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INTRODUCTION


ON 14 DECEMBER 1940, at a laboratory in Berkeley, California, scientists crowded around a machine that appeared to have lumbered free from the pages of a science fiction magazine. It consisted of two great cylinders, resembling torpedo tubes tapering to lance-like points, which fired infinitesimally small projectiles into a spiral channel trapped between two massive discs. These discs generated intense electromagnetic fields, which accelerated the particles to unimaginable velocities and smashed them against other particles with terrible violence. Led by future Nobel prize-winning American physicist Glenn Seaborg, the team of scientists activated the machine, throwing the switches that would unleash immense energies to forge within the strange crucible an entirely novel substance. The machine was a cyclotron – a particle accelerator or “atom smasher” – and from it Seaborg and his team would extract a minute quantity of something extraordinary, a new element from beyond the uttermost extremes of the Periodic Table.


It would be another 19 months until enough of the new “element 94” could be synthesized to gather a visible amount; months in which America had been plunged into a world war and begun to focus the full might of its scientific and industrial power on a top secret research programme to create the ultimate weapon. This programme, known as the Manhattan Project (see Chapter 1), would eventually lead to the design and construction of atomic bombs, but before this could happen it was necessary to invent new technologies and even new elements. To this end, Seaborg had now relocated to the Metallurgical Laboratory at the University of Chicago, and it was here, on 20 August 1942, that he recorded in his journal:




today was the most exciting and thrilling day I have experienced. Our microchemists isolated pure element 94 for the first time ... It is the first time that element 94 has been beheld by the eye of man.





By this time element 94 had a name, derived from the ancient Roman god of the Underworld: plutonium. In appearance plutonium is unremarkable, a silvery-grey metal that quickly tarnishes when exposed to air, but hold some in your hand and you will notice something strange; it is warm to the touch, for it continually generates heat. If you dropped a pellet of it on the surface of the miles-thick ice sheet at the South Pole, and left it for long enough, it would melt its way down to the bedrock. The source of this apparently inexhaustible energy is radioactivity, the phenomenon whereby unstable atoms spit out high-energy particles and electromagnetic rays. For a crash course in the science and terminology of nuclear fission, and a potted history of the development of nuclear science and the race to build the atom bomb, see the Appendix on page 355.


The dream of harnessing nuclear energy has led to the creation of a vast industry, which leverages the power of colossal machines and extreme engineering to tame the unruly energies of radioactivity and bend them to the generation of power for humanity. Yet plutonium was created to cause death and destruction on an unprecedented scale, and even before it was deployed in the heart of a bomb, it had been clandestinely injected into unwitting human guinea pigs, as part of a controversial programme of human experimentation with lethal consequences. Both edges of this nuclear sword were all too apparent from the very beginning.


This book is about the double-edged nature of nuclear power; its lurking threat, its unpredictability, and its potential for sudden and destructive outbursts, which can erupt more quickly than human thought. It is about the constant struggle to make safe the most dangerous force on Earth, the relentless effort to guard against every slip or unguessable calamity; and about the many, tragic times that this effort has failed. Some of these instances are grim milestones in global history, names and places that will reverberate for generations to come: Three Mile Island, Fukushima, Chernobyl. Some are barely known at all: Cecil Kelley, Hisashi Ouchi, Louis Slotin. In each case, this book recounts the human narratives of those caught in the disasters, and explains in clear and accessible language the scientific and technological details that led them there.


The story of nuclear accidents is almost as old as nuclear science. As soon as humankind had the ability to gather together in one place enough radioactive material for a nuclear chain reaction to occur, the danger loomed that such a reaction would run riot and smite those presumptuous enough to seek to control it. To the scientists engaged in these early experiments, such perilous visits to the edge of the nuclear precipice were known as “tickling the dragon’s tail”; an acknowledgement that one misstep could lead to getting fatally burned. In essence, all subsequent attempts to manage nuclear power have been versions of tickling the dragon’s tail, and in this book you will learn about all the ways in which that monster can be roused, and the consequences – human, environmental, financial and industrial – of unleashing its fury.









Chapter 1


EXPLORERS OF NEW WORLDS: 1944–45


IN THE late spring of 1944, a visitor to the train station of the small New Mexico town of Lamy might witness a procession of unusual arrivals. Dozens of highly educated young men and women, excited, tired after a long journey that might have brought them across an entire continent, and probably more than a little disoriented, would tumble off trains of the Atchison, Topeka and Santa Fe Railway to stand blinking in the desert sun. These visitors were directed to 109 East Palace Avenue in Santa Fe, some 16 kilometres (10 miles) up the road, and would make their way there to find a seventeenth-century, Spanish hacienda-style building located just off the main plaza. Inside, amidst a hubbub of noise and activity, they would be greeted by the friendly and reassuring presence of Dorothy Scarritt McKibbin. She would hand over passes and ID badges, assign living quarters and take charge of deliveries, and then send the new arrivals on their way.


By bus and automobile, the new recruits would wind their way along a 56 kilometre (35 mile) road that led up to an isolated mesa, the Pajarito Plateau, or, as its inhabitants knew it, “the Hill”. When they arrived, they would see a small, white-painted clapboard shack bearing a large sign: “Los Alamos Project, Main Gate”. Dorothy McKibbin, the First Lady of Los Alamos, dispatched an average of 67 people a day to the secret site on the Hill. Robert Oppenheimer, the man in charge, called her his “Gatekeeper”, and relied on her to ensure the orderly flow of people and mail to the site codenamed Project Y, known today as Los Alamos National Laboratory after the small college and ranch compound that originally occupied this remote region of the New Mexico desert. Project Y had been established with one goal in mind: to produce an atomic bomb. The Los Alamos site had opened for business in early 1943, its population reaching around 3,500 by the end of the year, growing to 5,675 by the end of 1944, 8,200 a year later and 10,000 by the end of 1946.


During the Second World War, the top-secret research town had no official name or address; it did not appear on any map, and its only postal designation was a single PO Box, numbered 1663. All of the mail for the entire project came to this one address, and it was the only geographical information included on the birth certificates of the many babies born on the Hill during the Manhattan Project. So many baby baskets were ordered to this one PO Box that the delivery men of the main mail-order supplier, Sears, Roebuck & Co. were said to have become suspicious. Many of the boffins who worked at Los Alamos were science-fiction buffs, with the consequence that multiple subscriptions for the leading sci-fi pulp magazine, Astounding Science Fiction, were registered to this single address. In March 1944, the magazine’s editor, John W. Campbell, came under investigation because a story he had overseen, “Deadline”, was deemed to be suspiciously accurate in regard to technical details concerning uranium isotope separation. Campbell loved to tell the tale of how intelligence officers had grilled him in his office, oblivious to the fact that, pinned to the wall behind him, was a map of subscribers with a cluster of pins around an obscure location in New Mexico.


The new arrivals with whom McKibbin dealt included engineers, military police, soldiers, constructors and scientists of every field, from metallurgy and chemistry to mathematics and nuclear physics, ranging in age from 19 to 59. They included many of the greatest minds in science. Oppenheimer’s weekly discussion groups might include up to six Nobel Prize winners, along with luminaries such as Richard Feynman, Edward Teller and John von Neumann. Talented men and women were brought together for a single overarching purpose, to build an atom bomb, but in order to achieve this they would have to develop new technologies and explore an entirely new world of science, one fraught with danger and unpredictable hazard.


Los Alamos was just one cog in the great machine of the Manhattan Project, which extended to vast industrial enterprises dedicated to the enrichment of uranium ore and the production of plutonium. The titanic labours pursued at enormous plants at Oak Ridge in Tennessee and Hanford in Washington state culminated in tiny quantities of precious radioactive core material, including U-235 and plutonium, being delivered to Los Alamos. Here there were teams working on two bomb designs; the gun-type design used to create Little Boy, the U-235 fission bomb that would be dropped on Hiroshima, and the implosion-type design of Fat Man, which would be dropped on Nagasaki.


Plutonium and heavily enriched uranium were effectively entirely new phenomena in the history of the Earth, let alone science, and many questions about the behaviour and response of such materials remained to be answered. So alongside teams perfecting the designs of the actual bomb devices, Los Alamos was also the site of feverish experimentation on the fissile material, as scientists sought to get a better understanding of what happens when fissile material goes critical, and the effects of different shielding, reflecting and tamper materials (tamper is a dense material, the inertia of which slows the expansion of reacting material to keep it together for longer, increasing the efficiency and yield of any explosion).


The first radiobiological accident on the Hill occurred in the summer of 1944. A young American chemist, Donald F. Mastick, was studying the chemistry of plutonium, which at that time was available only in minute quantities. On 1 August, Mastick was studying a vial of plutonium under a microscope. The vial exploded, spraying some of the highly toxic material into his mouth. It was estimated that he had swallowed about 10 micrograms of plutonium. Plutonium emits alpha radiation, which consists of alpha particles: relatively large, heavy, charged particles. These cannot travel far before smashing into something, making them easy to shield against (even a blade of grass will block an alpha particle). Their size, however, makes them an especially damaging form of ionizing radiation, since when a heavy alpha particle collides with an atom or molecule it is highly likely to damage it and knock off electrons. Alpha particles are 20 times more dangerous to human tissue than, for instance, gamma rays at the same dosage level. Thus, if an alpha-emitting plutonium particle can get close enough to biological molecules, it can do enormous damage to them, and this was precisely the danger facing Mastick. Even the very tiny amount he had ingested had the potential to wreak havoc on his delicate internal tissues, killing many cells and causing carcinogenic changes to others.


The director of the Health Group at Los Alamos was Louis Hempelmann, a young doctor from St Louis. The Health Group was the department in charge of what was euphemistically known as “health physics” – a brand new field covering radiation poisoning, exposure and dose regulations, and health and safety. Hempelmann would be a recurring actor in the radiobiological dramas that would unfold at Los Alamos. Called to the scene, Hempelmann promptly had Mastick’s stomach pumped and his mouth heavily washed; he suffered no lasting damage and lived to the age of 87. The task of recovering the valuable plutonium from the stomach contents fell to the unfortunate Mastick himself. The incident was something of a wake-up call to Hempelmann’s group; so little was known about the physiology and science of radiation exposure that Hempelmann himself called the state of radiobiology “primitive” and instigated an energetic programme of health physics research at Los Alamos.


One of the eminent scientists – many of them emigrés or even refugees from Europe – brought to Los Alamos was Otto Frisch, the Austrian-born physicist who had coined the term “fission” to describe the process that was the focus of the entire Manhattan behemoth. It was Frisch who, in conversation with his aunt Lise Meitner, had first explained the process of fission of the uranium nucleus in 1938 and calculated the extraordinary energies that it could unleash (see page 362). At the time, Frisch had been working in Copenhagen in the laboratory of Niels Bohr, becoming a leading expert in the physics of neutrons. With the outbreak of war, Frisch had found himself at Birmingham University in England, where he worked with Rudolf Peierls to produce the Frisch-Peierls Memorandum, the first document to set out exactly how a fission bomb might work and what the effects would be. Frisch had then worked for the British Tube Alloys project, the forerunner of the Manhattan Project, into which it was subsumed. Thus it was that in 1943 Frisch arrived in America as part of the British delegation sent to join Manhattan, and in 1944 he was posted to Los Alamos.


His engaging memoir, What Little I Remember (1980), gives something of the flavour of the time and the people at that extraordinary place. Frisch recalled, for instance, the division of labour at dinner parties, where he and other musically inclined scientists would wander in and start playing, evolving from solo performers to duet to trio as more people arrived. Meanwhile other scientists would be at work in the kitchen producing meals; occasionally the musicians would pause to consume a dish as it was served, before they returned to their instruments and the chefs to the kitchen. “That was repeated three or four times,” Frisch recalled, “and the party ended around eleven o’clock, with well-filled stomachs and ears full of Beethoven and Mozart.” With such a vibrant community of like-minded souls gathered at a remote location, there was plenty of opportunity for socializing. Frisch was inundated with offers, but his absent-mindedness caused problems: “I was once reduced to the expedient of sending a message over the paging system: ‘Will the person who invited Otto Frisch to dinner please phone the number of his room’.”


At Los Alamos, Frisch had the vital task of leading the Critical Assemblies group, and it was their job to discover exactly how much enriched uranium would be needed to make the core for the Little Boy bomb. The Frisch-Peierls Memorandum had supposed a critical mass of pure U-235, but obtaining pure U-235 was prohibitively difficult and inefficient. Instead the plan was to take uranium ore, which, in its natural state, typically contains little more than 0.7 per cent U-235, and enrich it to concentrations of 80 per cent or higher. With the help of reflector material (substances that would reflect escaping neutrons back into the reactive mass, thus increasing the probability of neutron capture by a fissile nucleus) it was possible to achieve criticality with a lower mass than would otherwise be needed, but the reflector layer added yet another variable to the complex calculus of criticality. The Critical Assemblies team worked to understand exactly how much of this enriched uranium would be needed to achieve critical mass with the help of reflectors, and how it would behave once it reached criticality. This was dangerous work; research on the very edge of disaster, and Frisch himself was one of the very first to discover just how easy it would be to stray across that edge.


Another of the ingenious schemes devised to decrease the mass needed for criticality was to mix the enriched uranium metal produced by the Oak Ridge plant with hydrogen-rich material to make uranium hydride. The hydrogen atoms in such a compound acted as moderators, slowing fast neutrons so that they could be more easily captured for fission, and thus increasing the efficiency of the chain reaction. Frisch’s team used small blocks of uranium hydride roughly 3.8 centimetres (1½ inches) long to build Jenga-like cubic arrangements, constructing by hand a simulated atomic bomb core. As the construct neared the critical mass needed to sustain a chain reaction, so the danger of working with it increased. But dividing the material into small blocks gave the experimenters fine control over the critical threshold; adding a block might push the assembly to the very brink of going supercritical, and it would be relatively easy to subtract the fraction of the assembly necessary to dip back below the threshold. This at least was the thinking of the scientists, but it was a classic instance of hubris. The American physicist Raemer Schreiber, who worked at Los Alamos and was in the room with Louis Slotin when he received a fatal dose of radiation from the “Demon Core” (see page 37–38), recalled of such assemblages:




You get fooled by the fact that they [are on the brink of going] critical; everything’s kind of interesting. The counters go up; you move something off and the counters go down. It’s a tantalizing sort of business. But if you go past critical – I don’t know what the multiplication rate is, but it’s far faster than human reactions.





In late 1944, a student was helping Frisch with what he called “an unusual assembly”, known as the Lady Godiva assembly because it was “naked”, in the sense of comprising uranium hydride blocks without any reflector around them. The experiment involved stacking several dozen of the little bricks and measuring the neutron flux as it approached criticality: “this was a good way to test the reliability of our calculations”. Safety measures were limited to “little red signal lamps”, which blinked every time the neutron counting meter registered a neutron. As Frisch placed more blocks onto the little pile, the neutron flux increased, and he and the student “both watched the little red signal lamps blinking faster and faster and the meter clattering with increasing speed”. To his surprise, the meter suddenly stopped. Looking up, Frisch saw that the student had unplugged it. Leaning forward, he called out to the young man, “Do put the meter back, I am just about to go critical.” This was truer than he realized. By getting closer to the assembly, Frisch had himself become a reflector; the hydrogen atoms in his body reflected back enough of the neutrons escaping from the assembly to tip it over the edge of criticality. “At that moment,” he recalled, “out of the corner of my eye, I saw that the little red lamps had stopped flickering. They appeared to be glowing continuously. The flicker had speeded up so much that it could no longer be perceived.”


Thinking fast, Frisch swept his hand across the top of the assembly to knock off some of the hydride blocks, “and the lamps slowed down again to a visible flicker”. He realized immediately what had happened, and although he had felt nothing, running the radioactivity counter over some of the blocks showed that their activity “was many times larger than what should have accumulated if that little incident hadn’t occurred”. Frisch calculated that, for the two seconds in which his body had been acting as a reflector, the reaction rate had been increasing by around a hundred times a second. “Actually the dose of radiation I had received was quite harmless, but if I had hesitated for another two seconds before removing the material (or if I hadn’t noticed that the signal lamps were no longer flickering!) the dose would have been fatal.” Frisch’s assessment that the dose was “quite harmless”, when even by the lax standards of the wartime era he had absorbed in two seconds a full day’s permissible dose, was typical of the somewhat cavalier attitude to radiation in the early years.


This attitude would again be demonstrated in the next, more serious incident to go awry at Los Alamos. On 4 June 1945, researchers were running an experiment to recreate the conditions that might obtain if a mass of enriched uranium were to be submerged in water, a genuine risk given that Little Boy was to be deployed in the Pacific Ocean region. Hydrogen-rich water acts as a moderator for neutrons, which is why many nuclear reactors feature cores sitting in water. Moderators increase the efficiency of fission and thus lower the critical threshold, so that dunking a sub-critical mass of enriched uranium might well risk sending it critical, effectively turning it into a nuclear reactor.


To test how a borderline-critical assembly would react to being submerged in water, 35.4 kilograms (78 pounds) of 83-per-cent-enriched uranium cubes were stacked inside a plastic shell and placed inside a steel tank. On top of them was a polonium-beryllium source – an external neutron generator to act like a starter motor for the fission process. Pipes running in to the bottom of the tank allowed water to be fed in and drained. As the experiment began, according to a 1971 review prepared by the Los Alamos Scientific Laboratory, “the immediate supervisor was absent from the scene”. The two men operating the water valves began to fill the tank. As the water reached the level of the top of the polonium-beryllium source, the neutron counters showed that the rate of neutron production began to rise. Initially this seemed in line with expectations, but within seconds the count began to increase “at an alarming rate”. As the Manhattan District History (the official record prepared by the Manhattan Project itself) laconically recorded, “The critical condition was reached sooner than expected”. At that precise moment the experiment supervisor returned, walked within a metre of the tank and noted a tell-tale blue glow surrounding the tank. Fortunately for him and the other two men, they had already switched the valves so that the water began to drain out of the tank. The building was immediately evacuated, and the three men were taken away for observation. Two of them were assessed to have received radiation doses of about 66.5 rem, while the other had received about 7.4 rem. For comparison, the International Commission on Radiological Protection recommends an annual limit of 2 rem per year averaged over any five-year period, while 10 rem is the standard five-year limit for nuclear industry workers in the West today. See Appendix for more on rem and other units of radiation exposure.


According to the Los Alamos review, “no untoward symptoms appeared”, while the Manhattan District History remarked merely that, “No ill effects were felt by the men involved, although one lost a little of the hair on his head.” By the lackadaisical standards of the day, radiation-linked hair loss was apparently not considered “untoward”. The uranium core itself became too radioactive to be used for a few days, but other than this the research team got off lightly.


Indeed, at this stage it was possibly the case that working with radioactive material was one of the less lethal pastimes at Los Alamos. Among the roughly two dozen tragic but comparatively mundane fatalities to be expected on a wartime project involving large-scale construction, there were some more unusual deaths, including two that were recorded as “accidental shootings”, two from “self poisoning” (presumably suicide) and three from drinking ethylene glycol, possibly as a result of drinking “moonshine” (homemade spirits). Alcohol was officially prohibited on the Hill, which surprised Otto Frisch when he found out because of the ubiquity of boozing among the well-paid scientists. He personally resolved to quit drinking for good after catching himself absent-mindedly pouring a glass of tequila one morning. “Much later I learned it was against the rules to bring liquor to Los Alamos,” he recalled, “but everybody did.”


Frisch’s run-in with a critical assembly might have daunted other souls, but instead he upped the ante, contriving a way to run experiments on assemblies that genuinely and deliberately crossed the threshold into criticality. By early 1945, he recalled, “enough uranium-235 ... had arrived on the site ... to make an explosive device”. Frisch wanted to test his team’s calculations and predictions with a scenario that was “as near as we could possibly go towards starting an atomic explosion without actually being blown up”. Accordingly, he came up with an ingenious experimental design. A near-critical mass of uranium hydride would be assembled, but with “a big hole so that the central portion was missing; that would allow enough neutrons to escape so that no chain reaction could develop.” The idea was to drop the “missing part”, also known as the slug, through the middle of the doughnut-shaped assembly. As it fell, “for a split second there was the condition for an atomic explosion, although only barely so”. Today this set-up is known as a pulsed fission reactor, since it produces only a pulse of criticality.


The frame that was constructed to hold and drop the plug was known as the “guillotine”, coining one moniker for the experiment, but it is best known as the Dragon experiment, thanks to the physicist Richard Feynman. Despite his youth, the future Nobel laureate Feynman was on the council of senior scientists who assessed submissions for experiments on the Hill. Frisch recalled that Feynman received the proposal “with a chuckle” and described the audacious experiment as being “like tickling the tail of a sleeping dragon”. Speaking many years later to a gathering held to honour his work on the Dragon experiment, Frisch likened his motivation to “the curiosity of the explorer who has climbed a volcano and wants to take one step nearer to look down into the crater but not fall in!”


Dangerous experiments at Los Alamos were conducted at remote sites; Frisch’s groups worked at a laboratory in Omega Canyon. Here they built a 3 metre (10 foot) iron frame – the guillotine – that held in place vertical aluminium guide rails. At tabletop height, they built a ring of blocks of uranium hydride around the guides. Raised to the top of the guillotine was a slug of the same material, 5 by 15 centimetres (2 by 6 inches) in size. A complex series of fail-safes held the slug in place until its fall was triggered. The button that released the slug was labelled “HWG”, for “Here We Go”. The faster the slug was travelling as it passed through the assembly, the shorter would be the burst of fission reactions and neutron generation. Shorter bursts would be more favourable for research, and Frisch had considered accelerating the slug to 70,000 centimetres/second (2,300 feet/second) by firing it from a gun. “However,” his original planning notes for the experiment record, “the use of artillery would introduce considerable complications and is not at present contemplated.”


There are other disarmingly frank touches to Frisch’s notes, which give something of the buccaneering flavour of early Los Alamos experimentation. For instance, discussing the dangers of the experiment, Frisch notes that, “One advantage of hydride is that an explosion, if it should happen, is less disastrous than with metal. We believe, however, that the arrangement can be made so safe that an explosion is humanly impossible.” Later he muses on “possible causes why such a system might blow up”. Perhaps most alarmingly, Frisch is remarkably casual about the worst-case scenario:




Finally, it should be remembered that the reactor never gets more than about 0.1% super critical and that even if the slug did get stuck at the center the explosion would only be equivalent to a few tons of TNT. It would no doubt destroy the labs, but if this were built a mile from other laboratories these would be safe.





The chances of something going awry must have been greatly heightened by the pressure under which the scientists were working, as they raced to complete their experiment in the short window of time available before they had to hand the precious U-235 over to the armourers to be used in the preparation of the first atomic bomb. “During those hectic weeks,” Frisch wrote in his memoirs, “I worked about seventeen hours a day and slept from dawn till mid-morning.”


In the event disaster was avoided. Frisch himself claimed that, “Everything happened exactly as it should.” The official Los Alamos history records that:




These experiments gave direct evidence of an explosive chain reaction. They gave an energy production of up to twenty million watts, with a temperature rise in the hydride up to 2°C per millisecond. The strongest burst obtained produced 1015 neutrons. The dragon is of historical importance. It was the first controlled nuclear reaction which was supercritical with prompt neutrons alone.





According to some sources, however, the guillotine Dragon experiment pushed dangerously close to the edge of safety. It is recorded in the 1971 Los Alamos review as the first example of a critical excursion, because towards the end of the experiment, as the team sought to generate bursts of increasing power, a blast of 6 quadrillion neutrons “blistered and swelled the small cubes comprising the assembly matrix”.


In one fascinating addendum to his notes, Frisch discusses the challenges of processing the large amounts of data that his experiment will generate and suggests constructing “an electronic adding machine” to process and synthesize data in binary form – in other words, an early form of electronic computer. In fact, John von Neumann, one of the fathers of computer science, was at Los Alamos with Frisch, who in his memoirs vividly recalled discussing with him the theory of computers and the possibility of building one with vacuum tube technology. Such encounters are illustrative of the thrilling intellectual foment of Los Alamos, where the world’s brightest minds had been brought together to tackle cutting-edge problems with every resource available.


Even the most brilliant minds could not entirely mitigate the risk of working on the edge of criticality. Frisch recalled: “Critical conditions could be reached very suddenly as the result of a minor mistake”, while the in-house record of the atom bomb project, the Manhattan District History, noted that the criticality experiments were “especially dangerous” because “there is no absolute way of anticipating the dangers of any particular experiment, and the experiments seem so safe when properly carried out that they lead to a feeling of overconfidence on the part of the experimenter.”


It seems likely that it was such overconfidence that led to the shocking death of Harry Daghlian, the first man to be killed by a critical excursion. Daghlian was an Armenian-American from Connecticut with a passion for particle physics, which had brought him to the laboratory of Marshall Holloway at Purdue University. When Holloway was asked to come to Los Alamos, Daghlian followed him. He was just 23 years old when he arrived on the Hill in 1944, and was assigned to Frisch’s Critical Assemblies group, making an immediate impression with his size and strength. Daghlian’s work included helping with the experiments on criticality, and in particular he worked with the plutonium cores that were being prepared for implosion devices. He was involved in readying the plutonium core that was used in the Trinity test, and he can even be seen in photographs and film footage of the team assembling the Gadget – the explosive device used in the test. In one clip we see a jovial looking, thickset man ambling across the front of the camera, having helped to load the plutonium core of the Gadget into, incongruously, the back seat of a beaten-up old Army sedan.


While the wartime aims of the Los Alamos effort culminated in the successful Trinity test, the bombing of Hiroshima and Nagasaki and the end of the War in the Pacific, the work there was just getting started. For scientists like Harry Daghlian, work continued at a breakneck pace, and some combination of pressure, overconfidence and misplaced bravado could lead to mistakes. On 21 August 1945, Daghlian was at the remote Omega Site laboratory, conducting “dragon’s tail” criticality experiments with a 6.2 kilogram (13 pound) plutonium core, nicknamed “Rufus”, intended to be used in the third implosion device (the first two being the Trinity device and Fat Man), which was to be detonated in the first of a series of postwar atomic tests. The experiments involved testing the neutron flux produced by surrounding the core – a sphere of polished metal sitting in a machine-cut cradle block – with differing configurations of reflector that could improve the neutron economy (see above). In this case, the reflector material was bricks of tungsten carbide. By hand, the experimenter would stack the tungsten carbide bricks around Rufus and measure the neutron flux that resulted as the assembly neared criticality.


As Otto Frisch later recalled, there were two basic safety rules for those working on such experiments: “nobody was to work all by himself, and nobody should ever hold a piece of material in such a way that if dropped it might cause the assembly to become critical”. Having observed both rules for several hours of working on the core with colleagues, Daghlian returned from a dinner break and promptly broke both: “He was so eager that he wanted to do one more assembly”. After stacking five layers of bricks, so that they almost surrounded the core, Daghlian was moving to place a brick in the centre of the assembly when his monitors warned him that the reaction rate was cresting alarmingly, and that this last piece would send the assembly critical. As he pulled back his hand, the heavy tungsten brick slipped from his fingers, falling directly on to the top of the core. “Even as he instantly swept it aside with a blow of his muscular arm,” related Frisch, “he saw a brief blue aura of ionized air around the assembly.” Daghlian had dropped the brick from his left hand and used his right to knock it off. He reported feeling a tingling sensation in that hand, at the same time as he saw the blue flash.


Frisch would later have pause to reflect once more on that blue flash, when recounting how he had witnessed the first atomic explosion, the Trinity test of 16 July 1945, in the desert near Alamogordo, a place also known, Frisch noted, as El Jornada del Muerte (The Journey of Death). Just before dawn, parked up about 40 kilometres (25 miles) from the test site, Frisch was woken from a doze by the countdown to the test. Unable to find his goggles he sat with his back to the explosion and witnessed a sudden light as though “without a sound, the sun was shining ... The sand hills at the edge of the desert were shimmering in a very bright light, almost colourless and shapeless.” Once the glare had dimmed sufficiently, he was able to watch the fireball and its cloud of smoke and dust rise from the ground, which initially seemed to Frisch to “look a bit like a strawberry” and then 10 seconds later like “a red hot elephant standing balanced on its trunk”. But, “as the cloud of hot gas cooled and became less red, one could see a blue glow surrounding it, a glow of ionised air; a huge replica of what Harry Daghlian had seen when his assembly went critical and signalled his death sentence”.


What is the nature of this blue glow? It is generally assumed to be an ionized-air glow: the result of high energy radiation smashing into the electrons orbiting atoms in the air. Some of the collisions are strong enough to knock electrons off atoms altogether, producing ions (charged particles), and so this kind of radiation is often described as ionizing radiation. When electrons absorb bursts of energy like this, they are said to become excited, leaping from lower to higher energy states, and when an excited electron drops back down to its “resting” state (de-excites), it emits a packet of energy in the form of a photon. Some of these photons are in the wavelength of visible light, and the colour emitted depends on the nature of the elements being de-excited. Atmospheric air is primarily composed of nitrogen (78 per cent) and oxygen (21 per cent), so in air, the predominant contributor to the resulting spectrum is ionized nitrogen, which emits lots of blue wavelength photons when de-exciting. This is thought to be the main reason that critical excursions and atomic explosions alike produce an eerie blue glow or flash. De-exciting nitrogen and oxygen ions also emit lots of infrared photons, which are not visible but may be sensed as radiant heat, and it is thought that this might account for the “heat wave” reported by some critical excursion victims.


Ionized-air glow is different from Cherenkov radiation, which is a related phenomenon whereby deceleration of high-energy particles in a fluid medium produces blue light. Ionizing radiation produces a Cherenkov glow only in relatively dense fluids such as water, which is why nuclear fuel elements stored in water pools often give off a characteristic blue glow. Accordingly many texts warn against confusing the blue flash of criticality with Cherenkov radiation. But there is an unsettling possibility that this phenomenon may well be responsible for the blue flash seen by excursion victims such as Daghlian, and his many unfortunate successors, from Louis Slotin (see page 26) to Alexander Zakharov to Hisashi Ouchi (see page 305). One theory is that the blue flash seen by people in such close proximity to a burst of radiation actually comes from inside their own eyes; from the Cherenkov radiation produced as ionizing radiation passes through the dense medium of the humours in the eyeball. (Another consequence of ionizing radiation affecting air is that the oxygen ions produced react together to form ozone [O3], an unusual allotrope with a distinctive smell. Workers involved in the clean-up of Chernobyl reported that the smell of ozone was a sign of high radiation levels.)


Apart from the tingle in his hand, Daghlian reported no immediate symptoms, but even as the ambulance took him to hospital he began to vomit. According to the Los Alamos Review of Criticality Accidents, during the brief second that the plutonium core went supercritical there were around 1016 fission events, and Daghlian received a dose of 510 rems (just over the 500 rem threshold normally deemed fatal). The plutonium cores were priceless government property, and accordingly each was accompanied at all times by an armed guard. So in fact Daghlian was not completely alone; the core’s guard, who was in the same building but not close to the experiment, received a dose of 50 rem. At the time there was little extant expertise around assessing the dose of radiation received in such an event; poor Daghlian was about to become a textbook case. Metal articles that he had about his person, such as coins and a belt buckle, were collected and sent to be assessed for their levels of induced radioactivity. Radioactivity levels of such items correlated to the amount of energy they had absorbed and thus gave clues to the size of the overall dose Daghlian had received. Radiation biologist Dr Wright Langham came by to pick up the items.


Over the next two weeks Daghlian succumbed to the effects of acute radiation sickness, aka acute radiation syndrome (ARS). The hand that he had used to knock away the tungsten bricks was the worst affected; it developed blisters and sores. Fast-dividing cells in the body are the most vulnerable to radiation damage (this is the premise of radiotherapy to treat cancer), and bone marrow cells fall into this category. Bone marrow is responsible for producing many of the white blood cells that make up a vital part of the body’s immune system, and a catastrophic fall in the white blood cell count – the number of white blood cells circulating in the blood – is a tell-tale symptom of ARS. This in turn fatally compromises the sufferer’s immune response, making them unable to fight off even normally harmless pathogens. As Frisch summarized, “two weeks later, his blood count way down, [Daghlian] died from some trivial infection which his body could no longer fight.” In fact, Daghlian suffered for 24 days.


Daghlian was just 24 years old. Still only a PhD candidate, he was not married, and so the authorities sent for his mother. Marguerite Schreiber, whose husband, the nuclear physicist Raemer Schreiber, was away at the time in the Pacific as part of the team that had assembled the Fat Man bomb, was asked to look after her. Raemer Schreiber recalled that his wife was told nothing about the accident and still didn’t know anything years later, which suggests perhaps that Daghlian’s mother was not told much either. In a 1993 interview with historian of the atom bomb, Richard Rhodes, Schreiber himself revealed a rather unsympathetic take on the tragedy: “It was just stupid ... because there were rules which were clearly violated. Somebody gets killed, you had to go around and say he was stupid.”


Others were more sympathetic. Louis Slotin was a colleague of Daghlian; both had been part of the team that assembled the Trinity test Gadget. Slotin was called upon to help estimate the dose of radiation Daghlian had received, working with Wright Langham to assess the induced radioactivity of the metal items taken from Daghlian. Slotin was even tasked with writing the official Los Alamos investigation, “Report on Accident of August 21, 1945 at Omega Site”. But he was also a friend of the stricken man, sitting with him for many hours during the long weeks it took him to die. Did he feel a shiver of presentiment at any point?


Los Alamos as an institution did try to learn some lessons. There was a review of safety regulations and the establishment of a special committee to review criticality experiments and oversee safety procedures. The procedures were formalized and strengthened to include the following safeguards: requiring a minimum of two researchers; use of at least two monitoring instruments for neutron flux, each equipped with audible alerts; more rigorous planning of operating procedure; and contingency planning for problems or emergencies. Yet Harry Daghlian was just the first name on the tragic roll call of those who lost their lives to critical excursions, his accident a chilling foreshadowing of a much worse mishap that would involve the very same plutonium core.










Chapter 2


LOUIS SLOTIN AND THE DEMON CORE, 1946


THE ATOMIC bombing of Hiroshima and Nagasaki marked the culmination of the Manhattan Project and the achievement of the goal towards which the assembled intellectual might of Los Alamos had been working. News of the successful detonation at Hiroshima provoked contrasting emotions. Otto Frisch recalled vividly, “the feeling of unease, indeed nausea, when I saw how many of my friends were rushing to the telephone to book tables at the La Fonda hotel in Santa Fe, in order to celebrate.” He understood that “they were exalted by the success of their work” but could not forget “the sudden death of a hundred thousand people”. The moral qualms of many would be exponentially exacerbated by the second bombing, just a few days later. Had it been necessary? Wouldn’t the Japanese have surrendered anyway?


In the days and months to come, many of the scientists involved in the bomb project would wrestle with a profound burden of guilt. Perhaps the superstitiously inclined believed that their work would exact a karmic toll. Perhaps there was even a sense that some form of expiation was needed. The agent of this karmic retribution had a taste for destruction, for it had claimed one life already; it would come to be known as the Demon Core – the same plutonium sphere that had delivered a fatal dose of radiation to Harry Daghlian. Its next victim would be a scientist who was representative of so many of the young scientists who arrived on the Hill, whose relatively short career had encompassed in microcosm the entire Manhattan Project, and whose unique experience made him better suited than almost any other to understand exactly what had happened to him, and what would happen next.


Louis Slotin was a Canadian physicist and biochemist, born in 1910 in Winnipeg, of Russian-Jewish stock. Although his father worked in livestock, his studious son was clearly not destined to follow in his footsteps. Young Louis proved to be a brilliant chemist with a gift for experimentation. At the precocious age of 16 he went to study biochemistry at the University of Manitoba, developing into a young man with “a romantic and elaborate view of himself and the world”, as a friend later recalled. It was at this time that he adopted the middle initial “A”, for reasons of style apparent only to himself. After gaining his doctorate in biochemistry in London in 1936, he returned to North America, where his studies began to change direction.


Slotin became fascinated by the pioneering cyclotron being developed at the University of Chicago. This was an early atom-smashing device, which accelerated charged particles to colossal speeds before colliding them to produce new atomic nuclei or reveal subatomic particles. Slotin joined other enthusiasts to help construct the machine, scavenging copper wire and blowing glass tubes himself. For three years, from 1937 to 1940, he worked for free since there were no salaried positions available, prompting his exasperated but proud father to ask, “What have I, a student prince on my hands?” When a friend asked him what kind of doctor Louis was, Slotin senior responded by flicking a light switch on and off. “Do you know where the light went to? You don’t know. I don’t know. But my son Louis knows. That’s the kind of doctor he is.” Louis was known for being reserved but self-possessed, with an antic sense of humour; he would amuse himself, for instance, by seeding among gullible colleagues false beliefs about a romantic past, such as that he had fought in the Spanish Civil War or flown with the RAF.


Slotin worked on a project that used the cyclotron to create an unusual isotope of carbon, which in turn could be used as a tracer in experiments on photosynthesis. In 1942 the Manhattan Project came to the University of Chicago, with the setting up of the Metallurgical Laboratory under Arthur Compton, the American physicist, and Enrico Fermi, the Italian Nobel laureate who had fled to America to escape Fascist persecution of his Jewish wife. Fermi had been struggling to achieve the first sustained fission chain reaction in a pile – an assemblage of blocks of uranium and graphite. But he was also heavily involved in work on plutonium (having won his Nobel prize partly for research into the element), and it was this that was the main focus of the Metallurgical Laboratory. Slotin, meanwhile, through his work on radiobiology, attracted the notice of Manhattan Project recruiters, and was tapped to work under future Nobel laureate Eugene Wigner, on the production of plutonium.


Slotin was likely to have been present at the successful activation of the world’s first nuclear reactor, the forerunner of all subsequent reactors and the first achievement of a controlled chain reaction. Fermi and his team had been experimenting with different combinations of uranium metal, uranium oxide and graphite (an allotrope of carbon, vital for moderating the neutrons liberated by the fission of uranium nuclei – see Appendix). At Chicago Fermi and others had drawn up plans to build a large pile on the university campus, but Compton and other higher-ups at the Manhattan Project had understandable misgivings about doing such an experiment in the middle of a metropolis. Instead it was decided to set up a research institute in the Argonne Woods Forest Preserve, about 32 kilometres (20 miles) from Chicago, but when construction at the site was delayed by an industrial dispute, Fermi convinced Compton that he could be trusted not to blow up the city. Accordingly Chicago-Pile 1 (CP-1) was assembled in a squash court under the stands next to the university’s football field.


On 2 December 1942, the Metallurgy team and other invitees gathered on the balcony of the squash court to watch history being made. On the floor of the court sat the pile of uranium and graphite blocks; control rods, made from sheets of cadmium wrapped around wooden sticks, kept it from going critical. Arthur Compton described the scene:




Fermi gave the order to withdraw the control rod another foot. We knew that that was going to be the real test. The geiger counters registering the neutrons from the reactor began to click faster and faster till their sound became a rattle. The reaction grew until there might be danger from the radiation up on the platform where we were standing. “Throw in the safety rods,” came Fermi’s order. The rattle of the counters fell to a slow series of clicks. For the first time, atomic power had been released. It had been controlled and stopped. Somebody handed Fermi a bottle of Italian wine and a little cheer went up.





Among the 49 scientists present was, according to some accounts, Louis Slotin. The reactor had run for about 4½ minutes at a power of just 0.5 watts; at such low power it had not been deemed necessary to install any shielding, so that, as Compton had recognized, those viewing from the balcony were exposed to the neutron flux being generated. It was perhaps Slotin’s first brush with a potentially dangerous dose of radiation.


Slotin would soon (probably around April 1943) move on to a different part of the Manhattan Project, travelling as part of Eugene Wigner’s team to Oak Ridge, Tennessee, where the world’s second nuclear reactor, the X-10, was being used to transmute uranium into plutonium. At Oak Ridge a daring but disturbingly reckless side of Slotin emerged. According to a tale recounted by one of his Oak Ridge colleagues, health physicist Dr K. Z. Morgan, Slotin was impatient to make adjustments to an experiment at the bottom of the tank of water that helped shield against radiation from the reactor. It was a Friday afternoon and he wanted the reactor shut down so that he could make the changes but was told he would have to wait. When Morgan got back to work on Monday morning, he recalled, “I found that Louis had stripped down to his shorts, dived into the tank and made the adjustments under water. I was appalled that anyone would take such risks. It shows what kind of person he was. He was like a cowboy – but a good experimental scientist.”


From Oak Ridge Slotin was recruited to Los Alamos, to join Robert Bacher’s Weapon Physics Division, aka the G (Gadget) Division. This was the department tasked with developing and building the core of the implosion-type plutonium device, which would later be used for both the Trinity Gadget and Fat Man, the bomb that would be dropped on Nagasaki. Slotin arrived on the Hill in December 1944, and was not impressed with what he found, describing it as a “disorganised mess”.


G Division had been formed when it became clear that the plutonium produced at Oak Ridge was not suitable for use with a gun-type device. Work on the alternative technology, the implosion-type device, had been stalled, but now it assumed vital importance. Slotin became an integral part of the team racing to realize this demanding technical challenge, one of the most difficult aspects of which was working with plutonium, a quixotic and highly toxic material. Only in April 1945 were sufficient quantities of plutonium finally available for G Division to begin in earnest their preparation of the bomb “pits”: the term used to describe the inner portions of the bombs, resembling the hard core of an apricot or peach, and comprising the fissionable core and the hard shell of tamper and neutron reflector around it. Tamper is dense material with high inertia that helps to slow the explosive expansion of the core, so that fissioning nuclei remain close to each other for longer, thus increasing the yield of the bomb. (Often the material used for the tamper – depleted uranium – was also a neutron reflector, and so accounts of cores and pits at the time often use the term “tamper” in place of “reflector”.)


Over the next three months the team worked hard to determine the most efficient configuration of plutonium and tamper for a critical assembly in the pit, while the many other elements in the complex implosion design came together around them. With the White House pushing hard for a test as early as possible, the whole Manhattan Project raced to be ready. Originally the deadline had been set as 4 July, but this was already deemed unrealistic by March. Los Alamos considered that a revised deadline around 23 July was achievable, but White House pressure led to a commitment to aim for a weather-dependent window of 15–16 July.


Slotin acquired a reputation as a skilful assembler of bombs, especially adept at combining the elements of the bomb’s firing mechanism. As the day of the Trinity test approached, he assumed a central role in the drama. In photos and footage of the lead-up to the test, Slotin can be seen in the midst of the action, his slight figure ostentatiously cool in an unbuttoned shirt and shades. Last-minute experiments, and delays to explosive components of the Gadget device, made 15 July the earliest achievable test date, but this was to be preceded by several days of practice assembly of the bomb. Accordingly on 11 July the core – packed in a specially designed “field case” – was loaded into the back of an Army sedan by scientists including Slotin and Harry Daghlian, and driven 340 kilometres (211 miles) south to the test site at the Alamogordo bombing range.


At the McDonald ranch house, a small wooden building 3 kilometres (2 miles) from the tower where the device would be detonated, Slotin and other members of the team gathered to practise assembling the bomb pit. The high-explosive elements of the Gadget arrived on site on the 13th, and that same day the final assembly of the device began. This marked the point at which the core was formally passed over to the Army to be blown up, and it was to Slotin that the receipt for the precious plutonium was made out. It was signed by Brigadier General T. F. Farrell, deputy for General Leslie R. Groves, the head of the entire Manhattan Project. Afterwards, Slotin would keep this unique document in the glove compartment of his cream 1942 Dodge Custom Convertible Coupe.


For the final stages of the assembly, the team moved all the equipment to a canvas shelter erected at the base of the test tower. Photos show Slotin next to the Gadget, looking relaxed, even casual, but as the official Manhattan District History records, this was the first time that “active material in large quantity was put within high explosives ... Although the people performing the operation and those watching it were outwardly calm, there was a great feeling of tension apparent.” By 17.00 the Gadget was assembled and hoisted to the top of the tower, 33 metres (110 feet) up. People dispersed to various observation posts, including the main control bunker situated roughly 9 kilometres (10,000 yards) away.


The Manhattan District History does not record where Slotin positioned himself for the actual test. Many of the scientists parked up a few miles from the tower and prepared for the initial blast by lying down with their feet towards the explosion. Slotin presumably wore his sunglasses, and was spared the fate of Hans Bethe, the German-American physicist, who looked directly at the blast and was completely blinded – fortunately, only for a short while.


The Trinity test was quickly followed by the successful detonation of the Little Boy and Fat Man bombs over Hiroshima and Nagasaki, and the subsequent surrender of Japan. Victory in the Pacific marked the end of the Second World War, and almost as soon as the hostilities were over, many of the Manhattan Project scientists left Los Alamos to return to academia. Slotin, however, was not able to extricate himself quite so easily; he was too valuable. “I am one of the few people left here who are experienced bomb putter-togetherers,” he lamented.


Los Alamos in the immediate aftermath of the war was a much-diminished place. The rush for the exit, combined with problems with the quality of living accommodation at the site, which came into sharper focus without the overriding impetus of the war effort, led to a severe decline in morale. Slotin’s main focus, however, was on the urgent push for further tests of America’s new superweapon. The devastation of Hiroshima and Nagasaki bore ample testimony to its destructive potential, but many questions remained unanswered. Naval chiefs, in particular, wanted to know what effects such a weapon might have on ships at sea, and they petitioned the President for permission to conduct a series of marine tests. The series was given the go-ahead for the summer of 1946. “It was apparent,” said Vice Admiral W. H. P. Blandy, head of the test series task force, “that warfare, perhaps civilization itself, had been brought to a turning point by this revolutionary weapon.” Accordingly he named the test series Operation Crossroads.


The original plans for Crossroads called for use of three of the plutonium cores that the Manhattan Project had by now accumulated. Louis Slotin was one of the senior scientists left at Los Alamos who, having taken over from Otto Frisch as leader of the Critical Assemblies group, had the experience and expertise to work with these cores in the lead up to the tests. With Crossroads scheduled to start in July, Slotin spent the months leading up to the test doing criticality experiments on the core nicknamed Rufus – the same core that had killed his friend Harry Daghlian in August of the year before. Slotin was scheduled to fly out, with the Rufus core, to the Bikini Atoll in the South Pacific, and assemble the bomb for one of the Crossroads shots. This would mark the end of his Manhattan Project service; afterwards he would take up a teaching position at the University of Chicago. By mid-May he had already packed up 11 crates of books and other stuff and sent them on ahead.


Slotin’s replacement on the Critical Assemblies team would be Alvin Graves, a physicist from Washington, D.C. Like Slotin, Graves had been part of the Metallurgical Laboratory at Chicago – he had helped construct CP-1 – and had later been transferred to Los Alamos. Now he was to be transferred to the Critical Assemblies team to take over from Slotin, and on 21 May he was one of the participants at a group leaders’ meeting at Slotin’s laboratory, the Omega Site in Pajarito Canyon, 6.5 kilometres (4 miles) from the main compound.


The day had begun for Slotin in familiar fashion, in his bachelor’s rooms at the main site, where he dressed in his typical attire: an expensive sports shirt and khaki slacks, tucked into a pair of cowboy boots. He had had lunch with a friend at the Technical Area PX, before making the journey to the Pajarito Omega Site for the meeting. The meeting concluded with a tour around the Omega Site, including the building housing the laboratory where Slotin’s team, and another team led by Raemer Schreiber, performed their critical assembly experiments. The laboratory was a large, bare room, containing little fixed furniture but cluttered with equipment, including racks of radiation counting equipment, pallets of lead blocks for different shielding configurations, and a small, low metal table in the centre, on which the near-critical masses were assembled. The visiting party inspected the lab and departed, with the exception of Graves. He and Slotin had been discussing an assembly that Graves had never seen in action. “Why don’t I run through it for you now?” asked Slotin, setting his empty Coca-Cola bottle down on the table. According to a memo penned by Los Alamos director Norris Bradbury, a few days later, this demonstration may have been part of the final checks for the core at the heart of the assembly, which was being prepared for its transport to Bikini.
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