lawrence went further: he used a magnetic field to guide the particles in a circular path past the same accelerating gap many times.

The first truly successful cyclotron, as Lawrence called his invention, was constructed by M. Stanley Livingston, a Berkeley student, in the fall of 1930. Protons were pushed to 80,000 volts by the successive application of less than 1,000 volts on the accelerating electrodes. The cyclotron principle established, Lawrence and Livingston set out to produce 1,000,000-volt protons to use in experiments. Livingston constructed the first practical cyclotron during 1931 and 1932, using a specially designed ten-inch magnet. Lawrence and Livingston achieved protons of 1.2 million volts early in 1932, but were still seeking more intense beams at higher voltages when they heard that John Cockcroft and Ernest Walton at Rutherford’s Cavendish Laboratory in England had beaten them to the finish. A nuclear transmutation had been produced in Cambridge by means entirely under human control.

The theoretical insights that guided Lawrence and his collaborators to the idea of changing the caliber of their ammunition from alpha particles to protons—and had helped the Cantabrigians to redefine the technical problem in the way that prevailed in the short run—sprang from the brow of the Russian theorist, George Gamow. Like many of his contemporaries, Gamow was puzzled by the phenomenon of radioactivity. Some nuclei disintegrated in the blink of an eye, others at a leisurely pace, and still others—most of the substances around us—seemed eternal. An observation that Rutherford had made in 1927 sharpened the puzzle for Gamow. Uranium, everyone knew, turned itself into thorium by ejecting an alpha particle moving at about 8,000 miles a second. Yet Rutherford found that the most energetic alpha particles at his disposal, moving at about 12,000 miles a second, were deflected harmlessly from uranium atoms, held at bay by the strong electric field of the uranium nucleus. How could alphas moving at 8,000 miles a second escape the clutches of the uranium nucleus when a barrier kept alphas one and a half times as fast from getting anywhere near the inner sanctum of the nucleus?

In Göttingen, where he arrived on tour with his doctorate from Leningrad, Gamow found an explanation in the new science of quantum mechanics: no physical barrier is perfectly impenetrable. Run at a wall enough times and eventually—if you happen to be an atomic particle—you will run through it. This surprising phenomenon is called quantum tunneling. Gamow calculated that an alpha particle within the uranium nucleus had one chance in 100 trillion-trillion-trillion (1038, or one followed by thirty-eight zeroes) of penetrating the barrier and emerging. Although this is a very slim chance, alpha particles inside a nucleus have nothing else to do with themselves, so they run into the nuclear wall about a billion-trillion (1021) times a second. After only a few billion years, on average, an alpha will succeed in slipping through the nuclear wall, leaving behind a thorium nucleus that in turn decays to radium. So, Gamow reasoned, to disrupt the nucleus, it was not necessary to supply enough energy to surmount the wall the nucleus erects around itself. Instead, if enough missiles are hurled at the wall from the outside, eventually one will tunnel through. In this instance, beam intensity could substitute for beam energy.

John Cockcroft, then a thirty-one-year-old fresh PhD, wasted no time in noticing that Gamow’s picture enabled him to calculate the probability of disintegrating light atoms by bombarding them with artificially accelerated protons. He estimated that an intense beam of protons with an energy of only a few hundred thousand volts could produce several million disintegrations per minute of the light metallic element boron. Suddenly—thanks to quantum tunneling—the technological problem seemed far more tractable than before. With Rutherford’s blessing, Cockcroft and twenty-five-year-old research student Ernest Walton, already a veteran of unsuccessful attempts to produce fast particles, joined forces.

Their first attempts yielded erratic 280,000-volt beams with the intensity Cockcroft had calculated they would require. But when Cockcroft and Walton bombarded both heavy and light elements, they saw no sign of the gamma rays—high-energy X rays—they expected to signal nuclear disintegrations. By the middle of 1931, having lost their modest laboratory to physical chemists in a space war, they moved into larger quarters in a disused lecture theater and started anew. Using a new voltage multiplier of Cockcroft’s design, they worked their way gradually to steady potentials of 500,000 to 600,000 volts, battling vacuum leaks and insulation failures all the way. By December, the improved apparatus was behaving itself. For more than three months, Cockcroft and Walton measured the range of their fast protons in air and checked their velocity by using magnetic fields to steer them.

Rutherford, known around the Cavendish as the Crocodile because he always pressed forward and was—like the reptile—incapable of looking backward, did not conceal his impatience with these preliminaries. (A second origin myth for the sobriquet holds that his penetrating voice and heavy footfall alerted the staff to their master’s approach, as the ticking of a swallowed alarm clock warned that the Peter Pan character was on the prowl.) The issue, the newly created First Baron Rutherford of Nelson reminded his junior colleagues, was not technique; what mattered was whether the beam could produce any nuclear effects. Folklore has it that Lord Rutherford gently reasoned with his boys with the words, “If you don’t put in a scintillation screen and look for alpha particles by the end of the week, I’ll sack the lot of you!”

Under implacable pressure from the boss, Cockcroft and Walton installed a lithium target and a scintillation screen inside the vacuum chamber of their accelerating tube. Lithium is the third element in the periodic table, after hydrogen and helium, and the lightest that is a solid under ordinary conditions. On Thursday, April 13, 1932, Walton gradually brought the voltage and current of protons up to a reasonably high value. As a beginning research student, Walton had never observed alpha particle scintillations, but Cockcroft had been called to another lab on an errand. Walton crawled over to the shrouded packing crate that served as an observing hut. Immediately he saw blips on the screen that looked just like the alpha particle scintillations he had read about. When he switched off the power, the scintillations ceased. After repeating the procedure a few times to convince himself that the effect was real, he phoned Cockcroft. Once Cockcroft had seen the scintillations for himself, the two summoned Rutherford. With no little difficulty, Cockcroft and Walton maneuvered their bulky chief into the cramped observing hut, from which he took command, barking out orders with the air of a beached walrus in a waistcoat until he was satisfied that alpha particles had been produced by nuclear disintegration.

By Saturday evening, Cockcroft and Walton had made a complete set of measurements and were ready to present their discovery to the world in a one-column letter to the editor of Nature. Their observations indicated that a proton combined with a lithium nucleus to form an unstable nucleus of beryllium—the fourth element—that divided into two alpha particles, each carrying an energy of about eight million volts. Remarkably, scintillations were observed with an accelerating potential as low as 125,000 volts. Had Cockcroft and Walton only looked for alpha particles instead of gamma rays with their first machine, their triumph would have come a year sooner! To be sure, the rate of disintegrations rose rapidly with energy. At 250,000 volts, approximately one proton in a billion provoked a disintegration; at twice that energy, the rate had increased tenfold. The race to disrupt the nucleus was won. The competition to understand the physics of the nucleus was about to begin.



Scant weeks after Cockcroft and Walton’s dramatic observations, Lange announced that he and Brasch had surpassed the British achievement by using vast power to pulverize atoms by the millions. What the Berlin press termed “Dr. Fritz Lange’s sensational report” to a regional association of German chemists explained that, in experiments at the Oberschöneweide transformer works of the Allgemeine Elektricitäts-Gesellschaft, the German General Electric Company, the collaborators had produced beams far exceeding the destructive power of the Cockcroft-Walton apparatus. Atoms were smashed at such a tremendous rate by his fast proton bullets, proclaimed Lange, that the standard methods of detection were completely inadequate to measure the wreckage.

While the initial motivation for their research lay in understanding the nucleus, Brasch and Lange had always been attuned to novel applications of the technology they had developed. In August 1932, Brasch announced their first results on treating cancer with electron beams from their five-million-volt accelerator. X-ray treatments of the day subjected patients to hours of irradiation, but the new electron-beam therapy could be administered in only a ten-thousandth of a second.

Citing evidence that tumorous growths of various animals were held in check or cured without damage to the fur, Brasch offered the hope of easier and more effective treatments, if electron-beam therapy could be properly controlled. However, there was much to learn before clinical trials could be imagined: one mouse irradiated for a ten-thousandth of a second died only a few days later. On January 27, 1933, Brasch told a popular audience that harnessing atomic energy would require new ways of disturbing the nucleus. He likened bombarding atomic nuclei with energetic electrons from the most intense existing sources to “shooting at an ocean very sparsely dotted with a few islands. All too many of our shots land in the sea.” For therapeutic applications, on the other hand, accelerated beams and the unstable nuclei they produced could soon replace costly radium sources.

Brasch and Lange would not complete their programs of research in nuclear physics and nuclear medicine on German soil. Only three nights after Brasch’s Berlin lecture, Hitler’s storm troopers streamed through the Brandenburg Gate, bearing Nazi flags and firebrands, to celebrate their führer’s installation as chancellor. Political and economic chaos gave way to Hitler’s absolute rule. Berlin’s reputation for cultural brilliance and intellectual ferment was extinguished within a few months. Like so many others, the two young physicists would find the situation intolerable and flee, Lange to the Soviet Union and Brasch to the United States.

An active member of the German Communist Party, Fritz Lange emigrated in 1935 to the Ukrainian Physical-Technical Institute in Kharkov, then the leading research center of the USSR. Installed as head of the laboratory of high-voltage studies, he constructed powerful X-ray sources used for factory inspection of crankshafts and turbines. In 1940, he coauthored “The Use of Uranium as an Explosive,” which the defense commissar shelved after receiving negative reviews from leading Soviet scientists. When the USSR established an atomic bomb project later in the Great Patriotic War, Lange developed centrifuges to separate fissionable uranium-235. He was permitted to return to Berlin in 1959, becoming director of the Biophysics Institute of the East German Academy of Sciences.

Having found refuge on American soil, Arno Brasch attracted the attention—and soon, the patronage—of the businessman and philanthropist Lewis Strauss, who would later chair the Atomic Energy Commission. Strauss foresaw the possibility that Brasch’s technique could produce vast amounts of the radioactive isotope cobalt-60 at minimal cost, to be distributed to hospitals for cancer therapy—a memorial to his parents, both of whom had succumbed to the disease. Drawing on his remarkable network of influential friends, and on his personal fortune, Strauss enabled Brasch to begin work on a new “surge generator” in the Kellogg Radiation Laboratory at Caltech. But in 1940, after the federal government became interested in the possibility of nuclear weapons and began to support projects in the universities, “it became necessary,” Strauss wrote in his autobiography, “to exclude aliens from the laboratory at Caltech and to defer the surge generator program.” Brasch eventually settled in Brooklyn, where, ever the original thinker, he developed and commercialized a powerful electron gun to sterilize pharmaceuticals and preserve food without cooking it or altering its flavor. His method for improving the properties of polymerized materials by electron-beam processing is the technology by which all forms of heat-shrinkable materials are produced today.






2 ENCOUNTERING RESISTANCE


Chris’s friendship with electricity began with a battery, a No. 6 dry cell from the Sears, Roebuck store, a weighty cylinder two-and-a-half inches in diameter and six inches high, with two brass terminals on top. A dry cell was power, stored energy; it wore its stiff sleeve of coated blue paper as an emblem of readiness. It was heavy with potential.

I was about eleven years old and I had just found out from a book that you could make an electromagnet out of an iron spike and some insulated doorbell wire connected to a dry cell. A magnet that turned on and off sounded like fun, especially because my grandfather’s crane had one.

My mother’s father came to the steel mills of eastern Pennsylvania in 1911 from a peasant village near Kraków. After winning a competition staged by his foreman, he had been chosen to operate an overhead crane at the Bethlehem Steel plant, shuttling back and forth day or night on important errands. He could be trusted with raw materials and finished products—and with other men’s lives. One of my unfulfilled childhood fantasies was to ride along in his crane. It never occurred to me that it might be tedious to spend eight hours perched above the world in a little cab, maneuvering a huge electromagnet to lift a load here and put it down there according to some divine plan. It just seemed clearly important. I thought that if my grandfather didn’t show up for work, the plant would shut down and the whole country, maybe the entire world, would come to a halt.

I had found a spike as black as a seasoned frying pan and two bottle-green glass insulators for telegraph wires next to a railroad track while on a twenty-mile hike at Boy Scout camp the summer before. I didn’t have any use for them at the time, but they were exotic objects, of pleasing shape and texture like interesting shells on a beach, so I put them in my knapsack and carried them home as trophies. I displayed the insulators on my windowsill where they caught the afternoon light. The spike was waiting on my desk when I read about making an electromagnet.

With an ancient pocketknife, I scraped the insulation gingerly from the ends of a yard of wire, fighting its unwillingness to let go while trying not to nick either the wire or the blade. At last, half an inch of untarnished copper lay revealed—reddish-brown, cool and smooth to the touch, with a satiny luster that was almost soft on my finger and on the groove above my upper lip to which I instinctively pressed it. I bent the wire around the dry cell’s outer terminal and screwed the knurled nut down on it. It mattered which way I bent the bare end around the post. Clockwise, the nut drew the wire closer around the threaded post, but counterclockwise, the descending nut unbent the wire and pushed it away. My magnet wasn’t finished, but already I felt that I had learned an important truth. Then I wrapped a dozen turns of wire around my spike in a careful helix. Holding the flat head of the spike above a pile of finishing nails, I touched the free end of the wire to the terminal in the middle of the dry cell. A small, friendly spark greeted the wire as the nails hopped up to meet the spike. When I lifted the wire from the terminal, evoking another sparkle, the nails fell back to the floor. I had a crane of my own that I could use to move nails from one significant pile to another around the concrete cellar floor.

While I transported loads of nails and paper clips, I found that the book hadn’t told me everything—which may be why I liked it. I noticed that the wire became warm when I kept the circuit closed for several seconds. The insulation stretched and loosened beneath my fingers. The longer I kept the electromagnet on, the hotter the wire became—until I had to let go. That’s how I discovered electrical resistance: not by reading about it, but by feeling the wire heat up. Electricity and magnetism suddenly seemed much more interesting than cranes—though neither could compete with an after-school ball game.

Even when the wire didn’t overheat my fingers, it was clumsy to hold the bare end against the terminal, so I decided to invest in a switch. My parents had bought me the dry cell and a little reel of eighteen-gauge wire, but my need for a switch was urgent. I had a small bank made of shiny red metal in the shape of a cash register. When you put a nickel or dime or quarter in the slot and pulled a sturdy lever, the proper amount was added to a running total. The bank enforced the discipline of saving for a worthy goal by opening only when the total reached exactly $10.00. This feature must have ensured the peace of mind of many parents, including mine, but my sister and I had learned how to break our matching banks within a few days of receiving them. Our safecracking enabled me to make a pilgrimage—with a pocketful of coins—to the electrical supply store on the west side of town. There I discovered a wire stripper—an elegantly simple device—the first tool I ever bought for myself. It is like a lightweight pair of pruning shears whose short jaws are kept from closing all the way by an adjustable bar that can be set for different gauges of wire. Matched notches in the opposing jaws meet to form a square opening that closes around the wire.

Walking home, I practiced scoring the insulation with a quick twist of the wrist, rocking the heel of my right hand down and up, then sliding the severed tube off without damaging the wire. I slipped the first tube I removed into the gap between my front teeth, then savored the smooth coolness of the bare wire on the sensitive flap of skin that hung above it. I practiced all the way home, until the motion became completely natural. The trail of red plastic bucatini that I left behind was part of learning the art of experimentation. Stripping insulation cleanly from wire is one of life’s great tactile pleasures, like crushing a garlic clove under the flat of a sturdy blade.

I also bought a switch. I chose a knife switch because the contacts were exposed, so I could see the little spark when I made or broke the connection. I started changing things to see what mattered. I substituted a screwdriver, a pencil, an iron wrench, even my finger, for the spike. I tried to pick up different kinds of nails, aluminum foil, a lump of coal, pieces of wire. I made bigger and smaller coils out of different kinds of wire. Solid copper was my favorite: it felt good, it was agreeably stiff, it held its shape better than stranded wire. Aluminum wire didn’t suit me. Its color was colder, it was not as shiny or as smooth as copper, it seemed insubstantial—too compliant to be serious. Before my first dry cell was exhausted, I discovered that a coil wrapped around thin air would not lift any nails, but did disrupt a compass—an electric current has a magnetic influence.

Edward O. Wilson celebrated this style of learning in Naturalist: “Hands-on experience at the critical time, not systematic knowledge, is what counts in the making of a naturalist. Better to be an untutored savage for a while… Better to spend long stretches of time just searching and dreaming.”

I talked interchangeably about “doing experiments” and “playing with electricity.” Only much later did I learn how much my play had in common with the researches of the 18th-century founders of electrical science, who were among the first to put their trust in orderly experimentation. The Nobel laureate I. I. Rabi said of his fellow physicists, “They never grow up, and they keep their curiosity.” How joyously true of the early electricians is this description!



On a soft spring day in 1746, the Abbé Jean-Antoine Nollet, electrician to the court of Louis XV, arrayed an entire community of Carthusian monks in a serpentine loop that snaked for more than a mile through their convent grounds, now the Luxembourg Gardens in Paris. The brethren were linked hand to hand by short lengths of iron wire. With appropriate ceremony, Nollet placed the free hands of the monks at the ends of the human chain on a small jug and transmitted an electric shock through the community. To the delight of spectators, the 700 Carthusians sprang into the air as one, all experiencing the same convulsive sensation. There is a poverty of detail in historical accounts, but we are much taken with the idea that, as the charge passed through the brothers’ torsos, the hair of their shirts stood on end.

Nollet’s small jug was a Leiden jar, an early vessel for the storage and transportation of an electric charge. Only a few months before, electricians in the Dutch city of Leiden had discovered that an ordinary nail suspended in a jar of water could be electrified so strongly that it stunned the experimenter who dared touch it while holding the jar. This invention brought electricity out of the laboratory and into the streets. Fervid reports of terrifying shocks and their physical effects caused every electrician in Europe to try the Leiden experiment for himself. Once many repetitions had established that the subject would survive to tell the tale, persons of every rank and description flocked to laboratories to see and feel the new sensation.

The electric shock and the production of long, crackling sparks quickly became fashionable sport, which people were willing to travel—and pay—to see. Electricians sought practical applications in every realm, trying electric-shock therapy to reverse paralysis and devising schemes to kill and tenderize poultry at a single stroke. Lectures and demonstrations of electrical phenomena became available to an eager public on demand, in cities great and small. Itinerant professors, electrical demonstrators, and mountebanks took the new developments to every part of Europe and to the American colonies.

In fact, the public was not far behind the scientists in attending to the wonders of electrical phenomena. Electricity had been born as a science only seventeen years before, largely through the labors of the devoted English scientific amateur Stephen Gray. Gray was in his sixty-third year when he undertook the series of observations that we can take as the beginning of electrical science.

Gray was born in 1666 into a family of Canterbury artisans. He worked at the dyer’s trade that he learned from his father, but his passion was natural philosophy—observing and deciphering natural phenomena. At the age of thirty, having built a water-drop microscope of his own design, he communicated “several microscopal observations and measurements” for the first time to the Royal Society of London. The report was deemed worthy of inclusion in the Society’s Philosophical Transactions, a journal “Giving Some Accompt of the Present Undertakings, Studies, and Labours of the Ingenious in Many Considerable Parts of the World.” Over the next three decades, Gray sent the Royal Society other ideas for instruments and won a reputation as a conscientious and accurate observer of astronomical ephemera: eclipses of the sun and moon, sunspots, and the motions of Jupiter’s four largest moons. Some of his reports were of practical value as well. In the days before reliable chronometers, tables of the times—once or twice a day—that the moons of Jupiter passed into and out of the planet’s face gave a sea captain blessed with clear skies, a good telescope, and smooth sailing an accurate time standard to aid his navigation.

Gray’s landmark accomplishments in electricity began with the same puttering about and attentiveness to interesting detail or unexpected effect that had filled his adult life. In Gray’s time, an “electrified body” was one that had the power of attracting lightweight bodies. (The word electricity comes from the Greek name for amber, elektron, which the ancient Greeks discovered could attract bits of chaff when rubbed, just as a comb drawn rapidly through dry hair on a winter day can pick up small pieces of paper.) The best “electric” of Gray’s day was a large flint-glass tube, whose electricity could be excited by rubbing. Gray set out to discover whether this electricity could be communicated to other bodies, measuring a body’s electrification by its ability to attract lightweight objects, such as down or bits of leaf-brass, a cheap imitation of gold leaf that the English disparaged as Dutch gold.

One of Stephen Gray’s prized possessions was his “great Glass Tube,” more than three feet long and over an inch in diameter. Concerned that dust attracted to the inside of the electrified tube might diminish its ability to electrify other things, Gray fitted a cork to each end, to keep dust out when the tube was not in use. “The first Experiment I made,” wrote Gray to the Royal Society, “was to see if I could find any Difference in its Attraction, when the Tube was stopped at both Ends by the Corks, or when left open, but could perceive no sensible Difference; but upon holding a Down-Feather over against the upper End of the Tube, I found that it would go to the Cork, being attracted and repelled by it, as by the Tube when it had been excited by rubbing. I then held the Feather over against the flat End of the Cork, which attracted and repelled many times together; at which I was much surprized and concluded that there was certainly an attractive Vertue communicated to the Cork by the excited Tube.”

By taking care to check that a cosmetic change in his equipment would not interfere with his intended experiment, Gray managed to answer his question almost before asking it: he discovered that electricity—the power to attract—was communicated from the electrified glass to the cork stoppers. The report in Philosophical Transactions reveals the swiftness and enthusiasm with which Gray pursued his discovery. Since electricity could be communicated, he asked himself how far, under what conditions, and to what substances? Gray attacked these questions with a controlled frenzy, marshaling every piece of equipment he could lay hands on.

He fixed a small ivory ball to the cork with as many different substances as his surroundings could provide him: wooden sticks of four, then eight, then twenty-four inches in length, iron wire, and brass wire. The ball attracted and repelled the feather “with more Vigour than the Cork had done.” When wires two or three feet long were stuck through the cork, the vibrations excited by rubbing the tube made the ball jump about wildly, so he tried hanging the ball from the tube by a loop of packthread, a stout twine made of hemp. It worked.

Having found that electricity could be communicated from the tube by a variety of materials, Gray then went on to see what happened when he substituted different bodies for the ivory ball. He experimented with metals, “first in small Pieces, as with a Guinea, a Shilling, a Half-penny, a Piece of Block-Tin, a Piece of Lead; then with larger Quantities of Metal, suspending them on the Tube by Packthread. Here I made use of a Fire-Shovel, Tongs, and Iron Poker, a Copper Tea-Kettle, which succeeded the same, whether empty, or full of either cold or hot water; a Silver Pint Pot; all of which were strongly Electrical, attracting the Leaf-Brass to the Hight of several Inches. After I had found that the Metals were thus Electrical, I went on to make trials on other Bodies, as Flint-Stone, Sand-Stone, Load-Stone, Bricks, Tiles, Chalk; and then on several vegetable Substances, as well green as dry, and found that they had all of them an Electrick Vertue communicated to them.” Who can doubt that, had a kitchen sink been close at hand, Gray would have tested it?

Gray’s methods look somewhat random and bumbling next to modern accounts of scientific investigations that depict only orderly progress. Sometimes, when he refuses to draw a conclusion in the face of what appears to be overwhelming evidence, he seems a bit thick. But the care and coherence of his investigations shine through. The tediously detailed descriptions ensured that his experiments could be repeated by others. By systematically changing conditions, he learned what factors controlled the outcome of an experiment. His reluctance to leap to conclusions, or to generalize prematurely, was a mark of discipline shared by few of his contemporaries.

Gray next proceeded to ask how far he might carry the “Electrick Vertue.” He succeeded with walking canes and with a fourteen-foot fishing rod of wood, cane, and whalebone, topped with a cork ball. Then he lashed several cane and wooden sticks into a rod that, together with the tube, was more than eighteen feet long, “the greatest Length,” Gray explained, “I could conveniently use in my Chamber.”

Unlike most of his scientific contemporaries, Stephen Gray was not a gentleman of independent means. Nearly all his life, he had to fit his observations in whenever the demands of his trade permitted. He concluded a report to the first astronomer royal, the Reverend John Flamsteed, with the gentle complaint, “This time of the year we are in the Greatest Hurry of our business soe that I have very little time and am soe fatiged that I Can Make but few astronomical observations.” In 1711, Gray appealed for relief from his mean circumstances in the form of a warrant for admission to the Charterhouse of London. Nine years later Gray entered the Charterhouse as a pensioner by the nomination of Prince George, the future King George II. There the “hoary Sage,” as he was immortalized by an adoring poet, lived out his years, free at last to devote all his energies to science.

The Charterhouse had been established in 1611 as a home for elderly gentlemen and a school for boys. The founder, one Thomas Sutton, was a Lincolnshire patrician who found great earthly reward as a public servant to Queen Elizabeth—so much that his own purse was said to be fuller than the Queen’s exchequer. Toward the end of his life, he began to consider how to share his bounty in a way that would burnish his reputation. A timely letter from his bishop steered him toward a pure act of charity. In the year of his death, Sutton endowed a chapel, almshouse, and school on the site of a former Carthusian monastery that had been dissolved in 1535, after Henry VIII rejected papal authority. Sutton provided a home for single, elderly gentlemen of professional status—civil servants, military officers, clergy, schoolmasters, artists, or musicians—who had fallen on hard times. These poor brothers had rooms of their own and were looked after completely.

We cannot be sure whether Thomas Sutton’s bequest bought him a place in heaven, but it did help him achieve a kind of immortality. William Makepeace Thackeray, an old Charterhouse boy, writes in The Newcomes, “The custom of the school is, that on the 12th of December, the Founder’s Day, the head gown-boy shall recite a Latin oration, in praise Fundatoris Nostri, and upon other subjects; and a goodly company of old Cistercians is generally brought together to attend this oration: after which we go to chapel and hear a sermon, after which we adjourn to a great dinner, where old condisciples meet, old toasts are given, and speeches are made. Before marching from the oration hall to chapel, the stewards of the day’s dinner, according to old-fashioned rite, have wands put into their hands, walk to church at the head of the procession, and sit there in places of honour. The boys are already in their seats, with smug fresh faces, and shining white collars; the old black-gowned pensioners are on their benches, the chapel is lighted, and Founder’s Tomb, with its grotesque carvings, monsters, [and] heraldries, darkles and shines with the most wonderful shadows and lights. There he lies, Fundator Noster, in his ruff and gown, awaiting the great Examination Day.”

Besides the Charterhouse, the other important institution in Stephen Gray’s life was, to give its full name, the Royal Society of London for Improving Natural Knowledge. The Royal Society was founded in 1662 under the patronage of Charles II, eager to rival his cousin Louis XIV as a patron of the arts and sciences. The Society’s motto, Nullius in verba (“Don’t take anybody’s word for it”), marked a declaration of independence from the set orthodoxies of the ancient masters, particularly Aristotle, and a proclamation of reliance on experiment. Contributors to Philosophical Transactions, who were encouraged to write in the vulgar tongue, English—as opposed to the Latin favored earlier by scholars—were requested to use “a close, naked, natural way of Speaking; positive expressions, clear senses; a native easiness.” Phil. Trans., as it came to be known, carried news of scientific progress outside the small circle of the elect (the Fellows of the Society) and encouraged an extended, even transnational, community of natural philosophers.

Gray’s pursuit of the discovery that electricity could be communicated to other bodies—the discovery he had set out to make—led eventually to an unexpected result of far greater significance. In May 1729, Gray went to the country, taking along several glass canes and other materials that he would need to continue his experiments. He went first to the home of Flamsteed’s cousin, John Godfrey, Esq., at Norton Court, in Kent. Godfrey, a country gentleman whose hobby was astronomy, had become a fellow of the Royal Society in 1715, about the time he met Stephen Gray. The experiments Gray and Godfrey made were straightforward extensions of the work Gray had done in his Charterhouse chamber. In these more spacious surroundings, Gray fabricated a pole that extended the glass tube to thirty-two feet. When the tube was rubbed, the cork ball that crowned the pole vigorously attracted the leaf-brass, but “the pole bending so much, and vibrating by rubbing the tube, made it… troublesome to manage the experiment.”

The communication of electricity by rigid bodies having reached a technological limit, Gray and Godfrey moved on to packthread, to take advantage of Norton Court’s balcony. A twenty-six-foot length of packthread carried the Electrick Vertue from the glass tube to Gray’s ivory ball. Next, the two experimenters devised a hybrid instrument, tying a thirty-four-foot line to an eighteen-foot pole. Gray stood in the balcony with tube and pole, while his collaborator held a tray of leaf-brass in the courtyard below. When Gray rubbed the tube, electricity “passed from the Tube up the Pole, and down the Line to the Ivory Ball, which attracted the Leaf-Brass, and as the Ball passed over it in its vibrations, the Leaf-Brass would follow it, till it was carried off the Board: But these Experiments are difficult to make in the open Air, the least Wind that is stirring, carrying away the Leaf-Brass.” The world record for the communication of electricity stood at fifty-two feet.

The final investigations in this series were unsuccessful—but not insignificant—attempts to transmit a charge horizontally. Gray hung a length of packthread from a nail in a ceiling beam to support a line joining the glass tube to his ivory ball at waist level. When he rubbed the glass, the leaf-brass under the ball showed “not the least Sign of Attraction.” Gray concluded that “when the Electrick Vertue came to the Loop that was suspended on the Beam, it went up the same to the Beam; so that none, or very little of it at least, came down to the Ball.” The failure, while it discouraged Gray from further attempts to carry electricity horizontally, made him dream of trying the experiment from the cupola of St. Paul’s Cathedral, to increase the vertical distance still more.

Fortunately, Gray’s failure at Norton Court was not the last word on the horizontal propagation of electricity. At the end of June, Gray went to Otterden Place, near Faversham in Kent, to visit another wealthy fellow of the Royal Society, Granvil Wheler. Wheler’s country estate was an ideal setting for Gray’s experiments, and Wheler—with a curiosity as acute as Gray’s and a knack for asking the right question—proved to be the perfect collaborator.

Gray traveled light to Otterden Place, carrying just one small glass cane, “designing only to give Mr. Wheler a Specimen of my Experiments.” After seeing the “vertue” communicated from the highest accessible point, the clock tower, to leaf-brass thirty-four feet below, Wheler asked to see electricity communicated horizontally. Gray described his failed attempt at Norton Court. Wheler suggested that the packthread that was to carry the “Electrick Vertue” be supported with silk thread, which Gray thought “might do better [than the packthread he had used before] on account of its Smallness; so that there would be less Vertue carried from the Line of Communication.” The more ambitious experiments that ensued required technical support, ably supplied by Wheler’s servants. The team of Gray, Wheler, and company undertook investigations that none of them could have done alone.

Their first joint experiment was made in the largest room in the house, a long matted gallery with high ceilings. When a packthread eighty feet long was suspended by a silk thread at the end of the gallery, it communicated to the ever-present ivory ball the power to attract and hold leaf-brass. Wheler then hung another silk thread at the far end of the gallery, so that the packthread could run back and forth, a length of 147 feet. “Though both Ends of the Line were at the same End of the Gallery, yet Care was taken that the Tube was far enough off from having any Influence upon the Leaf-Brass, except what passed by the Line of Communication: Then the Cane being rubbed… the Electrick Vertue passed by the Line of Communication to the other End of the Gallery, and returned back again to the Ivory Ball, which attracted the Leaf-Brass, and suspended it as before.” To investigate whether a line doubled back on itself communicated electricity less effectively than a single line of the same length, the experimenters moved into larger laboratory space in Wheler’s barn, where they stretched packthread 124 feet long in a single run.

There Fortune intervened. Gray and Wheler added a return leg that doubled their line to 293 feet, without diminishing the attraction of the ivory ball for the leaf-brass. This success encouraged them to add yet another return line. But when Gray began to rub the tube, the silk threads severed under the strain. Iron wire of similar size also gave way. When they substituted a slightly larger brass wire, which was strong enough to support the line of communication, something unexpected happened: “[T]hough the Tube was well rubbed, yet there was not the least Motion or Attraction given by the Ball, neither with the great Tube, which we made use of when we found the small solid Cane to be ineffectual: By which we were now convinced, that the Success we had before, depended upon the Lines that supported the Line of Communication, being Silk, and not upon their being small.”

Thus the discovery of two kinds of materials, conductors and insulators, emerged unexpectedly from the efforts of Gray and Wheler to see how far they could transmit electricity. Their new insight enabled the two Englishmen, and much later, an electrical industry, to carry electricity as far as they wished. It also gave them new questions to ponder.

A few days later, Gray and Wheler placed their leaf-brass detector in the garret of the house and suspended the end of the line holding the ivory ball on a silk thread across the garret window, about forty feet above the ground. About a hundred feet away, in the Great Garden, they erected the first telegraph poles: two rods about ten feet long, joined by a silk thread to support the line of communication. “Beyond these, in the great Field, that is separated from the Garden by a deep Foss, about the same Distance from the first, were another pair of poles fixed; then four others at a like Distance.” The length of the line was 650 feet. After Gray had rubbed the tube for some time, his collaborators called to him to report that what we might call the first electrical telegraph was a success. Then Gray and Wheler changed places, so Gray might see the effect for himself. A subsequent experiment carried electricity 765 feet, without any noticeable attenuation.

For the next two years, Gray, Godfrey, and Wheler worked to classify substances into conductors and nonconductors, trying to learn what distinguished the two groups. Asking whether living matter behaved differently from inanimate objects led the group to a new series of experiments.

Stephen Gray’s most original contribution to instrumentation—which took advantage of the natural resources of the Charterhouse—addressed this issue, and also helped introduce electrical phenomena into popular culture. Picture the aged electrician, clad in his Poor Brother’s black livery gown, at work in his chamber in April 1730. “I made the following Experiment on a Boy between eight and nine Years of Age. His Weight, with his Cloaths on, was forty-seven Pounds ten Ounces. I suspended him in a horizontal Position, by two Hair-Lines, such as Cloaths are dried on… with his Face downward, one of the Lines being put under his Breast, the other under his Thighs: Then the Leaf-Brass was laid on a Stand…. Upon the Tube’s being rubbed, and held near his Feet, without touching them, the Leaf-Brass was attracted by the Boy’s Face with much Vigour, so as to rise to the Hight of eight, and sometimes ten Inches.”

The suspended-boy experiment, which soon became widely known, awakened a passionate enthusiasm for electrical investigations. Charles François Dufay, superintendent of the King’s Gardens in Paris and a member of the Academy of Sciences, was an assiduous follower of Gray’s experiments. Reasoning that a real scientist might perceive subtleties that would escape the attention of an untrained child, Dufay had himself suspended on silk lines and electrified. When his assistant, who was none other than the Abbé Nollet, brought his hand within about an inch of Dufay’s person, there immediately issued from his body “one or more prickling shoots, attended with a crackling noise,” causing pain to both master and pupil. In a darkened room, the snappings appeared as little sparks of fire.

News of Dufay’s “important luciferous” experiment inspired Gray to repeat it for himself, on a visit to Otterden Place in July 1734. “Mr. Wheler, soon after my coming to him, procured silk Lines strong enough to bear the Weight of his Footboy, a good stout Lad; then having suspended him upon the Lines, the Tube being applied to his Feet or Hands, and the Finger of any one that stood by held near his Hands or Face, he found himself pricked or burnt, as it were by a Spark of Fire, as Mr. Dufay had related, and the snapping Noise was heard at the same Time; but it did not succeed with us, when we applied our Hands to any part of his Body through his Cloaths, except upon his Legs, upon which he felt the Pain through his Stockings, although they were very thick ones.” This confirmation of Dufay’s results stimulated Gray to begin thinking about the possibility of a connection between electricity and lightning. In recognition of “his many curious Experiments and Observations laid before the Society,” Stephen Gray was made a fellow of the Royal Society on March 15, 1732, at the age of 65, accepting a fellow’s extraordinarily civilized obligation “to be present at the Meetings of the Society, as often as Conveniently we can.”

Perhaps the Continental variations on the suspended charity-boy are revealing of national character. In Germany, a glass globe, rotated rapidly in contact with the soles of a boy’s feet, was used instead of the glass tube, making the boy an element in an electrical machine. The French genius for improvements in instrumentation was revealed by Nollet, who replaced the charity boy with a fair damsel. In this refined form the experiments of Gray and Dufay were brought to the court of Louis XV and the smart salons of Paris. Thus was public interest whetted for the sensation of the Leiden jar.

Gray’s enthusiastic dedication to science ended only with his life. His last ideas were “taken from his Mouth” by Cromwell Mortimer, MD, secretary of the Royal Society, the day before he died in 1736. Gray’s determined curiosity about the natural world, his meticulous attention to detail, and his assiduous devotion to figuring things out by experiment made him the personification of the Royal Society’s injunction not to take anybody’s word for anything.
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