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FOREWORD


by Jeremy Bernstein


In the 70 years since the bombing of Hiroshima and Nagasaki nine countries, excluding the United States, have produced nuclear weapons. In this list I include South Africa, which produced a half-dozen bombs but, with the impending release of Nelson Mandela from prison, turned them over to the International Atomic Energy Agency. I do not include Libya. Colonel Gaddafi in the late 1990s arranged the purchase from the Pakistani nuclear proliferator A.Q. Khan of both the prototypes of centrifuges and the detailed plans of a Chinese nuclear device. But in 2003 he abandoned the programme. The same package was incidentally sold to Iran. I do include the Israelis, who probably have something of the order of 100 undeclared devices. The Indians and Pakistanis have about the same. The North Koreans have perhaps six, the Chinese 250, France about 300 and the United Kingdom about 225. The Russians are the champions with about 8,000 and the United States has about 7,300.


The world’s nuclear states may no longer be engaged in an arms race, but we live with the legacy of the proliferation which began 70 years ago. To understand how we got here we need to be familiar with our nuclear history. Jim Baggott’s Atomic tells the dramatic story of the development of the first atomic weapons, their use against Japan in August 1945, and the espionage activities of a few scientists during and after the war which helped the Soviet Union develop its own weapon just four years later. It is an extraordinary story.


As Jim recounts in this book, until early 1945 the scientists working on the Manhattan Project thought that they were in an existential race with Nazi Germany. This was especially true of the many German refugees who knew what a German victory would mean. Hence the almost paranoid level of security that had been imposed on them by General Leslie Groves, who commanded the project, was accepted. First Groves had the idea of putting all the scientists in uniform. Oppenheimer was agreeable but was talked out of it. But other controls were put in place. Visitors were given code names. Niels Bohr was called Nicholas Baker. Of course everyone knew it was Bohr and he often forgot his code name. Plutonium, which is element 94 in the periodic table, was called ‘49’ which also was sometimes forgotten. Incoming and outgoing mail was censored. Groves did not want the scientists communicating with each other except on specific business. Oppenheimer persuaded him that colloquia were essential. Meanwhile unknown to everyone – even each other – three Soviet spies were hard at work.


David Greenglass was a machinist. He worked on shaping the high explosives that were used to compress the plutonium sphere. This increased the density and lowered the critical mass. He gave the Soviets fairly crude drawings of these explosives. Theodore Hall was nineteen when he came to Los Alamos from Harvard. He turned over more substantial information but, most importantly, he provided independent confirmation of some of the material which was supplied by the most important spy, Klaus Fuchs.


Fuchs was born in 1911 in Germany. His father was a Lutheran pastor and a professor at the University of Leipzig, which Fuchs attended. As the Nazis attained power Fuchs turned more and more radical, finally joining the Communist Party in 1932. He was forced to leave Germany for England. After taking his PhD at the University of Bristol he went to Edinburgh, where he became an assistant to the great German physicist Max Born.


In 1941 he returned to England and joined Rudolf Peierls in Birmingham and began working on nuclear weapons. He boarded with Peierls and his wife Genia, who complained that he never said anything. He was like a juke box that only played a tune when you fed it a coin. He and Peierls wrote a fundamental paper on isotope separation and he began transmitting information to the Soviets. In 1943 Peierls left for the United States and with great reluctance Fuchs went along. He joined the Los Alamos laboratory in August 1944 and became a very valuable member of the Theory Division. He also continued transmitting information to the Soviet Union.


Fuchs had a courier named Harry Gold whom he used to meet in Albuquerque. How exactly he brought his reports out of Los Alamos is a puzzle since the place was so secure. He had a photographic memory so perhaps he wrote them after leaving the lab. I will describe three reports which the Russians have since released so that one can read them on the web. These allow us to judge the importance of Fuchs’ espionage to the later Soviet effort. The first report was written prior to the 16 July 1945 test at Alamogordo and gives details of the plutonium device that was tested. I will focus on one revelation.


Plutonium is a very complex element. It comes in several ‘allotropic’ forms – different physical phases of the same element. Diamond and graphite are two allotropes of carbon. Plutonium has several. The one that is stable at room temperature is more of a chalk than a metal. The one that is metallic is not stable at room temperature. The brilliant British-born metallurgist Cyril Smith discovered that if plutonium is alloyed with gallium, the metallic phase can be stabilised. This Fuchs reported to the Soviets. One can only imagine how much time this must have saved them. The other two conveyances to the Russians had to do with the hydrogen bomb.


The hydrogen bomb produces its energy by the fusion of light elements while the ‘atomic’ bomb produces its energy by the fission of heavy elements such as uranium or plutonium. All during the war Edward Teller devoted himself to trying to design a hydrogen bomb which came to be known as the ‘classical Super’. Crudely, you take an atomic bomb and put it in a container which holds isotopes of hydrogen and then set it off. A temperature of millions of degrees is produced. This ignites the fusion process but then it does not propagate. It cools off. It is like trying to set a log on fire with a match. In early September 1945 Enrico Fermi gave lectures which summarised the situation. Fuchs transmitted these to Gold on 19 September. The important thing that the Soviets learned was that using the fusion of heavy hydrogen and super heavy hydrogen was energetically advantageous.


The second thing that Fuchs transmitted was in 1947, after returning to England. This was a different method of igniting hydrogen which he had invented with the mathematician John von Neumann. Von Neumann was a fanatical anti-communist who had proposed bombing the Soviets with nuclear weapons. Fuchs was arrested in 1950 and von Neumann lived until 1957 so he must have known that he had collaborated with a Soviet spy.


One can trace at least some of the proliferation of the last 70 years to Fuchs. We cannot turn the clock back but it is good to remind ourselves what is at stake when other countries try to enter the nuclear ‘club’.









PREFACE


From the very moment of their conception, atomic weapons have been synonymous with fear. Fear that Hitler’s Nazi Germany might be first to build an atomic bomb drove Anglo-American efforts during the Second World War. Fear that America might threaten a first nuclear strike drove the Soviet Union’s own bomb programme. This programme had commenced rather tentatively in 1943 and was aided through the last years of the war and the early Cold War by an extensive network of spies that had penetrated the British and American projects at many levels, as Jeremy Bernstein explains in his Foreword.


I was born in 1957, and grew up in the shadow of the fear inspired by Cold War rhetoric and the concept of mutual assured destruction. I was just five years old when, during the Cuban missile crisis in October 1962, the US Strategic Air Command carried aloft thermonuclear weapons with a total explosive potential of more than half a million Hiroshimas. As Air Force Chief of Staff Curtis LeMay urged President John F. Kennedy to hit the Soviet Union with everything in the US nuclear arsenal, the world held its breath.


Just how did this happen? How did the world’s greatest physicists, many of them Nobel laureates, come to build this awful instrument of fear? These were physicists who, only a few years before, had been leading a series of revolutions in theoretical science and shaking the very foundations of our understanding of physical reality. How did these men become such profoundly important military resources in a war that was to redefine the very meaning of barbarity, a war that was to recalibrate what it means to be inhuman? How did these other-worldly ‘eggheads’ find themselves centre-stage in such a drama of heroic endeavour, sabotage, espionage, counter-espionage, assassination and terrible destruction that it now seems barely credible as fiction? How did they come, in the words of J. Robert Oppenheimer, to know sin?


These were men such as Niels Bohr, Albert Einstein, Enrico Fermi, Richard Feynman, Otto Frisch, Klaus Fuchs, Werner Heisenberg, Yuli Khariton, Igor Kurchatov, Oppenheimer, Edward Teller, and many, many more. Diverted from their academic preoccupations by the biggest military conflict in human history, they became deeply embroiled in the biggest of human dramas. They found themselves drawn inexorably into a project to build the world’s most dreadful weapon of war, a weapon judged to be ‘practically irresistible’ at a time when the world was threatened by the darkest evil.


Confronted with bare historical facts, our questions tumble out. The devastation that could be wrought with atomic weapons was obvious to the physicists right from the start, so why did they persist in developing these weapons, without hesitation? Why, despite having a clear lead in nuclear physics at the beginning of the Second World War, did German physicists fail to develop an atomic bomb? Did the Allies really plot to have Heisenberg kidnapped or assassinated? Why, when it became clear that there was no threat of a Nazi weapon, did the Allies use the atomic bomb, without warning, against Japan? To what extent did the Soviet atomic programme rely on intelligence gathered by spies such as Klaus Fuchs, Theodore Hall, David Greenglass and the Rosenbergs? Could the Soviets have developed the bomb without them? What was the full extent of Soviet penetration of the Manhattan Project?


Were the physicists merely instruments in a political game-plan to establish supremacy in a post-war world? Or did they knowingly inspire the arms race? What, if any, lessons can be drawn from this history to inform our perspective on nuclear energy and the proliferation of weapons technology today?


This book is my attempt to answer these and many other questions through a popular, accessible account of the race to build the first atomic bombs, centred on the individual stories of the physicists directly involved. The book spans ten historic years, beginning with the discovery of nuclear fission in early 1939 and closing shortly after ‘Joe-1’, the first Soviet atomic bomb test in August 1949.


Now, parts of this story have already been told, and told very well. But there are important strands of the story that have emerged only within the last decade or so, relating specifically to aspects of the German and Soviet atomic programmes and penetration of the Manhattan Project by Soviet spies. These new materials allow a single-volume popular history of the Anglo-American, German and Soviet programmes to be assembled for the first time.


The book is organised in four parts. Part I covers the mobilisation of nuclear physicists around the world following the outbreak of war in September 1939 and early work on atom bomb and reactor physics. Part II recounts the early frustrations and progress in weapon design, the development of bomb and reactor materials in Germany, Britain and America, the spectacular sabotage of the heavy water plant at Vemork by Norwegian commandos and the establishment of the Soviet espionage operation codenamed ENORMOZ.


In Part III the book addresses the direct involvement of Allied scientists in the hunt for their German counterparts in war-torn Europe following the D-Day landings, the successful Trinity test at Alamogordo in New Mexico, the bombing of Hiroshima and Nagasaki and the reactions of the captured German scientists on hearing of the Allied success.


Finally, Part IV describes the origins of the Cold War, the acceleration of the Soviet atomic programme, proliferation of weapons technology, the Venona project, the unmasking of Soviet spies and the first successful Soviet test in August 1949. The book concludes with an extended epilogue which attempts to tie up many of the loose ends, describing the American and Soviet H-bomb programmes and the Cuban missile crisis, which brought the world to the very edge of disaster.


This book was first published in March 2009, and is now being re-issued in time for the 70th anniversary of the bombing of Hiroshima and Nagasaki. In this time, further revelations have emerged concerning the activities of Soviet atomic spies. In a three-year period starting in 1993, Alexander Vasiliev was involved in an abortive attempt to document Soviet espionage in America and was given access to KGB (by then SVR) files, from which he made extensive notes. With the political tide in Moscow turning once again, in 1996 Vasiliev immigrated to Britain. He reacquired his notebooks in 2001, and these are now available to study online. They provided source materials for the book Spies: The Rise and Fall of the KGB in America, by John Earl Jaynes, Harvey Klehr and Vasiliev, which was published in 2009, just a few months after this book.


From Vasiliev’s notebooks we learn the identities of spies previously known only by their codenames. I was astonished to learn that the spy codenamed QUANTUM (see the Epilogue) was Boris Podolsky, co-author with Einstein of one of the most famous papers in the history of quantum theory. The spy codenamed VOGEL/PERS (once speculated to be German émigré physicist Rudolf Peierls) was, in fact, Russell McNutt, a civil engineer working at Oak Ridge and part of Julius Rosenberg’s spy network.


Austrian physicist Englebert Broda had been imprisoned for his Communist activities in Germany and Austria before escaping to Britain in 1938. He worked on nuclear reactors with Hans Halban in Cambridge in 1942, and transmitted secrets to the Soviets. It seems he also recruited Alan Nunn May to the cause. When May was released from prison in 1953 he married Broda’s ex-wife, Hilde. In Scientist Spies, published in 2011, Paul Broda writes of the activities of his father and stepfather, both atomic spies.


At the time of its first publication, this book represented the end of a long journey. I can trace its beginning all the way back to my first classes in quantum mechanics, as an undergraduate student in Manchester, England, during the cold, damp winter of 1975–76. I probably didn’t fully realise it back then, but I was completely captivated. To anyone tutored in the language and the logic of classical physics, quantum mechanics is at once mathematically challenging, maddeningly bizarre and breathtakingly beautiful. I have spent a lifetime trying to understand it.


The physicists who forged this outrageous new theory left their fingerprints all over it, in the form of new laws, physical constants, principles and approximations. It is impossible to study quantum mechanics without tripping over their names. To study quantum mechanics, therefore, is to study the physicists who made it. Many of these same physicists also played crucial roles in the development of the world’s first atomic bombs, and this juxtaposition has always fascinated me. To understand them is to understand the various roles they played in this development: the things that drove them, and the things that scared them.


I have drawn extensively on the published works of noted scholars and sources of historical documents that can be found online. I owe particular debts of gratitude to Kai Bird and Martin Sherwin, authors of American Prometheus: the Triumph and Tragedy of J. Robert Oppenheimer; Margaret Gowing, author of Britain and Atomic Energy and Independence and Deterrence: Britain and Atomic Energy, 1945–1952, David Holloway, author of Stalin and the Bomb; Richard Rhodes, author of The Making of the Atomic Bomb and Dark Sun; and Mark Walker, author of German National Socialism and the Quest for Nuclear Power, 1939–1949 and Nazi Science: Myth, Truth and the German Atomic Bomb. I have happily climbed on the shoulders of their scholarship.


I owe a debt of thanks to Jeremy Bernstein, John Fricker, Martin Sherwin, Peter Tallack, Jon Turney and Mark Walker, who read and provided many comments on the first draft manuscript. I am, of course, more than happy to accept full responsibility for all the errors that remain. My thanks must also go to Simon Flynn and Duncan Heath, my editors at Icon, for being indulgent when the project ran on longer than anticipated, and for being ready to accept an ‘epilogue’ that surely does violence to the meaning of this term.









Prologue


LETTER FROM BERLIN


Christmas 1938–September 1939


It was something of a family tradition. Every year Otto Frisch would celebrate Christmas in Berlin with his aunt, Lise Meitner. But not this year. Not this Christmas.


Frisch had left Germany five years earlier, in October 1933. He was a young, personable and inventive physicist at the University of Hamburg. He was also an Austrian Jew, and he had fallen victim to the Law for the Reestablishment of the Career Civil Service, introduced in April that year by the new National Socialist government, the first of 400 such decrees. It provided a legal basis on which the Nazis could forbid Jews from holding positions in the civil service, including academic positions in German universities.


Like most academic physicists, he had until that time paid little attention to politics. His only short-lived political affiliation had been to a student organisation in Vienna, for which he had served on the entertainments committee, arranging dances. When he had taken part in political discussions as a student he had found them stiffly formal, and rather ridiculous. He had dismissed Adolf Hitler’s appointment as Chancellor of Germany earlier in 1933 with a shrug of the shoulders. He figured that Hitler could surely be no worse than his predecessors.


He was quickly proved wrong. Within a few short months came the stark realisation that he was about to lose his job. He had no alternative but to join the swelling ranks of displaced Jewish physicists, together accounting for a quarter of all the physicists in Germany, including many Nobel prize-winners. He had to rely on the small but close-knit international community to which he belonged, which now scrambled to find grants and positions for those displaced by Hitler’s anti-Semitism. He had moved from Hamburg first to Birkbeck College in London before being whisked off a year later to Copenhagen by the celebrated Danish Nobel laureate Niels Bohr.


Meitner had received reassurances from Carl Bosch, a director of the chemicals giant I.G. Farben and a principal sponsor of the prestigious Kaiser Wilhelm Institute for Chemistry, where she worked. She remained stubbornly optimistic for the future, and continued to work in Berlin for another five years before she too succumbed to the inevitable. Frisch’s ‘short, dark and bossy’ aunt was a pioneer of the study of radioactive substances. She had stoutly fought prejudice against women in science for most of her professional life.


Though rather shy and withdrawn, she had earned great respect. In 1919 she had become head of physics at the Kaiser Wilhelm Institute for Chemistry, where she worked with distinguished German chemist Otto Hahn, her collaborator of some 30 years. She had become a professor (a Privatdozent) at the University of Berlin in 1926, at the age of 48, the first female professor of physics in Germany. Albert Einstein had once called her a ‘German Madame Curie’.


But Meitner was not German. Like Frisch, she was Austrian. She was the third of eight children born into a Jewish family in Vienna. Her Austrian nationality had for five years spared her from the worst excesses of Nazi persecution, although her position and status had gradually and inexorably been eroded.


When German forces marched into a welcoming Austria in the Anschluss of 12 March 1938, Meitner became a German Jew. That she considered herself a Protestant Christian who had withdrawn from the Jewish community and been baptised at the age of 30 held no sway with German racial laws. Against the prejudices to which she was now fully exposed, there could be no victory, however small. The very next day she was denounced by a Nazi colleague and declared a danger to the Institute.


Hahn had tried to defend her, but lost his nerve. While he was not perceived by his colleagues as a Nazi or even a strong supporter of the National Socialists, he had never really questioned the legitimacy of the new regime. He had told a newspaper reporter in Toronto in 1933 that he believed that those whom the Nazis had jailed during their first months in power had been Communists who also just happened to be Jews. Like many middle-class Germans, Hahn was now learning that there was a significant price to be paid for his passive acceptance. He told Meitner on 20 March that she could no longer work at the Institute. She was stunned. Hahn had, in effect, thrown her out.


Meitner’s position had grown more perilous by the day. Jewish academics had previously been allowed to leave Germany with their families and their possessions. But new laws threatened to close all escape routes. In May 1938 she had applied to join Bohr in Copenhagen, where her nephew was working, but the Danish embassy had declared her Austrian passport invalid and refused to grant her a visa. In June she was refused a German passport. Heinrich Himmler, Reichsführer-SS, had declared it undesirable that well-known Jewish scientists be allowed to leave the country. She was at considerable risk of becoming trapped in Nazi Germany.


Bohr appealed to the scientific community on her behalf. Weeks of anxious waiting went by. Eventually, on 13 July 1938, Meitner left Germany for neighbouring Holland. She was taken to the railway station by fellow Austrian Paul Rosbaud, editor of the German scientific journal Die Naturwissenschaften and no friend of the Nazis. Hahn had helped her to pack, and had given her a valuable diamond ring to provide for her in an emergency.


Meitner crossed the border into Holland without incident. From Groningen she made her way first to Copenhagen, then to Stockholm, where a job awaited her as a guest researcher in Swedish physicist Manne Siegbahn’s research group. Professor Meitner from the prestigious University of Berlin and Kaiser Wilhelm Institute for Chemistry became an ordinary researcher, with a salary that barely covered her living expenses. That she was able to continue her collaboration with Hahn by letter at least offered some small consolation.


She met with Hahn briefly in November 1938 at Bohr’s Institute for Theoretical Physics in Copenhagen, but it was not an auspicious meeting. Hahn arrived bearing news that Frisch’s father – Meitner’s brother-in-law – had been arrested in Vienna. She subsequently discovered that he had been taken to Dachau concentration camp in Bavaria.


As Christmas 1938 approached Frisch grew determined to honour what family traditions remained. Meitner was lonely and depressed, her poor relationship with Siegbahn preventing her from deriving any real pleasure from her work in Stockholm. She was in need of her faithful nephew. Frisch took a break from his work with Bohr in Copenhagen and joined his aunt in the small seaside village of Kungälv – King’s River – near Gothenburg, where she had been invited to spend Christmas with some Swedish friends.


For Frisch, this was to prove ‘the most momentous visit of my whole life’.


Secrets of the atom


The early decades of the twentieth century had witnessed a remarkable transformation in our understanding of the constitution of physical matter. The once indestructible and indivisible atoms of ancient Greek philosophy had given way to a new model of atoms with discrete internal structures. Atoms had become tiny positively-charged nuclei surrounded by mysterious negatively-charged electron ‘wave-particles’.


Attention turned inevitably to the atomic nucleus. With the discovery of the neutron in 1932, a picture emerged of atomic nuclei made up of positively-charged protons and electrically neutral neutrons. In this model, the number of protons in the nucleus determines the nature of the chemical element. Different elements, such as hydrogen, oxygen, sulphur, iron, uranium, and so on, all have different numbers of protons in their atomic nuclei. Atoms containing nuclei with the same numbers of protons but different numbers of neutrons are called isotopes. They are chemically identical, and differ only in their relative atomic weight and stability.


New discoveries came thick and fast. It was found that by using powerful magnets and electric fields it was possible to accelerate charged particles such as protons to the kinds of high speeds, and hence high energies, required to smash nuclei apart. At the University of California in Berkeley, a district of San Francisco, Ernest Lawrence invented the cyclotron, a new type of particle accelerator, which was used to obtain evidence for artificially-induced nuclear reactions.1


But the discovery of the neutron had not only given physicists deeper insight into the structure of the nucleus, it had also provided them with another weapon with which to penetrate its secrets. As an electrically neutral sub-atomic particle, the neutron could be fired into a positively-charged nucleus without being diverted by the force of electrostatic repulsion.


Italian physicist Enrico Fermi and his research team in Rome began a systematic study of the effects of bombarding nuclei with neutrons, starting with the lightest-known elements and working their way through the entire periodic table. When in 1934 they fired neutrons at the heaviest known atomic nuclei – those of uranium – the Italian physicists presumed they had created even heavier elements that did not occur in nature, called transuranic elements. This discovery made headline news and was greeted as a triumph for Italian science.


It was a discovery that had caught Hahn’s attention in Berlin, and he and Meitner had set about repeating Fermi’s experiments and conducting their own, much more detailed, chemical investigations.


All the scientists involved in this work assumed that while neutron bombardment would transform elements, it would do so only in small, incremental amounts. Absorbing a neutron was expected to yield products that differed from the original target nucleus by no more than a couple of protons or neutrons. In other words, the products were expected to be found no more than one or two places higher or lower in the periodic table of the elements.


Hahn and his assistant Fritz Strassman carefully repeated work on the neutron bombardment of uranium. The German chemists initially believed that they were producing the highly radioactive element radium, somewhat lighter than uranium. They could find no evidence for transuranic elements.


The most stable, common isotope of uranium contains 92 protons and 146 neutrons, giving a total of 238 altogether (written U-238). Radium nuclei contain 88 protons and can exist as a variety of radioactive isotopes with varying numbers of neutrons, the most common isotope containing 138 neutrons and 226 ‘nucleons’ overall. Transforming uranium into radium – as Hahn and Strassman were suggesting – appeared to require too big a leap, moving the target nucleus four places down the periodic table. This was much bigger than the small, incremental changes that were expected from neutron bombardment.


Late in 1938 Hahn had written to his sorely missed collaborator about these results, but Meitner urged caution. What Hahn and Strassman had found was quite simply unprecedented, and could not be explained by current theories of atomic nuclei.


Mass into energy


Frisch emerged from his hotel room after his first night in Kungälv to find his aunt already at breakfast. It was Christmas Eve 1938. This was an opportunity to set aside his gloom about developments in Germany and fears for the safety of his father. He wanted to talk physics, and he planned to tell Meitner all about a new experiment he was working on. However, he found that she was completely preoccupied. She was clutching a further letter from Hahn, dated 19 December, which contained news of further results from Berlin that were, if anything, even more bizarre.


Hahn and Strassman had repeated their experiments and concluded that the atoms they had created were not those of radium at all. They were, in fact, barium atoms. The most common isotope of barium has just 56 protons and 82 neutrons, totalling 138. This was a remarkable conclusion. The target uranium nucleus had moved not one, two or even four places down the periodic table: it had moved down an astonishing 36 places. Bombarding uranium with neutrons had caused the uranium nucleus to split virtually in half.


‘I don’t believe it,’ Frisch declared, ‘there’s some mistake.’ But Meitner claimed that Hahn was just too good a scientist to have made a fundamental error.


Meitner had written back to Hahn a few days before, declaring that these results were ‘startling’, but going on to say: ‘but in nuclear physics we have experienced so many surprises, that one cannot unconditionally say: it is impossible.’


Frisch and Meitner’s animated discussion continued after breakfast. They set out from their hotel across the flood plain of the river, crossing the frozen river itself before entering open woods, Frisch on skis and Meitner on foot, all the time debating. How could a single neutron cause the uranium nucleus to fall apart so spectacularly? Of course, nobody really knew how a uranium nucleus would behave in such a reaction. All they could do was reach for analogies with other physical phenomena that were better understood, and hope for the best.


One of these analogies had been proposed ten years before by the Ukrainian-born physicist George Gamow and had been adapted by Bohr to describe nuclear reactions. Meitner now recalled it. In this model, the force binding an atomic nucleus together is imagined to act in much the same way as surface tension binds a drop of liquid. In this ‘liquid-drop’ model of the nucleus, a balance is maintained between the surface tension which holds it together and the force of repulsion between its positively-charged protons which threatens to tear it apart.


Both forces increase as the size of the nucleus increases, but the force of repulsion increases more rapidly, eventually overwhelming the surface tension when the number of protons reaches about 100.2 Perhaps in a uranium nucleus, with its 92 protons, this balance is very delicate. Maybe adding a single neutron is enough to cause the nucleus to distort, elongating and forming a narrow waist before splitting to form two smaller ‘drops’.


Frisch and Meitner sat on a tree trunk scrambling for pieces of paper on which to draw diagrams and scribble calculations. They quickly deduced that the sizeable positive charge of the uranium nucleus was indeed large enough to offset the surface tension. This suggested an image of ‘a very wobbly, unstable drop, ready to divide itself at the slightest provocation, such as the impact of a single neutron’.


But the nuclear fragments created by such a split would each carry away a sizeable amount of energy. Meitner estimated this to be about 200 million electron volts.3 The fragments would be propelled away from each other by the mutual repulsion of their positive charges. Energy had to be conserved in this process. This was an unquestionable, fundamental law of physics that could not be broken. If they could not account for this energy then their idea would be worthless.


So, where could this energy have come from? Meitner recalled her first meeting with Albert Einstein, in 1909. She had heard him lecture on his theory of relativity, and had watched intently as he had derived his famous formula, E = mc2. The very idea that mass could be converted to energy had left a deep impression on her. She also remembered that the nuclear masses of the fragments created by splitting a uranium nucleus would not quite add up to the mass of the original nucleus. These masses differed by about one-fifth of the mass of a single proton, mass that had gone ‘missing’ in the nuclear reaction.


The sums checked out. It all fitted together. A neutron causes the uranium nucleus to split in two, converting a tiny amount of mass into energy along the way.4


Nuclear fission


Frisch arrived back at Bohr’s institute in Copenhagen on 3 January 1939, and rushed to tell Bohr what he and Meitner had discovered. On hearing of their proposal Bohr immediately recognised its basic truth, declaring: ‘Oh what idiots we have all been! Oh but this is wonderful. This is just as it must be.’ He urged Frisch to publish what they had discovered as soon as possible and promised to keep the news to himself until Frisch and Meitner had established priority.


A new physical process demanded a new name. Frisch saw parallels between the contortions of the uranium nucleus, the ‘wobbly, unstable drop’, and biological cell division. On advice from a biologist, Frisch borrowed the term fission to describe the fragmentation of uranium nuclei in the paper he was hastily drafting with Meitner. Despite Bohr’s reservations about the name, it stuck.


Bohr turned his attention to preparations for a trip to Princeton University in the United States. He was intending to continue his debate with Einstein on the interpretation of quantum theory, a debate that had begun in 1927 and which proved to be one of the most important scientific debates of the twentieth century, if not the entire history of science. At issue was the role of uncertainty and probability in the behaviour of fundamental sub-atomic particles, to which Einstein had stubbornly refused to yield his insistence that ‘God does not play dice’. At stake was the ability of the human mind to comprehend the very nature of physical reality itself.


Bohr was joined on the trip by his son Erik and Léon Rosenfeld, a young protégé whom Bohr would frequently use as a ‘sounding board’, bouncing ideas off him as a way to sharpen his own thinking. They left for Gothenburg on 7 January, where they embarked on the MS Drottningholm, bound for New York. But the subject of discussion in Bohr’s stateroom – in which he had arranged to have a blackboard fitted – was not the interpretation of quantum theory, as he had originally intended. It was nuclear fission.


As Bohr crossed the Atlantic, Frisch was busy back in Copenhagen. Nuclear fission in uranium had been discovered through the careful identification of the chemical substances that had resulted from it. The scientists knew what substances they had started with, and they knew what they had finished with, and fission was proposed to account for the journey from start to finish. This was a bit like starting with the opening scenes of Shakespeare’s Hamlet, finishing with a stage strewn with corpses, and hypothesising about what had happened in between.


Frisch’s Czech colleague George Placzek was sceptical. If Frisch and Meitner were right, then surely the fission reaction would be expected to produce a tell-tale burst of energy that should be physically detectable. Frisch simply hadn’t thought of this. Within a matter of a few days he had retreated to his laboratory, devised and carried out a simple experiment and had found what he was looking for. He had found the tell-tale signature of fission.


But there was yet more to be discovered. Lighter elements in the periodic table tend to have equal numbers of protons and neutrons in their nuclei. But as the number of protons in the nuclei increases, so does the force of repulsion between them. Heavier nuclei therefore require an excess of neutrons over protons to create enough ‘surface tension’ to remain stable. If the uranium nucleus was splitting up to form lighter elements, then perhaps these were being formed with more neutrons in their nuclei than they could comfortably accommodate.


It was Frisch’s Danish colleague Christian Møller who suggested that if the newly-formed fission fragments spit out one or two additional neutrons in their turn (subsequently called secondary neutrons), perhaps these could go on to break up more uranium nuclei, releasing more energy and creating more neutrons, and so on and on. The result would be a cascade, a chain reaction that could liberate nuclear energy on a large scale. Control the chain reaction and you would have a nuclear ‘reactor’.


An uncontrolled chain reaction would be a bomb of unprecedented destructive power.


Verification


The Bohrs and Rosenfeld disembarked at the Hudson River dock on 16 January 1939. They were met by a young Princeton University physicist called John Wheeler, who had worked with Bohr in Copenhagen in 1934 and 1935, and was looking forward to spending a few months with his former colleague.


Wheeler was joined at the dockside by Enrico Fermi and his wife Laura. On 10 December 1938 Enrico had collected a Nobel prize for his work on neutron bombardment, and the Fermis had ‘got lost’ on their way back from Stockholm. In truth, Fermi had sought to protect Laura from Mussolini’s Fascist state, which had introduced its own anti-Semitic laws a few months previously.5 He had accepted the offer of a professorship at Columbia University and had arrived in New York on 2 January.


Bohr, ever mindful of the importance of establishing priority for his colleagues when a significant discovery had been made, said nothing to either Wheeler or Fermi about nuclear fission. But as Bohr left to spend a day catching up with Fermi, Rosenfeld – unaware of Bohr’s concerns – happily spilled the beans to Wheeler. The news spread quickly through the community of physicists in America, which by now included many European émigrés.


Hahn had contacted Paul Rosbaud about their experimental results on 22 December 1938, and Rosbaud had helped rush these into print. Hahn and Strassman’s paper on the neutron bombardment of uranium was published in Die Naturwissenschaften on 6 January 1939. Although Meitner had been part of the team that had worked on these problems and had continued to collaborate from her exile in Sweden, it was now politically unacceptable for Hahn to name her as a co-author. Meitner, in her turn, had remained reticent about her and Frisch’s interpretation of Hahn and Strassman’s results.


Frisch and Meitner’s paper on nuclear fission in uranium was published in the British scientific journal Nature on 11 February. Frisch’s paper reporting the results of his simple experiment to verify fission was published in Nature a week later, on 18 February. In an effort to ensure that Frisch and Meitner were properly credited with the discovery, Bohr himself published a short paper on the subject in Nature on 25 February.


Thanks to Rosenfeld’s indiscretion, and a subsequent official report on fission by Bohr at a conference at George Washington University, by the time these papers appeared, experiments repeating and verifying the results had already been carried out in America.


On the West Coast, 27-year-old physicist Luis Alvarez had found out about fission from an article buried in the San Francisco Chronicle. He immediately abandoned the barber’s chair in which he was sitting, cutting off the barber mid-snip, and ran to Berkeley’s Radiation Laboratory to spread the news.6 His first encounter was with Philip Abelson, one of his own graduate students, who was within a week or so of making the discovery of fission for himself. Abelson quickly verified the results.


Alvarez also informed another young Berkeley professor, regarded by many as the American West Coast’s wunderkind of theoretical physics. The young professor ‘instantly pronounced the reaction impossible and proceeded to prove mathematically to everyone in the room that someone must have made a mistake’. He became convinced within minutes of being shown the experimental evidence, however, and within a few days a crude design for an atomic bomb had appeared on the blackboard in his office. His name was J. Robert Oppenheimer.


Nuclear fission was now not only an established scientific fact, it was fast becoming a new scientific discipline.


Uranium-235


By March 1939 research groups in America and in France had shown that, on average, between two and four secondary neutrons are released in each fission of a uranium nucleus – more than adequate to support a self-sustaining chain reaction. Growing concern about the possibility of an atomic bomb was, however, quickly dispelled.7


Bohr hadn’t lost any time. There was clearly much work to be done in the newly-emerging field of fission physics, and Princeton was just as good a place to do this work as Copenhagen. He asked Wheeler if he would like to collaborate, and together they started work on a more detailed theory of the fission process. They were aided by some new experimental results from an apparatus that had been hastily set up in the attic of Princeton’s Palmer Laboratory. These results were initially quite puzzling.


The Princeton apparatus had been designed to discover how the rate of nuclear fission in uranium changes as the energy of the bombarding neutrons is varied.8 It was found that the highest fission rates are obtained at the highest energies, with the rate falling as the energy of the neutrons falls, largely as expected. But then it was found that at low neutron energies the rate of fission increases once more.


Placzek, having challenged Frisch in Copenhagen to go look for the tell-tale signature of fission, now found himself sitting at breakfast with Bohr and Rosenfeld in Princeton. ‘What kind of crazy thing is this big [rate] for both fast and slow?’ he exclaimed.


Bohr figured out the answer while walking from breakfast back to his office. The high rate of fission with slow neutrons must, he reasoned, be due to the rare isotope U-235, which makes up only a tiny proportion of naturally-occurring uranium. Bohr and Wheeler now worked out the details. There were two factors at play.


The balance between the force of repulsion of the protons in the uranium nucleus and the surface tension holding the nucleus together is much more delicate in U-235 than in U-238. The three extra neutrons in U-238 help to stabilise the nucleus, thereby increasing the barrier to fission. Faster, higher-energy neutrons are therefore required to get over the hurdle in U-238.


The second factor concerns the nature of the compound nucleus itself. Atomic nuclei exhibit a general preference for even numbers of protons and neutrons, behaviour that can be traced back to the quantum nature of their sub-atomic constituents. Adding an extra neutron to U-235 makes U-236, containing 92 protons and 144 neutrons, both even numbers. Adding an extra neutron to U-238 makes U-239, which contains an odd number of neutrons. This means that U-235 ‘accommodates’ an additional neutron, and so reacts more readily with it, than does U-238.


These two factors combined are enough to account for the significant difference in behaviour of the two uranium isotopes. To fission a U-238 nucleus requires fast neutrons. The much more vulnerable U-235 nucleus can be split with slow neutrons. This meant that in a bomb consisting of a mixture of U-235 and U-238 which relied on slow-neutron fission of U-235, the result would be a slow chain reaction. An atomic bomb based on a slow chain reaction would fizzle out long before it could explode.


The immediate prospect for a bomb diminished, though it did not disappear entirely. Of course, Bohr declared in discussions with his colleagues in April 1939, it might be possible to manufacture a bomb based on pure U-235. But this was a minor isotope, present in naturally-occurring uranium to only one part in 140, a miserly 0.7 per cent. Isotopes are chemically identical and so cannot be separated by chemical means. Physical separation would be required, relying on the tiny difference in the masses of the isotopes. Such physical separation on the scale required to build an atomic bomb – a scale presumed at this stage to be measured in tons – appeared profoundly impractical.


‘Yes, it would be possible to make a bomb,’ Bohr declared, ‘but it would take the entire efforts of a nation to do it.’


Hungarian conspiracy


There was no denying the novelty of atomic energy and the unprecedented scale of energy release promised by nuclear fission. Under any circumstances, the discovery of fission would have provoked interest among not just scientists, but also governments, the military establishment and business enterprises. But these were not any circumstances. Only a few short months had passed since Frisch and Meitner’s discovery, made as they scribbled their calculations sitting on a tree trunk in a wood near Kungälv, yet this was time enough to found a whole new physics. And this new physics was being elucidated just as preparations for war in Europe were taking shape.


French physicists Frédéric Joliot-Curie, Hans von Halban and Lew Kowarski9 summarised the evidence for nuclear chain reactions in uranium in Nature on 19 March. Their subsequent report specifying the number of secondary neutrons released in each nuclear fission event appeared in the same journal on 22 April.10 These publications provoked a number of breathless accounts in the popular press of an impending ‘super-bomb’. They also caused a flurry of activity in government ministries.


At a hastily-convened conference held on 29 April 1939, Abraham Esau, president of the Reich Bureau of Standards and head of the physics section of the Reich Research Council, recommended the establishment of a uranium research project under his leadership. He gathered a number of leading German nuclear physicists together, referring to them as the Uranverein (Uranium Club). He charged the Uranverein with the task of investigating the potential for atomic energy, urging that they at once secure all stocks of uranium in Germany and ban all future exports.


A few days earlier, on 24 April, young Hamburg chemist Paul Harteck and his assistant Wilhelm Groth had written to the German War Office, urging the military to take note of the new developments in nuclear physics. They wrote:




We take the liberty of calling your attention to the newest development in nuclear physics, which, in our opinion, will probably make it possible to produce an explosive many orders of magnitude more powerful than the conventional ones … That country which first makes use of it has an unsurpassable advantage over the others.





The letter was passed to the German Army Weapons Bureau, which subsequently initiated its own, rival, uranium research project under the leadership of physicist Kurt Diebner.


In Britain, Member of Parliament Winston Churchill grew increasingly alarmed by the summer’s press accounts of a possible ‘super bomb’. His concern was not that such weapons might be built first by Nazi scientists; it was rather that Hitler might seek to use the threat of a new secret weapon in his bargaining with Prime Minister Neville Chamberlain.


Churchill sought advice from his trusted scientific adviser and friend, Oxford physicist Frederick Lindemann, known to Churchill fondly as ‘the Prof’. Lindemann had visited him often in the period 1931–34, during his ‘wilderness years’ at Chartwell, the Churchill family home. Drawing on Lindemann’s advice, he wrote to Sir Kingsley Wood, Secretary of State for Air, on 5 August 1939 to advise him that such weapons would not be available for several years.


Nuclear physics research in the Soviet Union was conducted primarily (though not exclusively) at the Leningrad Physicotechnical Institute, commonly known as Fiztekh, which had been established in the early 1930s. The energetic and expressive physicist Igor Kurchatov headed the Institute’s nuclear department. Although the Soviet Union had many highly talented scientists, it had become increasingly difficult to maintain research programmes not directly supportive of the country’s efforts to achieve rapid industrialisation, and nuclear physics in particular was not seen to have any practical application. Even worse, as Stalin’s regime had become more isolated following the Great Purge of 1937–38 (in which 100 Soviet physicists are believed to have been among the seven to eight million citizens arrested), virtually all contact with Western nuclear scientists had ceased.


Soviet physicists had little choice but to follow developments through the pages of Western science journals. Once read, the new discoveries relating to fission were quickly repeated and extended in the Soviet Union. Kurchatov directed his colleagues Georgei Flerov and Lev Rusinov to measure the number of secondary neutrons formed by the fission of uranium. By 10 April they had confirmed that between two and four secondary neutrons are produced, thereby independently confirming the possibility of nuclear chain reactions. By June, Flerov and Rusinov had also indirectly confirmed Bohr’s suggestion that U-235 is primarily responsible for fission in uranium. At this stage the physicists did not see fit to bring these discoveries to the attention of the Soviet government or military authorities, or alert them to the potential for an atomic threat.


When Hitler had been appointed Chancellor in January 1933, Hungarian physicist Leo Szilard had packed his belongings into two suitcases, and made ready to leave Berlin at a moment’s notice, ‘when things got too bad’. That moment arrived just a few months later. Szilard moved first to Vienna, then to London where he helped Lindemann to establish a fund to bring exiled scientists to Britain. He spent several years in London and Oxford anticipating the development of nuclear fission, chain reactions and atomic bombs,11 before emigrating to the US in early 1938. On hearing of the discovery of fission in uranium in January 1939, he borrowed $2,000 from a successful American inventor and persuaded the chairman of the physics department at Columbia University – where Fermi had recently arrived – to provide laboratory facilities.


Working with Fermi he independently verified the production of secondary neutrons and the possibility of a nuclear chain reaction, thus realising his worst fears. He had been thinking about the potential for releasing atomic energy for many years, and now confronted a real fear that Nazi Germany might be the first to build an atomic weapon. He sought commitments from his scientific colleagues to refrain from publishing their results openly in the scientific literature. Joliot-Curie refused.


Szilard voiced his growing concerns to fellow Hungarian émigré physicists Eugene Wigner and Edward Teller. Wigner had arrived in Princeton from Berlin in October 1930 to take up a temporary lectureship, which had become a permanent position in 1935. He had spent a couple of years at the University of Wisconsin before returning to Princeton in June 1938. Teller had left Göttingen in Germany first for Copenhagen, then University College London, then George Washington University in Washington, DC, where he had arrived with his new wife Mici in August 1935.


All three members of this ‘Hungarian conspiracy’ had had direct personal experience of the Nazi regime and understood precisely what it could be capable of. The news from Europe suggested that German expansionism might easily engulf Belgium, whose colony in Africa was a rich source of uranium ore. Wigner suggested that they alert the Belgian government to the danger.


Szilard remembered that his former colleague Einstein knew Elizabeth, Queen of the Belgians personally, and could perhaps approach her on their behalf. Shortly afterwards, on 16 July, Szilard, Wigner and Einstein met at Einstein’s holiday home on Long Island. This was the first that Einstein had heard of the possibility of nuclear chain reactions, and he enthusiastically agreed to help. Einstein dictated a letter in German, and Wigner wrote it down.


After having secured Einstein’s agreement, Szilard then found an alternative way to sound the alarm. He had been put in touch with Alexander Sachs, an economic adviser to US President Franklin Roosevelt. Sachs listened carefully to Szilard’s concerns, before concluding that this was surely a matter for Roosevelt himself. Sachs promised to provide a statement on the subject directly to the President.


Teller and Szilard held a further meeting with Einstein on 30 July, Teller later remarking that he had ‘entered history as Szilard’s chauffeur’ (Szilard had never learned to drive and did not own a car). Einstein agreed to the change of plan, and the three physicists then worked on a draft letter. The end result, dated 2 August 1939, was communicated to Sachs on 15 August but was not delivered verbally to Roosevelt until October.


The letter warned of ‘extremely powerful bombs of a new type’. It warned that Germany had banned the sale of uranium from mines in recently annexed Czechoslovakia and that American work on uranium was now being repeated in Berlin.


Declaration of war


At 4:40am on 1 September 1939 the German Luftwaffe attacked and destroyed the Polish town of Weilun, killing 1,200 people, mostly civilians. This was merely the first in a series of preludes to a full-scale German invasion.


Allied governments declared war on Germany on 3 September.


German Army Ordnance hastily consolidated the country’s two uranium research projects and issued call-up papers to selected nuclear scientists. On 16 September the scientists attended a secret conference to establish the consolidated project and discuss some of the scientific problems they were likely to face. Among them were Diebner, Harteck and Hahn.


The paper by Bohr and Wheeler on the theory of nuclear fission and the importance of U-235 had recently been published in the American journal Physical Review. It had been widely and eagerly read by the German scientists. One of these – Erich Bagge – suggested that the Uranverein co-opt his professor at the University of Leipzig to investigate further the theory of nuclear chain reactions in uranium. This was Nobel laureate Werner Heisenberg, the country’s leading theoretical physicist, famous for his discovery of the uncertainty principle. Heisenberg received notification of his call-up from Bagge himself on 25 September.


The first war of physics had begun.


Footnotes


1 Particle accelerators had existed for some years prior to Lawrence’s development of the cyclotron in 1929. However, these earlier machines were linear accelerators, accelerating particles along straight lines by passing them through a series of plates to which a carefully controlled alternating high voltage was applied. Lawrence’s cyclotron was designed to accelerate particles along a circular path created by an electromagnet, promising greater efficiencies and higher particle energies.


2 This is the reason why the periodic table does not go on forever. There is an essential limit on the size of an atomic nucleus imposed by the cumulative force of repulsion between its positively-charged constituents.


3 An electron volt is the amount of energy a single negatively-charged electron gains when accelerated through a one-volt electric field. A 100W light bulb burns energy at the rate of about 600 billion billion electron volts per second. So, 200 million electron volts might sound like small beer, but remember this is energy released by a single nucleus. A kilogram of uranium contains billions upon billions of nuclei. In fact, if every nucleus in a kilogram of uranium released 200 million electron volts of energy, this would be equivalent to the energy released by about 22,000 tons of TNT.


4 To a certain extent, Frisch and Meitner’s discovery had been anticipated four years earlier by German chemist Ida Noddack. She had made the suggestion that far from creating transuranic elements, Fermi and his colleagues had actually split the uranium nucleus into several much smaller atomic fragments. At the time nobody took Noddack’s proposal seriously. Hahn himself dismissed the idea as absurd.


5 The Manifesto della Razza had been published on 14 July 1938. It declared that the Italian population is of Aryan race and that Jews did not, therefore, belong. The first anti-Semitic laws were passed in September. Fermi and the children were Catholics, but Laura was Jewish.


6 The Radiation Laboratory (or Rad Lab) had been established on the University of California campus at Berkeley by Lawrence in August 1931 specifically to study high-energy physics using the cyclotron.


7 Strictly speaking, as all the action takes place in the uranium nucleus, this should be referred to as a ‘nuclear bomb’, just as we refer to a ‘nuclear reactor’. However, in this book I will happily stick with the commonly-accepted term ‘atomic bomb’, or A-bomb.


8 In practice, physicists are concerned to measure something called the cross-section of the reaction, reported in units of square centimetres. The cross-section can be thought to represent the size of a hypothetical ‘window’ through which the reaction occurs. The larger the window, the more likely the reaction. The more likely the reaction, the faster it will occur. This simple picture gets a bit fuzzy, however, when we start to consider the wave nature of sub-atomic particles. So, to avoid complications, I will restrict discussion always to the rate (or speed) of the nuclear reaction.


9 Hans von Halban was French, of Austrian-Jewish descent. Lew Kowarski was a naturalised Frenchman, of Russian-Polish descent.


10 This report suggested that an average of 3.5 secondary neutrons is produced for each fission of a uranium nucleus. This figure was subsequently revised to 2.5.


11 Szilard filed a patent application based on the idea of a nuclear chain reaction in March 1934.
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MOBILISATION









Chapter 1


THE URANVEREIN


September 1939–July 1940


Werner Heisenberg loved his country. He was a patriot and, by his own standards, a ‘good’ German. Slightly built, blond, with a warm and welcoming smile, he might have seemed to some the very essence of Aryan manhood. As an impressionable young student in his late teens he had dreamt of a romanticised Third Reich with fellow members of the New German Pathfinders, a youth movement composed of upper-middle-class adolescent males. This was a Reich that was to be forged through a return to the spirit of community and noble leadership characteristic of the medieval crusader knights. It demanded a complete rejection of the corruption and hypocrisy of modern German society and extolled moral purity, honour and chivalry. The movement was firmly apolitical.


The older Heisenberg might have been able to persuade himself that a German victory in the war that had just been unleashed would be ultimately good for Europe, but it was painfully obvious that Hitler’s National Socialism was a gross corruption of his youthful ideals. He had managed to convince himself that Hitler’s regime would surely be transitory, giving way in the fullness of time to a more moderate and honourable form of government.


In the meantime, many of Heisenberg’s Jewish colleagues had fled the country, fearing for their lives and the lives of their families. Heisenberg himself preferred the inner exile of political reticence and conformity to the prospect of physical exile that had been afforded by the offers of academic positions he had received from abroad. In reaching this conclusion he was guided by Max Planck, the great grandfather of the quantum, now president of the Kaiser Wilhelm Society. Planck had counselled that emigration would be an empty gesture, and that Heisenberg could perform a higher service by offering support to the next generation of German physicists, needed by the country long after the Nazis had gone.


It was a morally ambiguous position. Physics and physicists had to be defended without offence to Nazi ideology, a task requiring painstakingly careful steps along a very fine line. It was a path that was to involve considerable personal danger and many shameful compromises.


Heisenberg himself was intimately aware of the dangers. He had been publicly denounced two years before for his association with the kind of physics that Nazi purists had branded ‘Jewish’, largely because of its departure from classical preconceptions and because of the prevalence of Jews in its discovery and development. The archetypal Jewish physicist was Einstein, and Einstein’s theories of relativity had come to epitomise Jewish physics.


At that time Heisenberg had been waiting for news about his appointment to a professorial chair at the University of Munich. This was a position vacated by Arnold Sommerfeld, Heisenberg’s former doctoral adviser, who had retired a few years previously. His appointment had seemed certain. Then came an article by Nazi physicist Johannes Stark in the SS newspaper, Das Schwarze Korps, on 15 July 1937. ‘How secure the “White Jews” feel in their position,’ Stark wrote, ‘is proven by the actions of the Professor for Theoretical Physics in Leipzig, Prof. Werner Heisenberg, who … declared Einstein’s theory of relativity to be “the obvious basis for further research …”’ Stark went on to accuse Heisenberg of anti-regime views, of being a ‘Jew lover’ and a ‘Jewish pawn’.


In itself the attack proved enough to deny Heisenberg the Munich chair. But he was now faced with a dark choice. Silence in the face of such accusations would imply complicity, placing both himself and his new (and now pregnant) wife Elisabeth in a danger from which physical exile from Germany and German science would be the only escape. The Nazi dogs would hound him out of the country he loved. The alternative was to defend what he saw to be his ‘honour’, declare his patriotism and, by inference, his loyalty to the Nazi cause. ‘Now I actually see no other possibility but to ask for my dismissal [from his professorship in Leipzig] if the defence of my honour is refused here’, he wrote to Sommerfeld.


Towards the end of July, Heisenberg wrote directly to Heinrich Himmler, asking that Himmler either approve or disapprove of Stark’s attack on him. Approval of Stark’s denouncement by Himmler would lead Heisenberg to resign his position. Disapproval would lead him to demand that his honour be restored and that he be protected from any future such attacks.


This was not a letter that could be trusted to the usual channels, as these would work too slowly, if at all. Instead Heisenberg’s mother offered to pass the letter to Himmler via Himmler’s mother, whom she knew personally. They met in either late July or early August 1937, Heisenberg’s mother appealing to Mrs Himmler’s maternal instincts: ‘… we mothers know nothing about politics – neither your son’s nor mine,’ she confided, ‘But we know that we have to care for our boys. That is why I have come to you.’


Himmler probably received the letter later that August, and launched a preliminary internal investigation. This evolved into a more intensive SS investigation that lasted more than eight months. Heisenberg would have come to know real fear during this time. The Gestapo bugged his home and placed spies in his physics classes. An apparent preference for the company of young men and the apparently unseemly haste with which the 35-year-old Werner had married twenty-year-old Elisabeth Schumacher evolved into dark hints of homosexuality, a crime punishable by immediate imprisonment in a concentration camp. Such allegations were frequently used by the SS to extract confessions for lesser crimes.


What, one wonders, might have been said to Heisenberg during his interrogations in the notorious cellars of SS headquarters in Prinz Albert Strasse in Berlin, where a sign hanging on the wall reminded all exposed to such questioning to ‘Breathe calmly and deeply’? Heisenberg was not physically harmed, but would return home from each interrogation exhausted and deeply disturbed.


Several of the SS investigation team had studied physics and Heisenberg had actually acted as doctoral thesis examiner in Leipzig for one of them. The investigation concluded positively, clearing Heisenberg of all the charges levelled by Stark. The application of some further, gentle diplomatic pressure on Himmler finally led to a compromise, and a conclusion of the affair, a year after Stark’s accusations had first appeared in print. Himmler expressed his disapproval of the attack, his belief that ‘… Heisenberg is decent, and we could not afford to lose or silence this man, who is relatively young and can educate a new generation’. He instructed Reinhard Heydrich, head of the Nazi intelligence service – the SD – that Heisenberg should be protected from any future attack.


Such protection was dearly bought. The compromise meant that relativity theory could continue to be taught to the next generation of German physicists, but it had to be divorced from Einstein’s name. Indeed, the argument went, the foundations of relativity theory had, surely, been laid by good Aryan physicists. The Jew Einstein had merely profiteered from their ideas. Compared to the evils visited upon Jews by the Nazis in the time since they had come to power, denial of the role they had played in the development of modern physics was, perhaps, a bargain that was not so difficult for Heisenberg to accept. But the Faustian nature of the bargain was now crystal clear.


Preventing catastrophe


Heisenberg’s American colleagues, and those European physicists who had found sanctuary in America, could not understand his decision to stay in Germany.


He visited America in the summer of 1939, probably judging this to be the last opportunity to do so for some time to come. He lectured in Chicago and at Purdue University in Indiana, before moving on to Ann Arbor to attend a summer school organised by Dutch physicist Samuel Goudsmit, then on the faculty of the University of Michigan.


It was in America that Fermi caught up with him, and together they discussed the prospect for a new kind of super-weapon based on nuclear chain reactions. Heisenberg shared the commonly-held view that this was a remote, long-term possibility. Fermi insisted that, should war break out, nuclear physicists of all nations would surely be expected to devote all their energies to building these new weapons. Heisenberg conceded the point but played down the potential for success: ‘I believe that the war will be over long before the first atom bomb is built’, he said.


In Ann Arbor Heisenberg faced a friendlier, though no less intense, interrogation. What was Heisenberg going to do? Why was he staying on in Nazi Germany? How could he continue to do physics under the auspices of such an evil regime? Why was he in such a hurry to get back? Goudsmit pursued him relentlessly. Laura Fermi remarked that anyone must be crazy to stay in Germany. Exasperated, Heisenberg responded in kind: ‘People must learn to prevent catastrophes,’ he argued, ‘not to run away from them.’


Before returning to Germany Heisenberg stopped over in New York, where once again he received the offer of an academic position at Columbia University, an offer that had first been made during his darkest hours in 1937. Once again he turned the offer down.


Perhaps Heisenberg had not received the kind of reception in America that he had anticipated. His insensitivity to the effect on his friends and colleagues of some of his more casual remarks – emphasising that he needed to return to his German army reserve unit for machine-gun practice, for example – would certainly not have helped. He boarded the SS Europa in early August. It was virtually empty. On the journey back to Germany he would have had plenty of time to ponder what the future held.


Warfare for physics


As each day had passed since the outbreak of war on 1 September 1939, Heisenberg had anticipated the arrival of his call-up papers, just as he had nervously, but eagerly, anticipated a call to arms with his reserve infantry brigade during the Sudeten crisis a year before, a crisis averted when Czechoslovakia’s allies traded appeasement of Hitler’s aggressive expansionism for ‘peace in our time’. When Erich Bagge returned to Leipzig on 25 September and advised him that he was to report not to the infantry but to the next meeting of the Uranverein, he was both greatly relieved and excited. He had been presented with an opportunity to contribute to Germany’s war effort by doing what he loved most: research.


In his own mind Heisenberg had already dismissed the prospect of an atomic super-weapon as a remote one, but the German military authorities were nevertheless willing to engage the services of nuclear physicists and provide research funds and facilities to explore the possibilities. Here was an opportunity to contribute to the war effort and at the same time carry out fundamental research. ‘We must make use of physics for warfare’, was the official slogan of the Nazi government. Heisenberg thought to turn this on its head: ‘We must make use of warfare for physics’, he wrote years later of his reaction to the news.


Many scientists down the centuries have fallen prey to such impeccable, but arrogant, logic. When the ends are deemed to be improbably achievable or irrelevant, the means become the most important consideration. But these same scientists have tended to fail spectacularly to see all possible ends. So, Werner Heisenberg, Nobel laureate, discoverer of quantum mechanics and the uncertainty principle, and one of the most talented theoretical physicists of his time, accepted the challenge to work on atomic weapons for Hitler’s Nazi Germany. He accepted eagerly and without hesitation. A darker and potentially much more dangerous Faustian bargain had now been struck.


The Uranverein was to meet again in Berlin the very next day, 26 September. Heisenberg journeyed to Berlin that night.


Reactors and bombs


The second meeting of the Uranverein, whose very existence was now classified as a military secret, was held in the research offices of German Army Ordnance in Berlin. The research branch of Army Ordnance was headed by Erich Schumann,1 who had wrested control of the Uranverein from Esau at the Reich Research Council, part of the Ministry of Education. Schumann appointed Diebner to direct the project, supported by Bagge. Diebner had studied physics in Innsbruck and in Halle before joining the German Bureau of Standards and the Army Weapons Bureau in 1934. Bagge had studied in Munich and Berlin and gained his doctorate under Heisenberg at Leipzig in 1938. Both were loyal Nazis.


Heisenberg now joined Diebner, Bagge, Harteck, Hahn and other Uranverein physicists, including Carl Friedrich von Weizsäcker, one of Heisenberg’s former students and a close friend. Weizsäcker had studied in Berlin and Copenhagen before gaining his doctorate under Heisenberg in Leipzig in 1933. He was a talented young theoretical physicist and philosopher, the son of Ernst von Weizsäcker, Secretary of State under Foreign Minister Joachim von Ribbentrop. Just 24 days prior to the Uranverein meeting, on the second day of the war, his younger brother Heinrich had been killed fighting with the Ninth Infantry Regiment near Danzig.


Diebner and Bagge had drafted an outline of the research programme a few days prior to the meeting, and had allocated tasks to each of the scientists involved. There was still considerable uncertainty regarding the physical principles of a fission chain reaction in uranium and there were few hard measurements available, but there was enough understanding to make a start.


Bohr and Wheeler had argued that U-235 is responsible for fission in uranium, and that fission can be triggered by bombardment of U-235 with slow neutrons. Fission in the much more abundant isotope U-238 requires much faster, higher-energy neutrons. However, there are certain characteristic neutron energies, called ‘resonant’ energies, at which a U-238 nucleus will capture a neutron to form the unstable isotope U-239 without undergoing fission. At these relatively high energies, neutrons would therefore be removed from any chain reaction, the U-238 nuclei acting as a ‘sink’, preventing the neutrons from going on to fission more U-235 nuclei.


Obtaining a self-sustaining chain reaction in a nuclear reactor based on naturally-occurring uranium was therefore a simple matter of population statistics. Secondary neutrons produced by fission of U-235 would be formed with a range of energies, or speeds. If, on average, one or more neutrons survived long enough to encounter other U-235 nuclei, then there was a chance that these would cause fission, sustaining the chain reaction. If, on the other hand, the secondary neutrons were captured by the more abundant U-238, leaving, on average, less than one neutron to find a U-235 nucleus, then the chain reaction would be unsustainable and would quickly fizzle out.


The solution was obvious. To give the secondary neutrons as much chance as possible of finding and fissioning more U-235 nuclei, it would be necessary to incorporate a moderator in the reactor design. This would be a material containing light atoms capable of slowing the neutrons down without absorbing them. By slowing the neutrons down to an energy below the threshold of the U-238 resonance, they would be prevented from being absorbed in their turn by the U-238 nuclei. Suitable candidates for a moderator included so-called ‘heavy’ water, in which the hydrogen atoms of ordinary water are replaced by heavier deuterium isotopes,2 or pure carbon in some readily available form, such as graphite. Harteck had already done some preliminary work on a reactor design consisting of alternating layers of uranium and heavy water.


It was also fairly clear at this early stage that a compact reactor or a bomb could not be built without separating U-235 from U-238 or, at the very least, greatly enriching the proportion of U-235 present in a mixture. There were few options available and, as Bohr had observed months earlier to his colleagues in Princeton, the prospects for large-scale separation of U-235 were dim. A thermal diffusion method, based on a process devised in 1938 by German chemists Klaus Clusius and Gerhard Dickel, appeared to be the best bet. This process relies on the tiny differences in the diffusion properties of gaseous forms of the isotopes when exposed to a temperature differential. To get uranium into a gaseous form would require working with uranium hexafluoride, a highly unpleasant substance that corrodes just about anything it comes into contact with.


The Uranverein physicists were faced with two hurdles. They needed to make some basic measurements to assess the suitability of various materials for use as a moderator and so figure out the optimal configuration for a nuclear reactor. They also needed to work out how to separate U-235 on a large scale.


Bagge was assigned the task of determining the suitability of heavy water as a moderator. Harteck was asked to continue with some preliminary work on isotope separation using thermal diffusion methods and to examine the effect of different reactor configurations on the production of secondary neutrons. Heisenberg was asked to assess the feasibility of achieving a self-sustaining chain reaction in uranium based on the known physical properties of the materials likely to be required.


Schumann announced that the War Office had requisitioned the Kaiser Wilhelm Institute for Physics in Berlin to house the uranium project and those Uranverein physicists based in other cities were now asked to relocate. Almost all of them refused, preferring instead to remain where they were and if necessary travel to Berlin once or twice a week. Although they were all keen to make their contribution to the effort, from their perspective this was simply another research project to be added to their existing projects and teaching commitments. There was as yet no sense of the kind of urgency that would warrant a major disruption to their academic schedules.


Heavy water


Heisenberg immersed himself in the scientific literature and in December 1939 produced the first part of a detailed report to the German War Office entitled The Possibility of Technical Energy Production from Uranium Fission. This paper was to chart the future course of the German nuclear programme.


From the outset Heisenberg focused his attentions on the physics of a nuclear reactor, or ‘uranium burner’. He saw no need to differentiate between this physics and the physics of a uranium bomb, perceiving them as extreme ends of a continuous spectrum. At one end of this spectrum would be a reactor formed from naturally-occurring uranium and a suitable moderator. At the other end would be an explosive formed from uranium greatly enriched in U-235, to the point of being ‘almost pure’.


Heisenberg estimated that a reactor capable of achieving a self-sustaining chain reaction would require over a ton of uranium and around a ton of heavy water combined in a spherical configuration. Such a reactor should settle down to stable operation at a temperature of around 800° Celsius. Adopting the layer configuration advocated by Harteck could be expected to reduce the size of the reactor somewhat. Heisenberg concluded his report with the observation that enriching the proportion of U-235 would help to reduce the size of the reactor further, and that enrichment was ‘the only method of producing explosives several orders of magnitude more powerful than the strongest explosives yet known’. At this stage Heisenberg expressed no preference for either heavy water or graphite as a moderator.


The War Office issued a contract for the production and delivery of quantities of refined uranium oxide to the Berlin-based Auer company, which had access to uranium from the Joachimsthal mines in Czechoslovakia. The director of Auer’s Radiological Laboratory was Russian chemist Nikolaus Riehl, who had studied nuclear chemistry and physics under Hahn and Meitner. Riehl immediately established production facilities at Oranienburg, about twenty miles north of Berlin, and the first ton of uranium oxide was delivered in early 1940.


Sourcing suitable quantities of heavy water was more problematic. The only facility producing heavy water in commercial quantities was a fertiliser plant owned by the Norwegian company Norsk Hydro, which produced it as a by-product. The plant, which had begun production in 1934, was perched high in the fjords at Vemork near the town of Rjukan in the remote Telemark region of Norway, about 150 miles west of Oslo.


Graphite was very much the preferred candidate for the choice of moderator because of its ready availability in large quantities, in pure form. But initial data from German chemist Walther Bothe’s team in Heidelberg – supported by theoretical predictions from Weizsäcker and his group in Berlin – suggested that graphite might absorb neutrons too readily and so prove to be unsuitable.


In Heisenberg’s second report to the War Office, delivered in February 1940, he was already leaning towards use of heavy water as a moderator. This was a much less attractive option because of the problems of isolating enough of this substance to meet the needs of the research project. Diebner asked if it was necessary for Germany to construct its own production facility. Heisenberg suggested that they first acquire a few litres of heavy water with which to check its suitability, and Diebner promised to procure ten litres from the Norsk Hydro plant.


However, the Norwegians were not very co-operative. Norsk Hydro was approached by a representative of the German chemicals giant I.G. Farben, which owned stock in the Norwegian company, with an offer to buy up all the available heavy water. At this stage the Vemork plant was producing about ten litres a year, more than enough to meet the esoteric needs of the research laboratories which were its principal customers. When asked why so much heavy water was needed, the I.G. Farben representative would not say. The Norwegians gave their regrets: they would not comply with the German request.


When Norsk Hydro was subsequently approached by Jacques Allier the response was very different. Allier was a representative of the Banque de Paris et des Pays Bas, which had a controlling interest in the company. He was also a lieutenant in the Deuxième Bureau, the French military intelligence agency. Joliot-Curie in Paris had also identified heavy water as a potential moderator and had advised the French Ministry of Armaments of its importance in nuclear research.


Arriving in Oslo under an assumed name and carrying a credit note for FF36 million, Allier had intended to negotiate the purchase of all the available heavy water. But when it became clear what purpose the heavy water served, the Norsk Hydro managing director Axel Aubert pledged the entire stock to the French government at no cost: ‘Say that our company will accept not one centime for the product you are taking, if it will aid France’s victory.’ The heavy water was removed from Vemork and smuggled first by air to Edinburgh, then by rail and ferry to Paris.


The fall of France


The situation changed dramatically on 9 April 1940, when German forces invaded Denmark and Norway in Operation Weserübung. The Danish government quickly capitulated under threat from the Luftwaffe, and signed a non-aggression pact to secure a measure of political independence. Niels Bohr, long aware of the impending catastrophe, had now become trapped in Copenhagen.


The German forces met more resistance in Norway. King Haakon VII, together with other members of the Norwegian royal family and key government ministers, were eventually able to escape to Britain with the nation’s gold reserves. They formed a government in exile, leaving the Nazi sympathiser Vidkun Quisling to declare himself premier in a coup d’etat, broadcast on radio.


Fighting had been fierce around Rjukan, and this was the last town to yield in southern Norway. German troops entered the town on 3 May. This time there would be no negotiations. The Germans now learned that all existing stocks of heavy water had been smuggled to France, but there appeared little to prevent production from being accelerated to meet the needs of the German nuclear project. An increase in output to 1.5 tons a year was promised.


On 10 May German forces invaded France and the Low Countries. German armoured divisions scythed through the Ardennes forest, cutting off Allied units that had taken up positions in Belgium, including the British Expeditionary Force, consisting of ten infantry divisions despatched to the Franco-Belgian border following the German invasion of Poland. The Luftwaffe quickly gained superiority in the air over Belgium and Holland. Following the carpet bombing of Rotterdam, the Dutch army surrendered on 14 May. The encircled British Expeditionary Force, and many French soldiers, were evacuated from Dunkirk on 26 May, in a rout that was heralded as little short of a miracle. Belgium capitulated on 28 May.


With the north of the country secure, German forces launched south into France on 5 June. Italy declared war on Britain and France on 10 June, Paris fell on 14 June and the French government fled to Bordeaux. French resistance quickly collapsed, and the government signed an armistice with Germany on 22 June. This was signed at Compiègne in the same railway car, and in the same forest, as the armistice of 1918.


The Soviet Union had signed a non-aggression pact with the Nazis in August 1939, and had invaded Finland in November that year. With the fall of France, only Britain, Greece, the Commonwealth and the exiled forces of European Allies stood between Germany and the conquest of all of Europe.


Union Minière in Belgium had thus far fulfilled orders received from Germany for about a ton of refined uranium compounds a month. Now under German occupation it received an order from the Auer company for 60 tons.


Uranverein physicists hastened to Joliot-Curie’s laboratory in occupied Paris towards the end of June. Bothe was first to visit, followed by Schumann and Diebner. All but Joliot-Curie himself had fled. With his co-operation, Diebner assimilated the results of the work of the French nuclear physicists and arranged for the completion of the assembly of the cyclotron that they had begun.


Joliot-Curie could not hide the fact that he had accepted deliveries of uranium ore from Belgium and heavy water from the Vemork plant in Norway. When the Uranverein physicists demanded to know where these materials were, he simply stated that the uranium ore had disappeared ‘south’ along with the French government (it had in fact gone to Algeria) and that the heavy water had been loaded onto a ship known to have been sunk (it had actually gone to Britain, along with Joliot-Curie’s colleagues Halban and Kowarski).


Element 93


In his second report to the German War Office Heisenberg had been reticent on the subject of a bomb. His reasons are unclear. It may be that, although Harteck had begun construction in Hamburg of a large-scale Clusius–Dickel apparatus to separate U-235, and had reasons to be optimistic, separation on the scale required for a bomb still appeared incredibly daunting.


The key question was one of scale: precisely how much U-235 would actually be required? There is no evidence in the historical record for this period (to spring 1940) of any formal calculation to determine the quantity of U-235 that would be required for a bomb. If Heisenberg or any other Uranverein physicist had made such a calculation at this time, it did not survive. It is possible that no such calculation had been carried out. For whatever reason, the possibility of a bomb based on ‘almost pure’ U-235 was not pursued.


A second route to an explosive device was potentially available in the form of an unstable reactor based on uranium enriched with U-235, a reactor on the edge of a runaway chain reaction. Calculations by one of Heisenberg’s Uranverein co-workers suggested that such a ‘reactor-bomb’ would need to contain 70 per cent more U-235 than U-238. It was, of course, very difficult to imagine how such a reactor-bomb might be delivered to its target. And enrichment on the scale required for a reactor-bomb still appeared beyond the bounds of possibility in any timeframe likely to affect the course of the war.


But then a completely unanticipated third avenue appeared. Heisenberg’s close friend and Uranverein colleague Weizsäcker would pass time on Berlin’s underground railway reading papers on nuclear fission which were still being published in American scientific journals, oblivious to the suspicious glances of his fellow commuters.


Hahn’s group in Berlin had found that U-239, formed from U-238 by the capture of a neutron, is unstable and undergoes radioactive decay within about 23 minutes. It was believed that emission of a beta particle3 from U-239, which turns a neutron into a positively-charged proton, would transmute the uranium nucleus, characterised by its 92 protons, into a new element with 93 protons. Hahn thought this element might be chemically similar to the element rhenium and had called it eka-rhenium, or eka re. Weizsäcker suspected that this new element might be fissionable, just like U-235.


On the surface this proposal seems innocent enough. But it is far from innocent. Unlike U-235, element 93 does not occur in nature and is chemically distinct from uranium. Weizsäcker realised that it would be possible to separate element 93 from uranium by chemical means. In essence, he was suggesting that if element 93 could be produced in a uranium reactor in significant quantities, it could be separated relatively easily and used to make a fission bomb.


That element 93 could indeed be produced by bombarding U-238 with neutrons was demonstrated by American physicists Edwin McMillan and Philip Abelson at the Radiation Laboratory in Berkeley. But they also noted that this element was relatively unstable, decaying within a matter of days. Astonishingly, they published their results in the open scientific literature in June 1940. Here was concrete proof of the practical feasibility of using a uranium reactor to produce fissionable material for a bomb. In July 1940 Weizsäcker wrote a paper for the Army Weapons Research Bureau in which he enthusiastically recommended that this possibility be pursued.


It was now clear to the Uranverein that the construction of a bomb depended on first solving the problems related to the construction of a reactor. There remained the question of the most appropriate moderator. Some initial measurements of the rate of absorption of neutrons by graphite were reported in a confidential paper first issued by the Heidelberg group in June 1940. The results were rather inconclusive. It seemed that the rate was too high for graphite to be used successfully as a moderator, although it was conceded that part of the problem lay in the homogeneity and purity of the graphite used. At this stage Bothe was reasonably confident that further tests with purer samples would demonstrate the potential of graphite as a moderator.


The Virus House


The War Office takeover of the Kaiser Wilhelm Institute for Physics created great difficulties for its director, the esteemed Dutch physicist Pieter Debye. The German authorities presented Debye with an ultimatum: take German nationality and continue as director or take a temporary leave of absence. Debye refused to cede his Dutch nationality. He left Germany in January 1940 and embarked on a lecture tour of America. He never returned.


Debye’s departure left the directorship open. Schumann favoured Diebner, but Diebner’s appointment was resisted by the Kaiser Wilhelm Foundation. Weizsäcker and fellow Uranverein physicist Karl Wirtz, who expressed concern that they now ‘had Nazis in the institute’, conspired to bring Heisenberg to Berlin. Diebner was appointed as interim director, and Heisenberg agreed to travel once a week from Leipzig.


Heisenberg now had considerable influence over the work of the theoretical group, the reactor experiments that were being established in Berlin, and the reactor experiments that he himself was setting up in collaboration with his colleague Robert Döpel in Leipzig. Heisenberg was not director of the uranium research project, but he was running a substantial part of the show.


The German atomic programme was not a coherent research effort driven relentlessly by the demands of war. Rather, it was a loose association of rival research teams that would sometimes squabble over supplies of uranium and heavy water.


But for those able to read them, the signs were ominous.


The Uranverein physicists now had access to thousands of tons of refined uranium. They were building their first cyclotron in Joliot-Curie’s captured Paris laboratory. They had the promise of substantial quantities of heavy water. Separation of U-235 was proving to be as difficult as had been anticipated, but some of the greatest minds in chemical and physical science were being applied to the search for a solution.


In July 1940 work was begun on a new building to house an experimental nuclear reactor at the Kaiser Wilhelm Institute for Biology and Virus Research, next door to the Institute of Physics in Berlin. To limit unwanted attention, the building was called the Virus House.


Footnotes


1 Grandson of the composer Robert Schumann.


2 A hydrogen nucleus consists of a single proton. The heavier deuterium nucleus consists of one proton and one neutron.


3 A beta particle is a fast-moving electron ejected directly from a neutron inside the nucleus during beta radioactive decay. During this process the neutron is transformed into a proton.









Chapter 2


ELEMENT 94


September 1939–September 1940


Much to Leo Szilard’s frustration, Einstein’s letter to Roosevelt was slow to have any kind of impact. The letter had been drafted in early August 1939 but as the days and weeks passed he heard nothing from Sachs. In the meantime, war in Europe had begun.


When Szilard and Wigner visited Sachs towards the end of September, they discovered to their dismay that Sachs still had the letter in his possession. He had tried repeatedly to gain an audience with Roosevelt to discuss the matter, but had not so far managed to get past Roosevelt’s secretary.


Sachs finally gained access to Roosevelt in the Oval Office on 11 October. He prepared the ground with a parable about Napoleon, and this prompted Roosevelt to ask for a carafe of Napoleon brandy and a couple of glasses. As Sachs sipped brandy with Roosevelt he tried to present a verbal summary of the content of Einstein’s letter. But Roosevelt appeared distracted and inattentive, and asked if Sachs could return the next day. Fearing he had blown his chance, he returned next morning with some trepidation. But this time Roosevelt was ready and willing to listen.


Using his own 800-word précis of Einstein’s letter, Sachs chose to emphasise the peaceful uses of nuclear power, mentioning last of all the threat of ‘bombs of hitherto unenvisaged potency and scope’. He concluded with the observation that we ‘can only hope that [man] will not use [subatomic energy] exclusively in blowing up his next door neighbour’.


Roosevelt got the message. ‘Alex,’ he said, ‘what you are after is to see that the Nazis don’t blow us up.’ He called for immediate action, and responded to Einstein’s letter a week later.


It was quickly agreed that the administration would establish an Advisory Committee on Uranium to be headed by Lyman J. Briggs, director of the US National Bureau of Standards. The committee consisted of nuclear physicists and ordnance experts from the US Army and Navy. To Szilard and his fellow Hungarian conspirators, it looked as though something was finally going to happen.


The first meeting of the Advisory Committee took place on 21 October in Washington. Szilard and Wigner held a pre-meeting with Sachs at the Carlton Hotel to discuss tactics, before joining Teller and other members of the Advisory Committee at the Bureau of Standards offices in the Department of Commerce. Einstein had been invited to attend, but declined.


Szilard explained the scientific background and the importance of putting the theory of nuclear chain reactions to the test in large-scale reactor experiments, which he proposed should be constructed from uranium oxide and graphite. These were experiments he had been trying, but failing, to set up with Fermi at Columbia University since July. The ordnance experts were openly sceptical of the physicists’ claims. The destructive potential of an atomic bomb was simply way beyond their reckoning. It takes two wars, Lieutenant Colonel Keith Adamson declared, before one can know if a new weapon is any good or not.


The physicists themselves were relatively ill-prepared. When asked directly how much was needed from Treasury funds to start work on Szilard’s proposed experiments, they were at a loss for a reasoned answer. Teller leapt forward with a request. He asked for just $6,000. ‘My friends blamed me,’ he later said, ‘because the great enterprise of nuclear energy was to start with such a pittance: they haven’t forgiven me yet.’


After the meeting, Szilard – who would shortly estimate that they needed at least $33,000 for the graphite alone – nearly murdered Teller for the modesty of his impromptu request.


Despite the paltry nature of the sum that had been mentioned, Adamson bridled. ‘Gentlemen,’ he berated them, ‘armaments are not what decides war and makes history. Wars are won through the morale of the civilian population.’ Wigner, normally polite and formal in his dealings with colleagues, became angry and spoke up for the first time in the meeting. ‘If that is true,’ he declared in his high-pitched voice, ‘then perhaps we should cut the Army budget thirty per cent and spread that wonderful morale through the civilian population.’


Adamson visibly flushed, and muttered that the physicists would get their money.


Szilard drafted a blueprint for the American uranium research project and mailed this to Briggs five days after the committee’s first meeting. In it he suggested which experiments should be conducted and identified the American laboratories that should be involved. He also urged that all future research reports be subject to the strictest secrecy and withheld from publication in the open scientific literature.


But the Advisory Committee lacked resolve. It reported back to Roosevelt on 1 November a commitment to explore controlled chain reactions in uranium as a potential power source for submarines which, if the reaction turned out to be explosive, could be further explored as a source of highly destructive bombs. It agreed to supply four tons of purified graphite to support Fermi and Szilard’s experiments, to be followed by 50 tons of uranium oxide, if this could be subsequently justified.


Briggs was respected but obsessed with secrecy and dogged by poor health. He was unable to imbue the committee or its sponsors with any real sense of urgency. The war in Europe was, after all, a long way away. What’s more, he was reluctant to commit large sums of money to the project. The money that had been promised at the 21 October meeting was not quickly forthcoming.


Szilard might have been elated by the fact that the importance of uranium fission had now been recognised, but this gave way to more frustration as the first months of 1940 unfolded. He was still without formal employment, and uncertain how long his loose affiliation with Columbia University could be maintained. He was not in a position to repay the $2,000 he had borrowed to carry out experiments to verify the production of secondary neutrons and was obliged to go back to his sponsor to declare this a bad debt.


He heard nothing from Briggs.


Zeal for secrecy


News that a secret German research project on nuclear fission had begun at the Kaiser Wilhelm Institute in Berlin reached America in January 1940 through Pieter Debye, recently expelled from his position at the Institute and now on extended ‘leave of absence’. Debye played down the significance of the project. The Uranverein physicists were very well aware of the German army’s objectives but considered success ‘improbable’, he claimed. In the meantime the German physicists had a splendid opportunity to carry out fundamental research at the army’s expense. On the whole, Debye was inclined to consider the situation a good joke on the German army.


Debye visited Fermi at Columbia University shortly after arriving in America. Fermi too, it seemed, was unconcerned by Debye’s news. The Uranverein physicists were working at laboratories all over Germany, he observed, and would not be able to make any kind of concerted effort towards a bomb.


But the news had precisely the opposite effect on Szilard. He had spent the previous weeks working on a couple of theoretical papers on self-sustaining nuclear chain reactions,1 work which no doubt convinced him that a nuclear explosive of some kind was now inevitable. The existence of a German fission project greatly alarmed him. He discussed the matter with Einstein at Princeton, and together they decided to draft another letter, this time to Sachs.


In this letter they emphasised that interest in uranium had intensified in Germany since the outbreak of war, that nuclear research had been taken over by the German government and was being conducted in great secrecy. The implications were reasonably clear: whether they liked it or not, they were now locked in a race with the Nazis to build an atomic bomb. The letter also contained a threat: unless there was a change of policy, Szilard would publish his latest research on nuclear chain reactions in the open literature.


The letter was sent to Sachs on 7 March 1940. A week later, Sachs wrote of these new developments to Roosevelt, who called for a further meeting of the Advisory Committee. Progress was still painfully slow: the meeting was not scheduled until 27 April. Einstein was again invited, but again declined. At least the further letter to Roosevelt prompted the release of the $6,000 that had been promised.


By the time the meeting was held, Alfred Nier at the University of Minnesota and John Dunning at Columbia had gathered experimental evidence confirming that U-235 is indeed responsible for slow-neutron fission in uranium, vindicating Bohr and Wheeler’s original hypothesis. They had used tiny quantities of U-235 and U-238 obtained from uranium compounds of chlorine and bromine. They went on to conclude that a fission chain-reaction would not be possible without separation of U-235.


The opinion of the Advisory Committee was split. Briggs expressed doubts that a chain reaction would be possible in natural uranium. Sachs urged that they should nevertheless move ahead with experiments on the uranium–graphite reactor that Szilard had proposed. All agreed that they should wait for the results of measurements on neutron absorption by graphite.


The funds were transferred to Columbia University and used to purchase a quantity of purified graphite. Szilard had been careful to specify high levels of purity. At lunch with representatives of the National Carbon Company, Szilard had probed for details about likely impurities in commercially-available graphite. He specifically mentioned potential contaminants that would absorb neutrons and render meaningless any attempts to measure neutron absorption by graphite itself. Half-jokingly, he said: ‘You wouldn’t put boron into your graphite, or would you?’


His visitors looked at each other in embarrassed silence. One of the principal uses of graphite is in the manufacture of electrodes for electric arcs, and boron is typically a component in the manufacturing process. Any graphite they supplied would therefore likely be contaminated. They agreed to supply a quantity of graphite manufactured using different methods, without the use of boron.


Four tons of graphite duly arrived at the Columbia laboratory in the form of carefully-wrapped bricks. The simple process of unwrapping and stacking the bricks in a neat pile was enough to give the researchers the appearance of coal miners. The results of the neutron absorption measurements were, however, strongly positive: graphite could indeed be used satisfactorily as a moderator. The idea of a nuclear reactor in the form of a uranium–graphite ‘pile’ took a critically important step towards becoming a reality.2


Szilard urged Fermi not to publish the results of these experiments. The relationship between the two had to this point been quite tense, but now it reached breaking point. They were two quite different personalities. Szilard was a loner, always ready to challenge conventional wisdom and norms of behaviour, sometimes outrageously. Fermi was an out-and-out scientist, much more collaborative and polite, caring little for the world outside the domain of science. Szilard’s experiences had led him to be extremely wary of the world outside science, and he fervently believed that scientists had a duty to behave responsibly in matters likely to have a significant impact on this world. ‘Fermi and I had disagreed from the very start of our collaboration about every issue that involved not science but principles of action in the face of the approaching war’, he later wrote.


Szilard could also be intensely irritating, and Fermi now lost his temper. He thought Szilard’s zeal for secrecy absurd, but eventually relented under pressure. The results were not published.


Super-cyclotron


Ernest Lawrence was a visionary. The inventor of the cyclotron was a rather atypical physicist. A blond, blue-eyed Midwesterner of Norwegian parentage, he carried the values of his Lutheran upbringing into adulthood, and into his science. His preference for smart suits and his magisterial manner lent him an appearance that was more businessman than scientist. And, in truth, managing the kind of scientific enterprise that he was keen to establish at Berkeley’s Radiation Laboratory – or ‘Rad Lab’ – demanded a much more businesslike approach. His teenage experiences as a kitchen-ware salesman had given him the necessary selling skills, and had taught him the rudiments of fund-raising.


Lawrence had invented the cyclotron in 1929. Use a magnet to confine a stream of protons to move in a circle while accelerating them to higher and higher speeds using an alternating electric field and, Lawrence had figured, you had a machine for penetrating the secrets of the atomic nucleus. He built a small demonstration model for just $25. It was four inches in diameter and covered in red sealing wax. Although it didn’t quite deliver the proton energies that Lawrence claimed it should, it was enough to impress his scientific colleagues and prove the principle. However, the machine’s scientific name, the magnetic resonance accelerator, was too abstract and clumsy. Cyclotron sounded much more futuristic, and therefore much more appealing to potential sponsors.


He was already thinking on a larger scale, and there quickly followed a succession of such machines. A cyclotron containing a magnet with an eleven-inch diameter pole face delivered proton energies of over a million electron volts. This was followed by a 27-inch machine, which then quickly became a 37-inch cyclotron. When news of the discovery of nuclear fission in uranium reached Berkeley in January 1939, Lawrence was planning a 60-inch cyclotron that would deliver proton energies of the order of 20 million electron volts. It would need a magnet weighing 200 tons.


The 60-inch machine was barely operational at the Rad Lab’s Crocker Laboratory before Lawrence was busy designing the next one. This was to be a gargantuan 120-inch super-cyclotron with a magnet weighing 2,000 tons. Lawrence estimated that this would deliver proton energies of 100 million electron volts, on the threshold of nuclear-scale energies. Lawrence approached the Rockefeller Foundation with requests for support. His pitch was greatly strengthened when, in the middle of a game at the Berkeley Tennis Club on 9 November, he was informed that he had just won the 1939 Nobel prize for physics.


Suitably emboldened, as Christmas approached Lawrence escalated the scale of the super-cyclotron even further, to include a magnet with 184-inch pole faces (the largest diameter of commercially-available steel plate), weighing 5,000 tons. It would cost an estimated $1.5 million to build.


The outbreak of war in Europe in September had an immediate personal impact on Lawrence – after several days of anxious waiting he heard that his brother John had survived the sinking of the Athenia by a German submarine on 2 September. But life at the Rad Lab continued pretty much as normal. There were interesting experiments to be performed on uranium using the 60-inch cyclotron, but this was work that would have been carried out irrespective of the war. There was no sense yet that the Rad Lab was in any way involved in ‘war work’.


A photograph from around this time shows the Rad Lab faculty, gathered in three rows beneath the magnet of the 60-inch cyclotron. Lawrence is sitting in the centre of the front row. Oppenheimer is standing in the centre of the back row. At the extreme right of the first and second rows are two Rad Lab physicists who were now busy at work on the uranium problem – Edwin McMillan and Philip Abelson.


McMillan, a native Californian, had worked on Lawrence’s cyclotrons for many years, and when the discovery of fission had been announced he had devised some simple experiments to confirm the phenomenon. He had now become intrigued by some of the discovery’s more subtle aspects. Bombarding uranium with neutrons produced a radioactive substance which decayed in a characteristic time of about 23 minutes. Like Hahn, Strassman and Meitner, McMillan surmised that this substance was U-239, formed by the resonant capture of a neutron by the predominant isotope, U-238. But there was another radioactive substance produced, which had a characteristic decay time of about two days.


He believed this second substance to be a new element, formed by emission of a beta particle from U-239, in the process turning a neutron into a proton. Just as Weizsäcker had done, sitting on the Berlin underground railway, so McMillan had reasoned that this was element 93, perhaps the first in a series of transuranic elements. And, just as Hahn had done, McMillan further surmised that element 93 might behave somewhat like the element rhenium.


With the help of a Berkeley research associate, Emilio Segrè, who had worked previously with Fermi in Rome, McMillan tried to obtain evidence of rhenium-like chemical properties. But they could find nothing of the sort. It seemed that, after all, the transuranics would continue to remain elusive. Segrè published the results in Physical Review, as an ‘unsuccessful search for transuranic elements’.


McMillan had now refined the measurement of the decay time of this second mysterious substance to 2.3 days and became determined to identify precisely what it was. In the spring of 1940 he used the 60-inch cyclotron to investigate it further, and was joined in the quest by Abelson, who had by this time moved to the Carnegie Institution in Washington but had returned to Berkeley in April for a working vacation. Abelson had studied chemistry as well as physics and turned his attention to the chemical identification of the mysterious substance.


It turned out to have properties not so very different from uranium itself. Bohr had in fact already suggested some time before that the transuranics – if they existed – might behave chemically more like uranium. Further work demonstrated unambiguously that the substance with the 2.3-day decay time was formed directly from U-239, with its characteristic 23-minute decay time. There was only one conclusion: the second substance was element 93.


McMillan had already devised a name for the new substance – neptunium – though he chose to withhold it for the time being. Just as element 93 is one step further along the periodic table from uranium, so Neptune is one planet further along in the solar system from Uranus. Unaware of any reasons for secrecy, on 27 May McMillan and Abelson submitted a paper describing the results of their work to the American journal Physical Review. The paper was published on 15 June, and read with great interest by Weizsäcker when the journal reached him in Berlin in July.3


Of course, this work raised a further question. If element 93 was radioactive, with a characteristic decay time of 2.3 days, what was it decaying into? McMillan had his suspicions. He thought that element 93 might decay through a further emission of a beta particle, turning another neutron into a proton and so forming element 94. He immediately began work to find evidence for it.


Wild enough speculation


Szilard was probably unaware of McMillan and Abelson’s paper until it was published. The physicists had not thought to send it to him to seek his advice on the safety or otherwise of its publication in the open literature. But, by pure coincidence, on the same day that McMillan and Abelson submitted their paper to Physical Review, Szilard received a manuscript from Princeton theoretical physicist Louis Turner on precisely the same subject.


In January 1940 Turner had surveyed the literature on uranium fission and published a review in the journal Reviews of Modern Physics. This work had set him thinking. While all the attention had so far been diverted towards U-235, Turner now nagged away at the idea of producing atomic energy from the stable, and much more abundant, isotope U-238. The resonant capture of neutrons by U-238 was considered something of a nuisance, to be avoided in a reactor through the use of a suitable moderator. Now Turner followed much the same logic as Weizsäcker, McMillan and Abelson. Neutron capture by U-238 would create an unstable U-239 isotope, which would decay to form element 93. But Turner did not stop there. He had figured from theoretical principles that element 93 would be relatively unstable and would decay quite quickly, creating element 94.


Element 94 opened up an altogether different kind of prospect. It would consist of 94 protons and 145 neutrons, making a total of 239. In this sense it paralleled the pattern in U-235, with 92 protons and 143 neutrons. Some simple calculations suggested that this new element would be even more fissionable than U-235. It would be produced from the abundant isotope U-238 and, because it was a new element with its own distinct chemical properties, it could be chemically separated from its uranium parent. Turner anticipated that element 94 could represent a new source of fissionable material for nuclear chain reactions.


Turner had drafted a paper for submission to Physical Review and wanted Szilard’s opinion on whether or not it was safe to publish. ‘It seems as if it was wild enough speculation so that it could do no possible harm, but that is for someone else to say’, he told Szilard.


Speculation it might have been, but Szilard was a master of this game. He was stunned by the implications. ‘With this remark of Turner,’ he later said, ‘a whole landscape of the future of atomic energy rose before our eyes.’ Szilard suspected that achieving self-sustaining chain reactions – and bombs – might be a lot easier with element 94 than with uranium itself.


He recommended that Turner delay publication of his paper ‘indefinitely’.


Undoubtedly a Fascist


Despite these revelations, the Advisory Committee on Uranium still moved at a snail’s pace. Briggs, it seemed, was an innately cautious man. He could move at only one speed – full ahead slow.


Things were about to change, however. Vannevar Bush had vacated his vice presidency of the Massachusetts Institute of Technology (MIT) to accept the presidency of Washington’s Carnegie Institution in the summer of 1939. Bush had trained as an electrical engineer and had gone on to become a highly pragmatic scientific administrator. During the First World War he had worked on the development of a magnetic device capable of detecting submarines. The device worked well enough, but was never put into operation. This experience had taught him all he needed to know about the importance of proper liaison between military and civilian research in the development of weapons in a time of war.


From his position as president of the Carnegie Institution, Bush lobbied for the establishment of a national organisation for just this kind of liaison. On 12 June 1940 he presented his arguments to Roosevelt, summarised in four short paragraphs in the middle of a sheet of paper. The groundwork had been done for him by Harry Hopkins, a Roosevelt aide, and the National Defense Research Council (NDRC) came into being. Its purpose was to direct all scientific research for military purposes.


One of its first actions was to take over the Advisory Committee on Uranium. The need for censorship was immediately agreed – all research papers on uranium fission would henceforth be subject to strict secrecy. Briggs remained as chairman of the committee, reporting to James Bryant Conant, president of Harvard, who had joined the NDRC at Bush’s invitation. The dependence on sceptical military advisers for funding was now greatly reduced.


Not that this made a great deal of difference, however. Bush and Conant were very aware of the potential threat of a German atomic bomb, but instead of lobbying to secure greatly increased funding for the American nuclear programme they preferred rather to focus research efforts on proving that a bomb was impossible. After all, if it could not be done then there would never be a threat from a German weapon. In a report to the NDRC dated 1 July 1940, Briggs summarised the progress to date and requested $40,000 for further critical research on the nuclear properties of the materials involved and $100,000 for experiments on a large-scale uranium–graphite pile. Briggs got the $40,000.


Szilard was left to wait a while longer.


The creation of the NDRC produced one unlooked-for side-effect. This was an American organisation involved in secret military research projects – only US citizens could be members. Fermi, Szilard, Teller and Wigner were now suddenly excluded from the proceedings. This was obviously absurd, and Sachs argued strenuously that the entire work of the Advisory Committee had depended on the efforts of émigré scientists who were now to be barred from future involvement.


Military security checks were duly carried out. The security report on Fermi labelled him ‘undoubtedly a Fascist’ (he was not) and recommended that he should not be employed on secret work. The report on Szilard suggested that he was ‘very pro-German’ and had ‘remarked on many occasions that he thinks the Germans will win the war’. The report recommended that Szilard, too, be barred from employment on secret work. Both reports quoted ‘highly reliable sources’. The irony was lost on them. The only secrets worth protecting were in the minds of the very scientists the authorities wanted to exclude.


The reports were sent to J. Edgar Hoover in August 1940 with a request for further FBI security checks. The FBI merely repeated what the military authorities had already claimed. It appeared not to matter. Sachs’ arguments won the day. All four émigré physicists were allowed to continue to make their contributions to the project, but now as advisers to the NDRC rather than full members.


Despite its now greatly raised profile, the work still proceeded slowly. In fairness, the results obtained thus far painted a rather confused picture. U-235 was clearly responsible for slow-neutron fission in uranium but separation of this isotope from U-238 was going to be an incredibly difficult feat. The early signs pointing to the feasibility of a uranium reactor were both encouraging and discouraging. Graphite in a suitably pure form would serve as a suitable moderator, but it was still not yet known if a self-sustaining chain reaction would develop in a uranium reactor without considerable enrichment of the minor U-235 isotope. Nier and Dunning’s conclusions in this regard had not been very promising. If a working reactor could be built, resonant absorption of neutrons by U-238 in such a reactor might produce element 94, which could be more easily separated from uranium and which might prove to be fissionable in its own right.


To cap it all, Teller had carried out some calculations which suggested that a uranium bomb would require a mass of more than 30 tons. Even if it could be made to explode, it was difficult to see how such a bomb could be delivered to its target.


Bush remained sceptical of the science. It was difficult to see all this as anything other than a wild goose chase.


Thousands of times more powerful


The reckless, naked aggression that had been unleashed in Europe by Nazi Germany shaped the attitudes of all who observed it from across the Atlantic, but its effect on European émigrés was particularly profound. In the spring of 1940 Teller had been playing out an internal moral debate. He was at once uneasy with the prospect of working on weapons of such potentially massive destructive power, but at the same time understood enough about German military and technical superiority to develop real fear of a Nazi victory. ‘At that time,’ he later said, ‘I believed that Hitler would conquer the world unless a miracle happened.’


Teller had not seen fit to involve himself in politics or pay any attention to the pronouncements of politicians. He had initially thought not to accept an invitation to attend a Pan American Science Congress in Washington, which was to be addressed by Roosevelt, but Hitler’s rape of Europe in May 1940 caused him to change his mind. In the event, Roosevelt’s speech helped determine his moral position and gave him a resolve that was to remain unshakeable for the rest of his life.


Of course Teller was well aware of Einstein’s letter to Roosevelt and its consequences in terms of America’s stuttering nuclear programme. He had never met Roosevelt but, sitting in the audience listening to his speech, Teller was overcome by the eerie sensation that the president was talking to him directly. After pointing out how small the world had now become, Roosevelt cautioned that America could not depend on its ‘mystic immunity’ from a European war that threatened the very kind of civilisation so valued by Americans. He then turned to the role of the scientists themselves:




You who are scientists may have been told that you are in part responsible for the debacle of today … but I assure you that it is not the scientists of the world who are responsible … What has come about has been caused solely by those who would use, and are using, the progress that you have made along lines of peace in an entirely different cause.





For Teller this was both rallying-cry and moral absolution. He had been fortunate to have escaped the tyranny that was now overrunning Europe and threatening to engulf the whole world. ‘I had the obligation to do whatever I could to protect freedom’, he said.


His mind was now firmly made up.


The news from Europe became ever more depressing. After unleashing his blitzkrieg on continental Europe, Hitler had anticipated negotiating a peace with Britain before turning his attention to Russia, his notional ally. Churchill had become prime minister of a new coalition government in early May. Unlike his predecessor Neville Chamberlain, who after the fall of France wanted to sue for peace, Churchill was not minded to negotiate. Hitler was left with no choice but to subdue Britain first, and this meant gaining air superiority over the south-east of England and the English Channel.
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