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“Now I am become Death, the destroyer of worlds.”

— J. Robert Oppenheimer, recalling a line from the Bhagavad Gita on witnessing the Trinity test, 16 July 1945




“Now we are all sons of bitches.”

— Kenneth Bainbridge, director of the Trinity test, to Oppenheimer, moments after the explosion




“The release of atomic energy has not created a new problem. It has merely made more urgent the necessity of solving an existing one.”

— Albert Einstein, 1945





A Note Before We Begin

A little before dawn on the sixteenth of July, 1945, in a stretch of New Mexico desert that the old Spanish travelers had named the Jornada del Muerto — the Journey of the Dead Man — a small group of physicists and soldiers lay face down in the sand and waited for a sunrise of their own making. Ten miles away, at the top of a hundred-foot steel tower, hung a misshapen sphere of high explosive and plutonium that they called, with the studied flatness of men who did not want to say what it was, “the gadget.” At twenty-nine minutes and forty-five seconds past five, the gadget detonated. For a fraction of a second the desert was lit by a light that no human eye had ever seen — brighter than the noonday sun, an instant of false daylight that turned the distant mountains the color of bone and could be seen, it was later said, from three states away. A physicist who had bet that the device would not work at all felt the heat on his face like the opening of an oven door. A general’s aide thought the world had caught fire. And Robert Oppenheimer, the gaunt and chain-smoking theoretical physicist who had directed the laboratory that built the thing, watched the fireball climb into a roiling column seven miles high and remembered, or said he remembered, a line from a Hindu scripture he had read in the original Sanskrit: Now I am become Death, the destroyer of worlds.

This book is about how a handful of human beings came to be lying in that desert, and about what their success let loose upon the world. It is, on its surface, one of the great adventure stories of the twentieth century: a race, under the pressure of the most terrible war in history, to turn an abstract discovery in nuclear physics into a usable weapon before the enemy could do the same. It is a story crowded with extraordinary people — refugees from fascism who carried the secret of the atom across an ocean, a brusque and brilliant army engineer who had just finished building the Pentagon, the most gifted generation of physicists the world had yet produced, and the secret armies of ordinary workers, most of them women, who ran machines they were forbidden to understand in cities that did not appear on any map. It is a story of mountains of money and acres of factory, of an entire industrial civilization bent in secret toward a single end.

But it is also a darker story, and an unfinished one, and I have tried not to flinch from either fact. The Manhattan Project did not end with the flash at Trinity. Three weeks later, two of its bombs fell on two Japanese cities and killed, over the following months, somewhere between a hundred and fifty thousand and a quarter of a million people, most of them civilians, many of them children, a great number of them not on the day of the explosion but slowly, afterward, of burns and radiation and grief. Whether those deaths were necessary — whether they ended the war and saved more lives than they took, or whether a Japan already beaten was destroyed to make a point to the Soviet Union, or whether the truth lies somewhere in the contested ground between — is a question that historians have fought over for eighty years and have not settled. I will not pretend to settle it here. What I will do is lay out the cases as fairly as I can, mark clearly where the evidence is strong and where it is thin, and resist the comfortable certainties of both the men who insist the bombs were an unambiguous mercy and the men who insist they were an unambiguous crime.

To tell this story honestly is to keep several things in view at once that the mind would rather take in turn. The physics is genuinely beautiful, and I have tried to explain it clearly enough that a reader who has never taken a science class can follow exactly why uranium and plutonium behave as they do and why the bombs were built the way they were — because you cannot understand the human choices without understanding the material constraints that forced them. The engineering was a miracle of organization, and the people who accomplished it were, in the main, decent men and women doing what they believed was necessary to defeat a genuinely monstrous enemy. And the result was a thing of pure horror, a weapon that for the first time in history gave a single nation, and then several, the power to end civilization in an afternoon. All of this is true at the same time. The scientists who cheered at Trinity wept at Hiroshima; some of them spent the rest of their lives trying to put back in the bottle the genie they had let out. The same hands that wrote the equations signed the petitions.

I have leaned, wherever I could, on the voices of the people who were there: the laboratory notebook and the courier’s password, the pilot’s log and the survivor’s testimony, the general’s order and the scientist’s troubled letter. And I have tried to be candid about what we do not know. Almost every large number in this book — the yield of the Trinity device, the true cost of the project, the death tolls of the two cities, the casualties an invasion of Japan would have brought — is an estimate, often a contested one, and I have given ranges rather than invent a precision the sources do not support.

The story does not end in 1945, and neither does this book. Within four years the American monopoly was gone, broken open in part by spies who had worked inside the secret cities themselves; within a decade the world had weapons a thousand times more powerful than the one that destroyed Hiroshima, and the man most responsible for the first bomb had been publicly disgraced for doubting the second. The fire that those physicists lit in the desert has never gone out. We have lived in its light, and under its shadow, every day since. This is the story of how it was kindled — and of why, eighty years on, we still cannot agree on what we did.





Chapter 1: A Light from Inside Matter

In the last week of 1895, a fifty-year-old professor of physics at the University of Würzburg named Wilhelm Röntgen sat alone in a darkened laboratory and could not bring himself to tell anyone what he had found, because he was not yet sure he believed it himself. For seven weeks he had been working with a Crookes tube — a sealed glass bulb, most of the air pumped out, through which an electric current was driven so that it glowed with the strange light that physicists of the day called cathode rays. He had wrapped the tube in black cardboard to shut out its glow. And yet, a meter away across the bench, a small screen coated with a fluorescent chemical had begun, faintly, to shine. Something was passing through the cardboard, through the air, through whatever Röntgen put in its path, and striking the screen. When he held his own hand between the tube and the screen, he saw, projected in flickering shadow, the bones of his own fingers.

Röntgen fixed the moment of discovery to the evening of November 8, 1895, and then, in a fever of secrecy that lasted seven weeks, he all but moved into his laboratory. He took his meals there and, according to his colleagues, grew so absorbed and so uneasy that he told almost no one what he was doing. He was afraid of making a fool of himself; the effect was so improbable that he half suspected an error somewhere in his own apparatus, and he repeated the experiments over and over to convince himself the phenomenon was real. Only near Christmas did he bring in a witness. On December 22 he asked his wife, Anna Bertha Ludwig, to hold her left hand steady on a photographic plate while he directed the invisible rays at it for a full quarter of an hour. When he developed the plate, there lay the slender shadows of her finger bones and, dark and unmistakable around one of them, the wide band of her wedding ring. Anna is said to have recoiled at the sight of her own skeleton and murmured that she had seen her death; by some accounts she never willingly entered his laboratory again. That single image, which Röntgen labeled simply “Hand mit Ringen,” became one of the most reproduced photographs of the century and helped win him, in 1901, the very first Nobel Prize in Physics ever awarded.

He called the unknown thing X-rays, using the mathematician’s symbol for an unknown quantity, and the name stuck. When he published in early 1896, the world went briefly mad for the discovery. Newspapers ran photographs of skeletal hands; entrepreneurs sold X-ray-proof underwear to the nervous, and a New Jersey legislator, in genuine confusion, proposed a bill to ban the use of the rays in opera glasses. Within months surgeons were using the rays to locate bullets and set fractures. It bears emphasizing, because the point is so often muddled, that Röntgen did not invent the rays or build a machine to make them; the rays had been streaming, unnoticed, off Crookes tubes in a hundred laboratories for years, and at least one physicist had already fogged photographic plates left too near such a tube without ever asking why. What Röntgen did was pay attention — he saw the faint shine no one else had bothered to explain, and he refused to look away. Nor, contrary to a persistent legend, did he ever patent his discovery or take a penny for it; he believed the rays belonged to humanity, and he donated his Nobel Prize money to his university. But the deepest significance of his discovery was not medical, and not even a matter of his own decency. It was that matter, which the nineteenth century had imagined as solid and inert and fully understood, was doing something nobody could explain. There was a kind of light coming from inside it.

The discovery would not have mattered so much had it stood alone, but it did not stand alone for long. In Paris, a methodical and somewhat unlucky physicist named Henri Becquerel heard of Röntgen’s rays and wondered whether the fluorescence of certain minerals — their habit of glowing after exposure to sunlight — might be related. He had a family interest in the question; his father and grandfather had both studied phosphorescent substances, and the Becquerel cabinets were full of glowing salts. He took a compound of uranium, exposed it to the sun, and laid it on a photographic plate wrapped in black paper, expecting that if the mineral emitted anything like X-rays, the plate would be fogged. It was. But then, late in February 1896, Paris clouded over, and Becquerel, unable to give his samples their dose of sunlight, shut the wrapped plate and the uranium together in a dark drawer to wait for better weather.

When he developed the plate a few days later — out of mere thoroughness, expecting nothing — he found the image of the uranium crystals burned into it as sharply as if they had sat in full sun. The glow had nothing to do with sunlight. The uranium was producing its rays entirely on its own, from some inexhaustible source within, needing no input of energy from outside. This was, when you stopped to think about it, an outrage against the physics of the age. Energy was supposed to be conserved; it came from somewhere and went somewhere; it did not simply well up, endlessly, out of a lump of rock sitting quietly in a drawer. Becquerel had stumbled onto a phenomenon that hinted at a reservoir of energy locked inside matter itself, a reservoir whose existence the science of the day had no way to account for. It is worth pausing on the sheer luck of it. Had the weather held, Becquerel would have gone on believing sunlight was the trigger, and the crucial insight — that the rays were spontaneous and self-generated — might have waited years. Some of the greatest discoveries in physics have hinged on a cloudy week in Paris and a scientist tidy enough to develop a plate he expected to be blank.

It fell to a young Polish émigré in Paris to give the phenomenon its name and to begin, with extraordinary patience, to map it. Marie Skłodowska Curie, working with her husband Pierre in a converted shed, chose Becquerel’s uranium rays as the subject of her doctoral research at a moment when most established physicists regarded the whole business as a curiosity already exhausted. She invented a precise way of measuring the strength of the rays, using an instrument — built on a delicate device Pierre and his brother had earlier invented, the piezoelectric quartz electrometer — that detected the faint electrical charge the rays produced in the air. With it she could put a number on radioactivity, and numbers were what the field had been missing. She set out to discover what substances emitted the rays and how strongly. She coined the word radioactivity for the property. And then she made the observation that would change everything: certain uranium ores were far more radioactive than their uranium content could possibly explain. Something else in the ore, some unknown substance present in tiny quantities, was vastly more active than uranium itself.

The Curies set out to find it, processing tons of a black, tarry uranium ore called pitchblende in conditions that would horrify a modern safety inspector — boiling, filtering, and crystallizing it batch by batch in their freezing, leaking shed at the School of Physics and Chemistry, stirring vats of seething liquid with an iron rod nearly as tall as Marie herself. A visiting German chemist, the great Wilhelm Ostwald, later described the shed as a cross between a stable and a potato cellar, and said that had he not seen the worktable with its apparatus he would have taken it for a practical joke. From a ton of ore they extracted, eventually, about a tenth of a gram of a new element so radioactive it glowed faintly in the dark with a pale blue light — a light Marie found so lovely that she and Pierre would sometimes go out to the shed at night simply to sit among the glowing tubes. They named one new element polonium, after Marie’s subjugated homeland, and another, far more potent, radium. Radium was on the order of a million times more radioactive than uranium. A speck of it would warm itself perceptibly above the temperature of its surroundings, pouring out heat year after year with no apparent source and no apparent end. Here, undeniably, was energy emerging from inside matter on a scale that defied every law the physicists thought they knew.

The Curies did not fully grasp what they were handling, and it cost them. Their hands cracked and scarred; they suffered fatigue and aching bones they never connected to the vials they carried in their pockets and the glowing samples they kept, for the pleasure of it, on a bedside table. The evidence of what they touched has outlived them all. Marie Curie’s laboratory notebooks, more than a century later, are still so contaminated with radium-226 — an isotope with a half-life of roughly 1,600 years — that they are kept in lead-lined boxes at the Bibliothèque Nationale de France, and a researcher who wishes to consult them must sign a waiver acknowledging the risk. The cookbook in her kitchen is radioactive too. To hold, in effect, is a fact that captures the whole strangeness of what she found: the energy she discovered welling out of matter is so persistent that her own handwriting remains dangerous to touch long after the hand that wrote it is gone.

What was happening was, though no one yet understood it, the spontaneous disintegration of atoms — the very atoms that the nineteenth century had defined, by the Greek root of the word, as the things that could not be cut. For two thousand years the atom had been a philosopher’s hypothesis and then a chemist’s bookkeeping device, the smallest indivisible unit of an element. Now radioactivity suggested that atoms were not indivisible at all. They had insides. They had parts. And under certain conditions those parts could rearrange themselves, flinging out fragments and energy in the process. Think of it this way: the chemistry the nineteenth century understood was all about the outsides of atoms, the way they linked hands to form molecules, the way a match rearranges those handholds to release the modest warmth of a flame. Radioactivity was something else entirely — it came not from the handshakes between atoms but from deep inside a single atom, from a vault the chemists had never known was there. The radium in the Curies’ shed was, atom by atom, breaking open that vault, releasing a portion of an energy bound up in the structure of matter itself — an energy that, the physicists were slowly realizing, dwarfed anything stored in the chemical bonds that powered fire and gunpowder and every explosive then known.

The numbers, when they began to be worked out, were almost unbelievable. The energy locked inside the atoms of an ordinary lump of matter, if it could ever be fully released, was something on the order of a million times greater, pound for pound, than the energy released by burning coal or detonating dynamite. A few kilograms of the right material, in principle, held the explosive power of thousands of tons of conventional explosive. This was not, in 1903, a practical observation; no one had the faintest idea how to release that energy on command, and the most authoritative voices insisted it could never be done. Radium gave up its energy at its own slow pace, atom by atom over thousands of years, and nothing anyone could do seemed to hurry it or slow it. The energy was real, and it was vast, and it appeared to be utterly beyond human control.

But the genie was visible now, even if it could not yet be summoned. The novelist H. G. Wells, reading the popular accounts of radioactivity, imagined in a 1914 novel called The World Set Free a war fought with “atomic bombs” — he coined the phrase — that burned for days and rendered cities uninhabitable, and he dedicated the book to the chemist Frederick Soddy, whose writings on atomic energy had inspired it. The fiction ran decades ahead of the physics, as fiction often does, and it ran so far ahead that when a Hungarian physicist named Leó Szilárd read the book years later, it would help push him toward the very idea of a chain reaction. But the underlying intuition was sound, and it would haunt the men who later did the work. They knew, because the radium in the laboratory drawer told them so, that an enormous power lay sleeping inside ordinary matter. And the traces of it persist all around us still: in the smoke detector on the ceiling, which uses a whisper of radioactive americium to sense the difference between clean air and smoke; in the glowing dials of old wristwatches and aircraft instruments, painted with radium by young women who were told to lick their brushes to a point; in the medical scanners that trace disease through the body with radioactive markers. The whole question of the twentieth century, though no one phrased it this way in 1903, was whether anyone would ever find the key to wake the sleeping power on command — and what they would do with it if they did.

The key, it would turn out, lay not in radium but in understanding the architecture of the atom itself: in discovering that it had a tiny, dense, electrically charged heart, and in learning, decades later, how to split that heart apart. That discovery would be the work of a New Zealand farm boy with enormous hands and a booming voice, who arrived in England just as the Curies were boiling their pitchblende, and who would do more than any other single person to map the inside of the atom. His name was Ernest Rutherford, and he was about to find the nucleus.




Chapter 2: The Atom Has a Heart

Ernest Rutherford did not look like a man who would overturn the deepest assumptions of physics. He looked like what he was by birth — a New Zealand farmer’s son, broad and loud, with a ruddy face and a walrus mustache and a habit of bellowing “Onward, Christian Soldiers” off-key as he strode through his laboratory. He had grown up the fourth of twelve children on a flax farm near the bottom of the world, digging potatoes and milking cows, and he never lost the countryman’s plainness. He distrusted fancy mathematics, claiming that any good physicist should be able to explain his results to a barmaid, and he had a bluntness that made him as many enemies as friends. He was so loud in the laboratory that his students posted a sign reading “TALK SOFTLY PLEASE” over the sensitive instruments, because his booming voice could disturb the delicate electrical measurements. But he had an instinct for experiment amounting to genius, and over three decades he stripped the atom down to its parts more completely than anyone before or since. “All science,” he liked to say, “is either physics or stamp collecting.” He meant it as a boast, and on the strength of his own work he had earned the right to make it.

By the first years of the twentieth century, working first at McGill University in Montreal and then at Manchester, Rutherford had sorted the rays pouring out of radioactive substances into types, which he labeled with the first letters of the Greek alphabet. Alpha rays were heavy, positively charged, and easily stopped — a sheet of paper would block them. Beta rays were light, negatively charged, and more penetrating. Gamma rays were like X-rays, a form of energetic light, and could pass through inches of lead. He and his young collaborator Frederick Soddy worked out, to general astonishment, that radioactive elements were actually transmuting — that a radioactive atom, in throwing off an alpha or beta particle, literally changed into an atom of a different element. This was the ancient dream of the alchemists, lead into gold, except that it was happening of its own accord in nature and could not be controlled. When Soddy grasped what their data meant, he blurted out, “Rutherford, this is transmutation!” — and Rutherford, alarmed at the whiff of medieval magic, snapped back, “For Mike’s sake, Soddy, don’t call it transmutation. They’ll have our heads off as alchemists.” Each radioactive species, they found, decayed at a fixed statistical rate, which Rutherford captured in the concept of the half-life: the time for half of any quantity of a substance to decay. The half-life was a fingerprint, ranging from fractions of a second to billions of years, and it would become one of the most important quantities in the whole story of the bomb.

It was this work, on the disintegration of the elements, that won Rutherford the Nobel Prize — not, to his lasting amusement, in physics, but in chemistry, in 1908. Rutherford regarded himself as a physicist through and through and had a low opinion of chemistry, so the award struck him as a fine joke. At the banquet in Stockholm he told the assembled dignitaries that he had studied many transformations of matter over the years, but the swiftest he had ever witnessed was his own — his instantaneous transformation, that very evening, from a physicist into a chemist. The line drew a laugh, but there was a deeper truth in it that the twentieth century would keep discovering: at the level of the atom, the old walls between the sciences were coming down.

Rutherford’s masterpiece came in 1909, and like many masterpieces it began as a routine assignment handed to junior men. He had his alpha particles — those heavy, fast, positively charged bullets thrown off by radium — and he set two of his people, Hans Geiger and a young undergraduate named Ernest Marsden, to fire them at a wafer-thin sheet of gold foil and observe how they scattered. Gold was chosen because it can be hammered into astonishingly thin leaf, only a few hundred atoms thick, thin enough to let most of the alpha bullets through. The expectation, on the model of the atom then in fashion, was dull. That model, associated with the great J. J. Thomson — Rutherford’s own former teacher — pictured the atom as a diffuse sphere of positive charge with the tiny negative electrons embedded in it like raisins in a pudding — soft, spread out, with nothing solid enough to deflect a fast alpha particle by more than a tiny angle. The alpha bullets should have sailed through the gold almost undisturbed, with only the faintest scatter.

Most of them did. But the counting was brutal work. There were no electronic detectors yet; each alpha particle that struck the screen produced a single faint scintillation, a momentary pinprick of light, and the only way to register it was for a human being to sit in a completely blacked-out room, letting his eyes adjust for half an hour, and then count the flashes one by one through a microscope until his vision blurred. Geiger and Marsden did this for hour after hour, month after month. It was partly to escape this torture that Geiger would soon build, with Rutherford, the first electrical particle counter — the ancestor of the clicking Geiger counter that would later become the universal symbol of the atomic age, familiar from a thousand films and still carried today by every radiation worker, every uranium prospector, and every emergency crew sent toward a nuclear accident. But in 1909 there was only the eye. And peering through his microscope in the dark, Marsden saw something that should have been impossible. A few of the alpha particles — roughly one in eight thousand — did not pass through the foil at all. They bounced almost straight back, as if they had struck something immovable.

When Marsden reported it, Rutherford was thunderstruck. “It was,” he said later, in the most famous sentence he ever spoke, “almost as incredible as if you fired a fifteen-inch shell at a piece of tissue paper and it came back and hit you.” The image is worth dwelling on, because it captures exactly why the result was so shocking. A fifteen-inch naval shell is one of the heaviest projectiles a battleship can throw; nothing so flimsy as tissue paper could possibly stop it, let alone hurl it back at the gunner. For a fast, heavy alpha particle to reverse direction, it had to have struck something far smaller than the whole atom but far more massive and concentrated — a tiny, dense, hard core carrying a powerful electric charge. The pudding model was dead. Something hard was hiding at the center of the raisins.

It took Rutherford two years of brooding and calculation, but by 1911 he had the answer, and it remade the picture of matter. The atom, he proposed, was almost entirely empty space. Nearly all of its mass, and all of its positive charge, was packed into an unimaginably small region at the center, which he called the nucleus. Around this nucleus the electrons circulated at a great distance, like planets around a sun, occupying a volume tens of thousands of times larger than the nucleus itself but contributing almost nothing to the atom’s weight. To grasp the scale: if the nucleus were the size of a marble set on the center line of a great stadium, the nearest electrons would be whirling around the topmost seats, and everything in between would be void. Put another way, an atom is something like a hundred thousand times wider than its nucleus, which means that if you could strip the empty space out of every atom in the human body and pack the nuclei together, the entire population of the Earth would compress to roughly the size of a sugar cube — a sugar cube weighing as much as all humanity. The solidity of the floor beneath your feet, Rutherford had shown, was an illusion produced by electrical forces operating across vast atomic emptiness. The real substance of matter, the part that carried its mass, was crushed into a speck at the heart of each atom.

Here it is worth correcting a misconception that has proven remarkably durable. People often say the atom is “mostly empty space” and imagine we could pass through walls if only we tried hard enough, and they picture the electrons as tiny hard balls whizzing around the nucleus like moons. Neither picture is quite right. The electrons are not little planets on fixed orbits; they behave as smeared-out clouds of probability, and the “emptiness” of the atom is filled with electric fields so stiff that they hold up bridges and stop bullets. When your hand rests on a table, it is not the solid matter of the table that supports it but the fierce electrical repulsion between the electron clouds of your skin and the electron clouds of the wood. The atom is empty of stuff but full of force. Rutherford’s planetary model was a brilliant first sketch, soon to be refined by the quantum physics of Niels Bohr, but its central insight was permanent: the mass and the charge and the mystery all lived in the nucleus.

This was the discovery on which everything else would be built, for the energy that radioactivity had hinted at lived in that nucleus. The electrons on the outskirts governed chemistry — burning, rusting, the bonds that held molecules together, all the ordinary transformations of matter — and the energies involved were modest. But the nucleus was a different country, governed by forces enormously stronger, holding its positively charged components together against their mutual electrical repulsion with a binding energy millions of times greater than any chemical bond. To split or rearrange a nucleus would be to tap that binding energy. Rutherford had found the vault. The question now was whether anyone could ever open it.

The strangeness of that inner country is hard to overstate. Inside the nucleus, protons of the same positive charge are jammed together at distances so small that the electrical force driving them apart is ferocious — and yet they hold. What holds them is a force unknown to the nineteenth century, the strong nuclear force, which acts only across the tiniest of ranges but, within that range, overwhelms electricity many times over. It is a bit like a set of powerful magnets clamped together with an even stronger glue: pull them slightly apart and they fly asunder with enormous violence, but so long as the glue holds they sit packed in defiance of everything trying to blow them out. The energy stored in that glue was the prize. Rutherford had glimpsed its existence in the heat pouring endlessly from radium; now he had located its address. But knowing where the treasure lay was not the same as knowing how to reach it, and for two more decades the vault would stay shut, its lock resistant to every tool the physicists could bring against it.

Rutherford’s genius as a mentor deserves a word of its own, for the map of the atom was not his work alone but the work of a school he built around himself. He had an unerring eye for young talent and a gruff, generous way of drawing the best from it, and the roll of those who passed through his laboratories reads like a directory of twentieth-century physics: Niels Bohr, who would quantize the atom; James Chadwick, who would find the neutron; John Cockcroft and Ernest Walton, who would build the first accelerator to split a nucleus by artificial means; Hans Geiger; Patrick Blackett; and a dozen others who went on to Nobel Prizes of their own. It is said that eleven of Rutherford’s students and research associates became Nobel laureates — more than any other mentor in the history of science. He bellowed at them and teased them and worked them hard, and they revered him. When one of them once apologized for the modest scale of the equipment, Rutherford supposedly waved it away: “We haven’t the money, so we have to think.” Thinking, in that laboratory, turned out to be enough.

He himself doubted it could be done usefully. In 1919, by patiently bombarding nitrogen gas with alpha particles, he achieved the first deliberate transmutation of one element into another by human action — knocking a fragment out of the nitrogen nucleus and turning it into oxygen. He had become, as the newspapers put it, the first true alchemist, splitting the atom with his own hands. But the energies he could command were minuscule, the reactions absurdly rare, the yield far less than the energy he had to put in. To Rutherford this confirmed that nuclear energy, real as it was, would forever remain a laboratory curiosity. As late as September 1933 he told the British Association that anyone who looked to the transformation of atoms as a source of power was “talking moonshine.”

He was the greatest nuclear physicist alive, and on this point he was completely wrong — though he would not live to see how wrong, dying in 1937, two years before the discovery that proved it. His error is worth pausing on, because it was an honest one and a reasonable one, and it stands as a warning about how even the finest experts can be blind to the future of their own field. Rutherford was reasoning from the only methods he knew: chipping at nuclei one at a time with alpha particles, a process hopelessly inefficient because the positively charged alpha was repelled by the positively charged nucleus and rarely scored a hit — like trying to roll a marble uphill into a distant cup, against a slope that grows steeper the closer you get. What he could not foresee was a new kind of bullet, discovered in his own laboratory in the very year he called it all moonshine — a nuclear projectile that carried no electric charge at all, and so could slip into the heart of an atom unrepelled, like a thief through an unlocked door. That projectile was the neutron, and it would change everything Rutherford thought he knew. It is a strange irony that the very tool that would prove his “moonshine” verdict wrong was born, in 1932, under his own roof at the Cavendish Laboratory, in the hands of one of his own students.




Chapter 3: The Neutron Changes Everything

The man who found the neutron was a quiet, austere Englishman named James Chadwick, who had learned his physics the hard way. As a young researcher he had gone to Berlin in 1914 to study under Hans Geiger, and when the First World War broke out that August he found himself an enemy alien on German soil. He was arrested and spent the next four years interned in a converted racetrack stable at Ruhleben, on the western edge of Berlin, penned up with some four thousand other British civilians in horse stalls that still smelled of their former occupants. He was half-starved, chronically cold, and permanently marked by the ordeal in his health. Yet he refused to let his mind rot. With the help of a few sympathetic German scientists who smuggled in supplies, and using scavenged materials, he set up a makeshift laboratory in the stables and carried on doing experiments through the whole of the war. He returned to England gaunt, reserved, and prematurely aged, became Rutherford’s most trusted lieutenant at the Cavendish Laboratory in Cambridge, and spent more than a decade hunting a particle that Rutherford had predicted but no one could find.

The problem that drove the hunt was a bookkeeping discrepancy in the nucleus. By the late 1920s physicists knew the nucleus contained positively charged particles, the protons, which accounted for the atom’s charge. But the nucleus weighed roughly twice what its protons alone could explain. A helium nucleus carried two units of positive charge but weighed four units; something in there had mass but no charge. Rutherford had guessed, as early as a 1920 lecture, that there must exist a neutral particle, a proton and electron somehow bound together — he even gave it a name, the neutron — but it proved maddeningly elusive precisely because it was neutral. Charged particles announce themselves by the electrical havoc they wreak as they pass through matter, ripping electrons loose and leaving a wake of ionized atoms that instruments can register. A neutral particle leaves no such trail. It is a ghost, and for a decade the ghost eluded the finest detectors in the world.

The breakthrough came in 1932, and it came, as breakthroughs often did, from a result that someone else had gotten and misunderstood. In Germany, the physicists Walther Bothe and Herbert Becker, bombarding the light metal beryllium with alpha particles, had detected a strange, extremely penetrating radiation coming out. Then in Paris, Irène Joliot-Curie — daughter of Marie Curie — and her husband Frédéric found that this radiation could knock protons clean out of paraffin wax, and they concluded, wrongly, that it must be a very energetic form of gamma rays. When Chadwick read their paper one morning in February 1932, he recognized instantly that something was off, and he later recalled that his first reaction was to think it simply could not be right. He did the arithmetic and saw that it could not be gamma rays: massless light could not, by the laws of momentum, give such a violent kick to a proton, any more than a flash of light could send a billiard ball rolling. Something with real mass was doing the kicking.

What followed was one of the most concentrated bursts of experimental work in the history of physics. Chadwick had already built much of the necessary apparatus, and he flung himself at the problem, working through days and nights for something like ten days straight, sleeping only about three hours a night, firing beryllium radiation into targets and measuring the recoils. Within roughly two weeks he had it. The penetrating radiation was not gamma rays at all but a stream of neutral particles with almost exactly the mass of the proton — Rutherford’s ghost, caught at last. Chadwick was so drained that after he had finished laying out the whole discovery to his Cavendish colleagues one evening, he reportedly ended by saying that now he wanted to be chloroformed and put to bed for a fortnight. He dashed off a brief letter to the journal Nature titled “Possible Existence of a Neutron,” and within three years the discovery had won him the Nobel Prize.

It is hard to overstate what a gift this particle was to anyone who dreamed of reaching into the nucleus. Every previous attempt to probe the nucleus had used charged projectiles — alpha particles, protons — which the positively charged nucleus repelled. To overcome that repulsion required hurling the projectile with tremendous energy, and even then most shots missed, deflected away before they could strike. Recall Rutherford’s frustration: firing charged bullets at a nucleus was like trying to roll a marble uphill into a distant cup against a slope that grew steeper the closer you came. The neutron suffered no such handicap. Carrying no charge, it felt no electrical repulsion at all. It could drift up to a nucleus, even at a leisurely pace, and walk right in — a thief through an unlocked door, or a stranger who, wearing no uniform and carrying no weapon, strolls unchallenged past every guard. The neutron was the master key to the nucleus, and physicists across Europe and America seized it at once.

Enrico Fermi, in Rome, led the charge. He was a short, unassuming man of ferocious intellect and total practicality, equally gifted at abstruse theory and at building apparatus with his own hands — a rare double talent that made him, many said, the last physicist who was a master of both. Within two years of Chadwick’s discovery, Fermi and his young team — nicknamed “the Boys of Via Panisperna” after the street their institute stood on — had set out to bombard every element they could obtain with neutrons, working their way methodically up the periodic table to see what new radioactive substances they could create. The team was extraordinary: Emilio Segrè, Edoardo Amaldi, Franco Rasetti, Bruno Pontecorvo, and the strange, brilliant Ettore Majorana, who would vanish without trace in 1938. They divided the labor with an assembly-line efficiency, running samples down a corridor from the neutron source to the counters so fast that the short-lived radioactivity would not fade before they could measure it.

Then came one of the luckiest accidents in the history of science. The team began to notice that their measurements would not hold still: the same silver sample, irradiated in the same way, would show wildly different amounts of induced radioactivity depending on trivial-seeming details — even on which table it sat. Pontecorvo pinned down the strangeness: silver irradiated on a wooden table came out far more radioactive than the same silver on a marble table. On the morning of October 22, 1934, Fermi decided to test what happened if he interposed a block of lead between the source and the target, but at the last instant, on an impulse he could never fully explain, he set the lead aside and slid in a block of paraffin wax instead. The effect was spectacular: the radioactivity soared, in some cases by a factor of dozens or more. Fermi realized within hours what was happening. The paraffin, like the wood of the tables, was rich in hydrogen, and the neutrons were bouncing off the light hydrogen nuclei and slowing down — and a slow neutron, dawdling near a nucleus far longer than a fast one, was vastly more likely to be captured. That very afternoon, to confirm it, the team carried their apparatus out to a goldfish pond in the institute’s garden and irradiated their samples under water, and the water worked the same magic as the wax. The little fountain where they did it survives in Rome to this day, marked as a historic site. To picture why slow neutrons work better, imagine trying to toss a ball into a moving basket: a ball thrown too fast overshoots, but a ball lobbed gently, arriving just as the basket passes, drops neatly in. The slow neutron lingers long enough to be caught.

When Fermi’s team reached uranium, the heaviest element then known, they found something they could not quite interpret. Bombarding uranium with neutrons produced a confusing brew of new radioactive substances. Fermi suspected, reasonably, that he had created elements heavier than uranium — “transuranic” elements never before seen on Earth, made by uranium absorbing a neutron and then transmuting. He was cautious in print, but the Italian press was not, trumpeting that Fermi had manufactured a new element and proposing to name it after the Fascist regime. The transuranic claim helped win Fermi the Nobel Prize in 1938. He was also, it would turn out, partly mistaken in a way that concealed one of the most important discoveries in the history of science. Some of what Fermi was making was not heavier than uranium at all. It was much lighter — fragments of a uranium nucleus that had broken roughly in half. But neither he nor anyone else realized it, because the idea was, by the physics of the day, simply unthinkable. Here a common misconception is worth correcting: it is often said that Fermi “split the atom” first and failed to notice. In truth he almost certainly did split some uranium nuclei in 1934, but the products were buried in a chemical muddle no one could untangle, and — as would later emerge — a stray sheet of foil he used to shield his samples happened to absorb the very fragments that would have given the game away. Discovery is not only a matter of doing the experiment; it is a matter of being able to see what the experiment is telling you.

It is worth lingering on how close Fermi came, and on the peculiar way the truth hid itself from one of the sharpest minds of the century. The uranium experiments produced not one new radioactive substance but a tangle of them, each with its own half-life, and the young chemists on the team struggled to sort them out with the crude methods of the day. Fermi, ever the careful reasoner, worked out that some of the products behaved chemically in ways uranium’s neighbors on the periodic table could not explain, and concluded that he must be making elements beyond uranium. The logic was sound; only the premise — that a uranium nucleus could not break apart — was wrong. It is a humbling episode in the history of science, a reminder that even a Fermi, perhaps the most complete physicist of his generation, could stare directly at a world-changing phenomenon for four years and fail to name it, simply because the reigning theory told him it was impossible.

There was one chemist who refused to let the puzzle rest. Ida Noddack, a German researcher who had earlier co-discovered the element rhenium, read Fermi’s 1934 announcement and published a sharp objection: before claiming new transuranic elements, she wrote, one ought to consider the possibility that the uranium nucleus had broken “into several large fragments.” It was an astonishing intuition, years ahead of its time, and it was almost completely ignored. Noddack had no model to explain how such a thing could happen, the leading physicists found it implausible, and — it cannot be left out — she was a woman in a field that did not easily credit women. The idea sank without a trace. The nucleus, in the prevailing view, was a tough, tightly bound object; you might chip a small piece off it, but the notion that a stray neutron of modest energy could shatter it down the middle seemed as absurd as cracking a boulder with a thrown pebble.

There is a further irony worth recording about Fermi’s Roman idyll, for it would not last. The team of the Via Panisperna, that golden circle of young men who had transformed physics in a few brilliant years, was scattered by the same political darkness that was gathering over all of Europe. Mussolini’s alliance with Hitler brought racial laws to Italy in 1938, and Fermi’s wife Laura was Jewish; that autumn, using the pretext of traveling to Stockholm to collect his Nobel Prize, Fermi took his family out of Italy and did not return, sailing on to New York and a new life in exile. Segrè, also Jewish, was stripped of his post while abroad and stayed away; Pontecorvo would later defect to the Soviet Union; Majorana simply vanished, boarding a ship in 1938 and never being seen again, one of the enduring mysteries of modern science. Within a few years the men who had discovered slow neutrons at a goldfish pond in Rome were scattered across two continents, and several of them would find themselves working, with grim purpose, on the weapon that their playful Roman experiments had helped make possible.

By 1938, then, the pieces of an epoch-making discovery were lying scattered across the laboratories of Europe, unrecognized for what they were. Chadwick had supplied the perfect probe. Fermi had been firing it into uranium for four years and producing the very fragments that would prove fission, while believing he was making something else entirely. Noddack had named the correct answer and been brushed aside. The neutron had changed everything; it had given humanity, at last, a tool that could reliably reach the energy locked in the nucleus. And it remains our master key today: the neutrons streaming through the core of every nuclear power plant, the neutron beams that let scientists map the atomic structure of proteins and jet-engine blades, the neutron logging tools that oil companies lower into boreholes to find hydrogen-rich crude — all of them are the direct descendants of the ghost Chadwick chased for a decade and caught in a fortnight. What remained, in 1938, was for someone to look at the confusing uranium results, identify one of the mysterious products correctly, and dare to draw the impossible conclusion. That final step would be taken in Berlin, in the last weeks of 1938, by a careful radiochemist and his exiled partner — and it would be taken, with grim appropriateness, in the capital of a regime already preparing to plunge the world into its second and most terrible war.




Chapter 4: Christmas in Stockholm: Fission Is Named

The discovery of nuclear fission was made by a team that the Nazi state had just torn in two. For thirty years Otto Hahn, a meticulous German radiochemist, had worked in Berlin alongside Lise Meitner, an Austrian physicist of rare theoretical gifts and the second woman ever to earn a doctorate in physics from the University of Vienna. Theirs was one of the great scientific partnerships, Hahn the chemist who could identify substances by their reactions, Meitner the physicist who understood what the reactions meant. When they first began working together in 1907, Meitner was not even allowed to enter the institute through the front door or to work in the same rooms as the male chemists; she was consigned to a converted carpentry workshop in the basement, with a separate entrance, and had to use a restaurant down the street when she needed a lavatory. She endured it, and rose, until by the 1920s she was one of the most respected physicists in Germany and the head of her own department. But Meitner was Jewish by ancestry, and after Germany annexed Austria in March 1938 her Austrian citizenship no longer shielded her from the racial laws. In July 1938, with the borders closing and the SS beginning to bar Jewish academics from leaving, she fled the country with two small suitcases and, by one account, a diamond ring Hahn pressed on her in case she needed to bribe a guard. Colleagues smuggled her across the Dutch frontier on an ordinary train, hearts in their mouths at every checkpoint. She landed, a stateless refugee at fifty-nine, in Sweden, isolated and underfunded, given bench space but little else at a Stockholm institute where she did not speak the language — while in Berlin Hahn carried on the uranium experiments without her.

It was Hahn, with his younger assistant Fritz Strassmann, who in December 1938 produced the decisive result. They had been following Fermi’s lead, bombarding uranium with neutrons and trying to sort out the bewildering products by careful chemistry. Among the substances they detected was one that behaved, chemically, exactly like barium — an element from the middle of the periodic table, with a nucleus little more than half the size of uranium’s. To confirm it, they used a classic technique: they added ordinary barium to the sample as a “carrier” and found that the mystery radioactivity followed the barium through every chemical step, inseparable from it, which meant it was barium in all but name. This made no sense. You could chip small particles off a heavy nucleus, but you could not, supposedly, knock out a chunk as large as barium. Hahn checked and rechecked, suspecting contamination or error, running the separations again and again over several exhausting weeks. The chemistry was unambiguous: the product was barium. On the twenty-first of December he wrote to Meitner in despair and excitement, describing the result and pleading for an explanation. “Perhaps you can suggest some fantastic explanation,” he wrote. He and Strassmann understood, he admitted, that uranium “really can’t break up into barium.” He trusted her, as he always had, to tell him what his own data meant.

Meitner received the letter as she prepared to spend a bleak first Christmas in exile in the small Swedish coastal town of Kungälv, where her nephew Otto Frisch, himself a refugee physicist working under Niels Bohr in Copenhagen, had come to keep her company. Frisch found his aunt frowning over Hahn’s letter at breakfast and wanted to dismiss the barium result as some blunder; Meitner insisted that Hahn was far too good a chemist to be wrong, and that the barium had to be taken seriously. The two of them went out into the snowy woods to think it through — Frisch on skis, Meitner walking briskly alongside — arguing the impossible result back and forth. At length they stopped, sat down together on a fallen tree trunk in the snow, and Frisch pulled out scraps of paper. And there, on a log outside Kungälv on a winter morning, aunt and nephew worked out what had happened.

The key was a model of the nucleus that both had absorbed from Niels Bohr: the idea that a large nucleus behaves not like a hard, brittle solid but like a wobbling drop of liquid, held together by a kind of surface tension — the strong nuclear force — and pushed apart by the electrical repulsion of its many protons. Meitner sketched it as a circle. In a heavy nucleus like uranium, with its ninety-two protons all shoving against one another, that electrical repulsion very nearly cancels the surface tension holding the drop together. The nucleus is poised, barely stable, like a water balloon filled so full that the slightest jostle threatens to burst it. Now let a single neutron slip in and add its energy. The drop begins to oscillate, to stretch into an elongated, dumbbell shape. And once it stretches far enough, the electrical repulsion between the two bulging ends overwhelms the weakening surface tension at the narrow waist, and the drop pinches in two — splitting into two medium-sized nuclei that fly apart with tremendous violence, driven by their mutual electrical repulsion. One of those fragments was Hahn’s barium; the other, they realized, must be krypton, a gas, which was why it had slipped through the chemists’ fingers.

Here it helps to correct a misconception that the very word “splitting” tends to plant. People often imagine fission as a kind of clean karate chop, the neutron a blade that cleaves the nucleus cleanly in two. Nothing so tidy occurs. The incoming neutron does not cut anything; it is absorbed, swallowed whole, and the energy it brings sets the whole overloaded drop trembling and heaving until the drop’s own internal forces tear it apart. The nucleus is not cut from outside but ruptured from within, the way an overinflated balloon does not wait to be popped by a pin but bursts of its own straining pressure. And the two pieces are almost never equal halves; the split is lopsided, one fragment consistently larger than the other, which is why Hahn found barium, roughly ninety units of charge short of a clean bisection, rather than two identical middleweight nuclei. Small details like this would matter enormously later, when engineers had to predict exactly which poisonous fragments a working reactor would breed.

Then Meitner did the calculation that made the discovery world-historical. She had by heart the “packing fractions,” the tables of nuclear masses, and she reckoned that the two fragments together would weigh slightly less than the original uranium nucleus — about one-fifth the mass of a proton had gone missing. Using Einstein’s famous equation relating mass and energy, she saw that the vanished mass must have reappeared as energy, and she computed how much: about two hundred million electron volts released for every single atom that split. The number was so large compared to any ordinary nuclear reaction that Frisch could scarcely credit it. To feel what it means, Frisch himself later reached for an image: the energy from one splitting uranium atom, tiny as it is on a human scale, would be just enough to make a visible grain of sand give a distinct jump. A single atom, one of the countless trillions in a speck of dust, could visibly move a grain of sand. And uranium was an ordinary element, available by the ton. If one could split not a single atom but the countless atoms in a mere handful of uranium, the energy released would be on a scale never before contemplated in human history.

It is worth appreciating just how good a chemist Hahn had to be to detect what he detected, and how easily the whole discovery might have slipped away unseen. The barium he found was present in vanishingly small amounts, a few atoms among a swarm of other radioactive products, identifiable only by the way it clung to ordinary barium through a precise sequence of chemical operations. Hahn and Strassmann had spent years perfecting exactly these techniques of separating and identifying trace substances, and it was that painstaking craftsmanship — not any dramatic flash of insight — that let them see the impossible barium at all. Fermi, four years earlier, had almost certainly split uranium in Rome without knowing it, because he lacked the chemical means to pick the fragments out of the confusion. The moral is one that recurs throughout the story of the bomb: great discoveries are not only conceived, they are painstakingly detected, and the detecting often demands as much genius as the conceiving. Meitner would supply the “why,” but without Hahn’s meticulous “what,” there would have been nothing for her to explain.

Frisch hurried back to Copenhagen, bursting with the news, and caught Niels Bohr just as the great Danish physicist was about to sail for America. He had barely begun to explain when Bohr struck his own forehead and cried out, in effect, “Oh, what fools we have all been! But this is wonderful! This is just as it must be!” The explanation was so simple, so obviously right once stated, that everyone who heard it wondered how they could have missed it for years. Back in his laboratory in Copenhagen, Frisch resolved to catch the flying fragments directly. He rigged an ionization chamber — a device that registers the electrical disturbance of a fast-moving charged particle — and exposed uranium to neutrons, and on his instruments there appeared great surges of voltage, far larger than any ordinary radioactive decay could produce: the electrical shout of fragments hurtling apart with two hundred million electron volts of energy. The theory of the log in the snow had been confirmed at the bench in a single night. Casting about for a name for the process, Frisch asked an American biologist visiting Copenhagen what one called the division of a living cell into two. The answer was binary fission. Frisch borrowed the word. Nuclear fission it would be.

Meitner and Frisch wrote up their explanation as a short letter and sent it to Nature, where it appeared on the eleventh of February, 1939 — the paper that introduced the word “fission” to the world and supplied, in a few paragraphs, the theory behind everything that would follow. It is worth marveling that the entire conceptual heart of the atomic age — the liquid-drop model, the release of two hundred million electron volts, the missing mass converted to energy — was worked out not in a well-funded laboratory but by two refugees, an aunt of fifty-nine and her nephew, arguing over scraps of paper on a fallen log during a Swedish Christmas, one of them a woman the greatest scientific establishment in the world had just cast out.

There is a poignant injustice at the heart of the story, and it deserves to be told plainly. When Hahn published the chemical discovery in early January 1939, he did so under his own name and Strassmann’s; Meitner, the exiled Jew who had led the joint program for years and who supplied, with Frisch, the theoretical explanation without which the chemistry was a meaningless anomaly, was left off the papers — partly from the political impossibility of crediting a refugee “non-Aryan” in Nazi Germany, partly from Hahn’s own caution and, it must be said, his ambition. As the years passed he increasingly spoke of fission as a discovery of pure chemistry, his and Strassmann’s alone. In 1944 Hahn was awarded the Nobel Prize in Chemistry for the discovery of fission, and he alone. Meitner, whom Einstein had admiringly called “the German Marie Curie,” and who had every right to share the honor, was passed over entirely — an omission that historians of science now regard as one of the clearest injustices in the Nobel record. She bore it with dignity and never publicly reproached her old partner, though privately the wound never fully healed, and after the war she quietly noted that Hahn had “simply pushed it all away” from his memory. There is a further, redeeming fact often forgotten: after the war Meitner refused every invitation to work on the American bomb, declaring flatly, “I will have nothing to do with a bomb.” Decades later her contribution would be honored in the surest currency science offers. Element 109 was named meitnerium in her honor, making her one of the very few scientists — and the only non-Nobel woman — to have an element named after her not as part of a place or a myth but for her own work. In the long verdict of history, the refugee got her due.

But all of that lay in the future. In January 1939 the news was simply this: the nucleus of uranium could be split by a single neutron, and the splitting released an enormous burst of energy. The word spread with astonishing speed. Bohr carried the discovery to a physics conference in Washington that January, and physicists who heard him describe it rushed out of the room mid-session, back to their own laboratories, to see the fission fragments for themselves before the night was out — and up and down the American East Coast that week, in Washington, in New York, at the Carnegie Institution, they succeeded, each confirming with their own instruments the electrical shout Frisch had first heard in Copenhagen. The discovery was beautiful, and it was public, and it was shared freely across borders, as physics had always been. You meet it still every time you flip a light switch fed by a nuclear plant, for every reactor on Earth runs on precisely the process Meitner and Frisch named on a frozen log: uranium nuclei splitting, one after another, and giving up the two hundred million electron volts that Meitner reckoned in her head. But in the winter of 1939 almost no one was thinking about electricity. A few of the sharpest minds in the field had already begun to ask the question that turned a beautiful discovery into a nightmare. If splitting a uranium nucleus releases energy and throws off spare neutrons — and surely, they reasoned, it must — then might those liberated neutrons go on to split other nuclei, which would throw off more neutrons, which would split still more? Might the process, once started, feed and multiply itself? Might it run away?




Chapter 5: The Secondary Neutrons

The man who saw the danger most clearly, and earliest, was a restless Hungarian physicist named Leó Szilárd, who had been worrying about exactly this possibility for five years before fission was discovered. Szilárd was one of a remarkable cluster of Hungarian-Jewish scientists — together with the mathematician John von Neumann, the physicist Eugene Wigner, and the physicist Edward Teller, they were half-jokingly called “the Martians,” so brilliant and so strangely accented that colleagues joked they must come from another planet who had learned to imitate humans imperfectly. All had fled Europe ahead of the Nazi tide and brought their gifts to Britain and America. Szilárd was the most prophetic and the most peculiar of them. He kept his belongings in two packed suitcases, ready to flee at an hour’s notice, and lived much of his life out of hotel rooms; he did much of his best thinking, a friend remembered, soaking for hours in a hot bath. He had a habit of thinking decades ahead and an almost physical inability to stop talking once he had an idea, together with a maddening tendency to be right. And in the autumn of 1933, while crossing a London street, he had had the idea that would define the rest of his life.

That morning he had read in The Times an account of a speech by Ernest Rutherford, who had once again scoffed at the notion that atomic energy would ever be harnessed — anyone who expected power from the transformation of atoms, the old man had said, was “talking moonshine.” The dismissal nettled Szilárd, who was staying at the Imperial Hotel in Bloomsbury and set out for a walk to think it over. As he waited to cross Southampton Row, near Russell Square, on a day in September 1933, the traffic light turned from red to green, and as he stepped off the curb the whole idea arrived at once, fully formed. If there existed some element that, when struck by one neutron, would absorb it and emit two neutrons, then a self-sustaining nuclear chain reaction was possible. One neutron in, two out; those two strike two more nuclei, releasing four; those four release eight, then sixteen, then thirty-two — a geometric doubling that, in a sufficient mass of the right material, would build with terrifying speed into an explosive release of energy, or, if tamed, into a steady source of power. To feel the ferocity of such doubling, consider the old riddle of the grain of rice on a chessboard: one grain on the first square, two on the second, doubling each square, and by the sixty-fourth square the pile would bury a country. A fission chain reaction does its doubling not across sixty-four squares but across roughly eighty “generations” of neutrons, and it does the whole of it in less than a millionth of a second. That is what an atomic explosion is: the chessboard, filled in the blink of an eye.

Szilárd grasped the whole concept in that instant on the curb, years before anyone knew of an element that would actually do it. He understood its destructive potential at once — he had, after all, read H. G. Wells’s prophetic novel of atomic war — and he was frightened by it. In a gesture that reveals both his foresight and his conscience, he filed for a patent on the chain-reaction concept in 1934 and then, once it was granted, assigned it secretly to the British Admiralty, specifically so that the idea would not enter the public record where any government might seize on it. “Knowing what this would mean — and I knew it because I had read H. G. Wells — I did not want this patent to become public,” he explained. He had no element to put in his patent. He simply knew, abstractly, that such a thing might be built, and he wanted to control it before it existed. For years his colleagues regarded him as a brilliant crank, chasing a doubling reaction for which no real substance had ever been found.

When fission was discovered at the start of 1939, Szilárd, then newly arrived in New York, understood instantly that the missing ingredient might have arrived. The uranium nucleus, in splitting, was very likely to fling out exactly the spare neutrons his chain reaction required — for a heavy nucleus, greedy for neutrons to hold it together, would find itself with a surplus of them once it broke into lighter pieces, and would shed the extras
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