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Prologue: Oxford 1967

‘I am Piles!’

The source of this enigmatic statement was a bespectacled, white-haired man in his sixties, wearing a drab grey sports jacket with a pouch of tobacco protruding from one pocket. His right hand fiddled with the pouch’s contents, while the left played with a pipe that refused to light. He was five feet seven and a half inches tall, as I would later learn from MI5 files.

It was a September morning in 1967. The encounter took place in the hallway of 12 Parks Road, a Victorian house in north Oxford, an ample and slightly down-at-heel building that could easily have doubled for a vicarage in an Agatha Christie novel. In those days 12 Parks Road was home to the university’s Department of Theoretical Physics. I was a nervous new graduate student on my first day in Oxford. I had walked up the gravel drive opposite the University Parks, and entered: as the front door swung closed behind me, the thud echoed back from the rafters two flights of stairs above. I found myself in a silent, gloomy hallway.

Linoleum covered the floor; a stairway of dark wood led to upper landings; imposing oak doors were all shut. A musty smell hinted at decades of decay. The walls were painted ochre, their only decoration a large board that listed the scientists who had offices there. Against each name was a tag, which indicated whether the individual was ‘IN’ or ‘OUT’. It appeared that everyone was ‘OUT’.

Alone in this apparently empty mansion, I was wondering what to do, when from the subterranean depths of the basement a man appeared like a mole from its burrow. He greeted me in a strong central European accent, with stress on every word: ‘Can I Help Yo?’ Taken aback by this strange encounter with (I assumed) the janitor, I replied ‘I don’t think so’, to which the apparition made the bizarre reply that he was ‘Piles’.

Flustered, I then realized that he had actually said ‘I am Peierls’: Pi-Urls – Rudolf Peierls, the father of the atomic bomb, and one-time mentor to Klaus Fuchs, the most damaging spy of modern times. More than three decades after he had fled Nazi persecution, Peierls’ Germanic cadences remained. Breathless at failing to recognize the head of Theoretical Physics, I stuttered, ‘I am Frank Close.’ I was about to explain why I was there when Peierls proffered his hand as if my arrival was the highlight of his day. ‘Plizzed to Mit Yo,’ he said firmly, nodding his head in welcome as he led me into his office.

At my high school in Peterborough, entering the inner sanctum of the head’s study had been a journey of dread. But in Oxford, Peierls ushered me kindly into a new world. Here I was welcomed as a new member of an international family of scientists. I was twenty-two years old, the same age as many of the physicists who had designed and built the atomic bomb – and the same age as Klaus Fuchs when he first settled at university in England, like Peierls a refugee from Hitler.
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From Berlin to Birmingham

The Father: Peierls’ Story to 1941

Rudolf Peierls was born in Berlin in 1907, the youngest of three children of Elizabeth and Heinrich. His mother died when he was fourteen years old, leaving his widowed father – director of the AEG Cable Factory – to inspire Rudolf’s early fascination with machinery, railways and radio. At first he wanted to become an engineer, but when his father said that his eyesight wasn’t good enough, Peierls became a physicist, and partly by accident of history and geography midwife to the atomic age.

In 1925 he enrolled as a student at Humboldt University, Berlin, and attended lectures by Walther Nernst, who impressed Peierls as a ‘great physicist of rather small stature and even smaller sense of humility’.1 For the young student his home city of Berlin was an ‘exciting place, full of intellectual life, theatres, cabarets, lectures on any topic imaginable’, but after two terms he felt ready to leave. The greatest teacher in theoretical physics at that time was Arnold Sommerfeld, in Munich, so Peierls transferred there. Not only had Peierls moved to the right place, fortuitously his timing couldn’t have been better. He arrived in the midst of a scientific revolution.

For 250 years, Isaac Newton’s laws of motion and of gravity had successfully described the dynamics of objects such as planets, the moon and falling apples, and had never failed; but when applied to very small things, such as atoms, they were nonsensical. An atom consists of electrons encircling a compact central nucleus, the whole held together by electrical forces. According to the laws of Newtonian physics, these forces accelerate the orbiting electrons. Acceleration of an electric charge leads to electromagnetic radiation, and loss of energy, so these electrons should spiral into the nucleus and destroy the atom in a flash of light within a fraction of a second. In other words, neither we nor anything else should be here. That Newton’s laws are inadequate in the atomic domain was thus obvious, but the way forward was only discovered with the advent of quantum mechanics in 1926. Quantum mechanics, in effect, extends Newton’s laws of motion into the atomic realm. When Peierls arrived in Munich that year, ‘everyone was studying’ the new theory.2

So Peierls began his career as a theoretical physicist at a most opportune moment, and Arnold Sommerfeld was the ideal guide. Sommerfeld’s technique for educating students is today standard practice: set the novice a challenge, ideally a problem that has not previously been solved. To this end, he encouraged Peierls to investigate what quantum mechanics implied for the conduction of electricity in metals. Peierls started work on this, but in the spring of 1928 Sommerfeld left to spend a year in the United States, and on his advice Peierls moved to Leipzig. Sommerfeld had shown Peierls the way into the quantum world, now in Leipzig the young theorist could work with one of the founders of the new physics and a giant of German science: Werner Heisenberg.

The previous year Heisenberg had produced his eponymous ‘uncertainty principle’, which is today recognized as the core of quantum mechanics. Heisenberg’s rule governs the behaviour of atoms, atomic nuclei and the particles – electrons, protons and neutrons – that constitute the seeds of all earthly matter. In a nutshell, it states that there is a fundamental limit to the precision with which you can measure both the position and motion of an object. The more accurately you measure its position, for example, the more uncertain is your knowledge of its motion. The same holds true in reverse: precision measurement of an object’s motion comes at the expense of accuracy about its location. This indeterminacy is an intrinsic property of nature, not simply a failure in the measuring apparatus. The effect of this restriction is so small that it can be ignored in everyday affairs, but it is dramatic for atoms and their constituent particles. The motion of particles subjected to these constraints is known as quantum mechanics.

With Heisenberg, Peierls deepened his understanding of quantum physics. Yet for all Heisenberg’s brilliance in having founded the subject, by 1929 his greatest contribution was in the past. In the spring of that year Peierls moved again, this time to Zurich, ever nearer to the core of activity in the still novel field. The star in Zurich was Austrian Wolfgang Pauli, father of the ‘exclusion principle’, which posits that electrons are like cuckoos, and no more than one can occupy the same quantum nest. Today Pauli’s principle is recognized as key to the structure of atoms, the basis to the periodic table of the elements, and the quantum mechanical capstone to all structure and form in the material world. For that insight, Pauli would win the Nobel Prize for physics in 1945. In 1929, however, his principle was still a radical hypothesis.

Pauli was renowned for his brilliance both as a physicist and for his acerbic wit, with its cutting criticisms of anything that in his judgement was less than perfect. His opinion of one theorist’s idea was so poor that Pauli witheringly dismissed it as ‘not even wrong’.3 Another starlet’s reputation was destroyed with Pauli’s assessment that he was ‘so young, and already so unknown’.4 That Pauli soon came to regard the young Peierls as on a par with himself was praise indeed, and perhaps the sharpest illustration of the international reputation that the twenty-three-year-old Peierls was already building.

By 1930, Peierls had worked as an assistant variously for Heisenberg, Sommerfeld and Pauli, respectively the co-founder and leading practitioners of the new quantum mechanics, for three years. He himself was applying this profound theory, and with it successfully explained many physical properties of solids, metals and crystals. His groundbreaking papers in this dawn of his career addressed the conduction of heat in a crystal, and how electric currents arise when electrons flow freely through a metal, or instead jump from one atom to another.

The first of these articles, which dealt with thermal conduction in crystals, built on work by Erwin Schrödinger, inventor of the equation that describes the quantum mechanics of atoms and electrons. Peierls’ improvement of Schrödinger’s theory of thermal conductivity filled forty-six pages of the leading journal Annalen der Physik in 1929 with formulae, interwoven with carefully phrased logical arguments. Within a year, Peierls developed his ideas further with a twenty-seven-page paper on both electrical and thermal conductivity.5 Peierls’ successful description of the phenomena incorporated Pauli’s exclusion principle into its argument, thus both confirming quantum mechanics as the viable description of the atomic level of reality and demonstrating the centrality of Pauli’s principle.

TWO FATEFUL ENCOUNTERS

The course of Peierls’ life was determined in the 1930s by the rise of fascism, the discovery of the neutron – the key to the explosive release of nuclear energy – and by two fateful encounters. The first came in the summer of 1930, when he went to the Soviet Union to attend a physics conference in Odessa. Still a student, he was used to paying his way to attend conferences and to sitting up all night in third-class carriages on long-distance trains, so he was pleased to be invited to the Soviet Union where all expenses would be paid. He went to Odessa for the adventure, as well as the physics, because so little was then known in Germany about life in the Soviet Union. Those who had visited tended to have their existing prejudices confirmed, and would return home saying either that the Soviet Union was a paradise, or that it was hell. Peierls went to Odessa to find out for himself.

He could not have anticipated the outcome. Amidst what he later described as a ‘pervasive impression of things being run down’, of economic hardships and shortages, and intolerable political pressure, he found something wonderful, which would last a lifetime in the person of Eugenia Kannegiser, recently graduated in physics. It was a coup de foudre. As Peierls recorded in his memoir: ‘She seemed to know everybody, was known to everybody, and was more cheerful than everybody.’6 Her family was famous, her cousin Leonid Kannegiser having assassinated Moisei Uritsky, head of the Leningrad Cheka – the Secret Police – after the onset of the Red Terror in 1918. For her part, Genia fell in love with Rudolf ‘partly because of his “easy-goingness”. Compared to others he was a treat to look after. He ate everything, slept under any conditions. Insects did not sting him; germs did not attack him. He was game to try anything, organize anything, take part in anything.’7 As Rudolf spoke no Russian, and Genia knew no German, they conversed in English.

At the end of that conference, Genia and Rudolf decided to visit Kislovodsk, a spa in the North Caucasus region of Russia. This involved a train journey, overnight, in ‘hard’ class, with unreserved seats. The young couple entered a crowded carriage full of what Rudolf described as ‘wild-looking local types’.8 Genia squeezed into a space between them, but there was no seat for Rudolf. His love of challenges was second only to his enthusiasm for finding creative solutions: he noticed a gap in the wooden luggage racks, climbed up, and tied himself in place with the belt of his trousers so that he would not fall off while asleep. Genia later said, in her idiosyncratic English, ‘That moment I knew; this man I marry.’9

Rudolf Peierls was intellectually brilliant, a scientist with an exceptionally broad understanding of the physical world. Like many successful mathematicians and theoretical physicists, however, he was shy, more at home with algebraic symbols than people. For Genia, who complemented him with a remarkable intuitive intelligence, Rudolf’s shyness was an attraction. She had a singular ability to see through the facades that people create, and her insights into human behaviour were as if she had inherited the wisdom of several lifetimes. There was no point in putting on a front with Genia: she knew you better than you knew yourself.

Peierls’ manner was to gather evidence, assess it, and not take a decision until he was certain he had all the available facts. Once his mind was made up, however, he trusted his judgement absolutely. That applied not only to his physics and, later, to moral and political problems, but also to his personal life, not least to the phenomenon of Eugenia. Within a year they married and planned to settle in Germany.

If Genia fell in love with Rudolf’s vulnerability and ‘easy-goingness’, then Rudolf fell for her vivacity. Theirs was a German-Russian parallel to the short story by Maupassant, ‘The Englishman of Etretat’, in which a Frenchman has fallen for an English girl.10 Pretty and adorable, the most enchanting thing about the girl was the idiosyncratic way she spoke French. In the story, years later a colleague meets the hero, who looks gloomy and dejected: ‘What happened? Did she die?’ ‘No, she learned French.’ Genia told Rudolf this cautionary tale and must have taken it to heart as, through the years to their Golden Wedding anniversary and beyond, Rudolf recalled: ‘She managed to retain her Russian accent and her special way of using any language.’11

Genia’s spoken English when I knew her was fluent, but like most for whom English is not their first language, the music and tempo of its delivery revealed her history. There are no definite or indefinite articles in the Russian language, and Genia omitted them in her English too. Her ‘special way’ was like a linguistic metaphor for quantum physics, where the smooth legato waves of an eloquent native were replaced by the staccato burst of individual quanta – verbs, nouns and occasional adjectives produced a form of auditory shorthand. The cadences of normal English would become the plainsong monotone of a native Russian speaker, which made every phrase sound like an indisputable assertion of fact, yet uttered with such charm that it was impossible to disagree.

By 1932 Rudolf Peierls was already acknowledged as one of the world’s leading experts in quantum mechanics. He had won a Rockefeller Fellowship, which enabled him to visit the University of Cambridge for a year, and while he was there the University of Hamburg offered him a tenured teaching and research position. This would be ideal. It would enable Rudolf and Genia to end their peripatetic lifestyle and achieve their ambition of settling in Germany. He duly accepted Hamburg’s offer and prepared to return from England to Germany and start work there at Easter 1933.

This was also the year in which Hitler and the Nazis came to power in Germany. The Reichstag was set on fire just weeks before Peierls was due to settle in Hamburg. The Nazi dictator instigated a reign of terror, which overwhelmed Germany. The young couple, both Jews, watched these events with horror. Rudolf decided not to leave England, and withdrew from the Hamburg post.12 Instead, they took refuge in Cambridge thanks to a temporary extension of his fellowship at the university.

Although his personal life was in turmoil, with his parents and extended family in Nazi Germany, Rudolf was in paradise in his professional life. Cambridge was then the world’s foremost experimental laboratory in a new field of research – nuclear physics – and attracting the attention of the world’s leading theorists.

In 1932 James Chadwick in Cambridge discovered the neutron, one of the two fundamental constituents of atomic nuclei and, as it would soon transpire, the means to liberate energy from within the nucleus. An atom is mostly empty space, with negatively charged particles – electrons – encircling a massive dense kernel at its centre: the nucleus. The nucleus carries positive charge whereby the electrical attraction of opposite charges – negative electrons and positive nucleus – provides the force that holds an atom together. The nucleus of a hydrogen atom is the simplest of all, consisting of a single positively charged particle, which its discoverer Ernest Rutherford in 1920 called a proton. By 1932 Rutherford was head of the Cambridge research team, and had deduced that the proton was fundamental to the nuclei of all atomic elements.

The chemical elements are distinguished by the complexity of their atoms. Hydrogen, the simplest, consists of a single electron encircling a single proton, while helium has two protons in its nucleus, carbon has six, onwards to uranium with ninety-two. The chemical identity of an element is a result of its electrons, and chemical reactions occur when electrons move from one atom to another. Up to this juncture, Peierls had studied the behaviour of those electrons as they moved around solid materials under the influence of electric and magnetic forces. This was about to change, as attention focused on the nucleus following Chadwick’s discovery of the neutron.

Neutrons are similar to protons but carry no electric charge; they cluster in atomic nuclei and add to the nuclear mass without changing the total charge. The resulting massive nuclei are known as ‘isotopes’ from the Greek for ‘same place’ – the same place in the periodic table of the atomic elements. We now know that neutrons are an essential component of all atomic nuclei except for that of hydrogen, which normally consists of just a single proton. The stability of an atomic nucleus can change radically if the number of neutrons varies by just one or two. Within a decade this delicate balance between stability and explosive fragility would be exploited in the case of the heaviest naturally occurring element – uranium.

Peierls arrived in Cambridge soon after James Chadwick’s discovery of the neutron. Nuclear physics was still in its infancy; in due course it would become Peierls’ forte, but not yet. In Cambridge he continued to build his reputation by applying quantum mechanics to the behaviour of electrons in metals and the phenomenon of diamagnetism, where some materials are repelled by a magnetic field. His appointment expired in 1933, but return to Germany was out of the question. Fortunately, Peierls received a two-year Fellowship at Manchester University from the Academic Assistance Council – a privately funded organization that helped displaced scholars. At Manchester he was reunited with Hans Bethe, whom he had known as a fellow student in Munich. Bethe too had a Jewish background and had left Germany. So began a lifelong friendship, Bethe now helping to defray the Peierlses’ expenses by living in a spare room at their small house.

The pair began to work together on nuclear physics. In 1930 Wolfgang Pauli had hypothesized that a particle called the neutrino can be produced when an unstable isotope spontaneously stabilizes in the phenomenon known as radioactivity; in 1934 Bethe and Peierls wrote the first papers that quantified the circumstances under which the neutrino would interact with matter and be detectable. Two decades elapsed before their work bore fruit with the neutrino’s discovery.13 In 1935 they wrote one of the first papers applying quantum theory to the structure of atomic nuclei. They explained how the simplest nucleus – the isotope of hydrogen consisting of a proton and a single neutron – is formed when a proton captures a neutron, and how it disintegrates when bombarded by electrons.14 Later that year, Peierls returned to Cambridge, where he wrote further papers on magnetism and on nuclear physics.

Peierls’ depth was becoming joined to remarkable breadth. Two years later, in the summer of 1937 and aged thirty, Rudolf Peierls became the youngest professor in the country, at Birmingham University.fn1

Meeting Genia in 1930 had been the first fateful encounter for Rudolf; the second came in 1936. Still only twenty-nine years old, he was at the fulcrum of British physics, much in demand, his opinion valued. Neville Mott, a future Nobel laureate who had befriended Peierls in Cambridge, discussed the implications of quantum mechanics with him on a regular basis. In 1936 Mott, now at Bristol University, invited Peierls to give a talk to the physics department. It is likely that this was the occasion when Rudolf Peierls – the maestro – was first introduced to Klaus Fuchs, an outstanding student and fellow refugee from the Nazis.fn2

Fuchs and Mott had been working on a theory of electrical conduction in thin metals, inspired by some enigmatic results that no one could understand. Peierls discussed this with them, and was impressed some weeks later when Fuchs presented the complete mathematical explanation of the phenomenon.fn3

The following year, Peierls was invited to a nuclear physics conference in Moscow. He planned to take Genia with him, but went alone because he was ‘worried that her presence might prove an embarrassment to her relatives’.15 Those are Peierls’ understated words, which hide a starker reality of the terror that was engulfing the Soviet Union.

Back in the summer of 1934, Rudolf and Genia had taken their newborn daughter, Gaby, to visit Genia’s family in Leningrad. This had been a happy time, though no one anticipated that it would be the last occasion on which Genia would see her parents. The first hint of looming disaster came on 1 December with the assassination of Sergey Kirov, who was head of the Communist Party in Leningrad. Stalin immediately instigated mass repressions in the city, which many regard as a rehearsal of the subsequent Great Terror. Genia’s mother, sister Nina and stepfather Isai Mandelshtam (her biological father had died in 1909) were caught up in this purge and in 1935 were exiled for five years to Ufa in the Urals, 2,000 kilometres east of Leningrad. Nina was allowed to return to Leningrad after two years, but their mother and stepfather were sent from one exile to another, with Isai spending three years in a Gulag camp. By all accounts their life was miserable. An aunt and uncle also spent years in the Gulag.fn4

The Peierlses were sensitive to the reality of life in Stalin’s autocracy and the dilemma that Genia’s return would create for members of her family: should they welcome her like some prodigal, and draw the attention of the secret police, or take the politically safer course of shunning a Russian-born citizen who chose to live away from the homeland? Xenophobia was rampant in Russia then; all foreigners were suspected of being spies, and Soviet citizens who chose to marry a foreigner and leave Russia were also distrusted.

Peierls wryly noted a book that was popular in Russia at the time, which remarked: ‘The best time for spies to work is just before or during the outbreak of a war, when there is a general spy hysteria, and everybody suspects everybody else of being a spy [making it] virtually impossible to detect the real spies.’16 This observation would be triply ironic. First, Isai Mandelshtam was interrogated and accused of espionage en route to the Gulag, because of his connection to Rudolf Peierls. Soviet suspicion of the ex-patriot Genia would be an uncanny mirror image, later, of British unease at her Russian origin. Furthermore, Rudolf’s theory of spies is an ironic preview of his own future, as his visit to Russia led to MI5 creating a file on him in 1938. In April that year he visited Niels Bohr in Copenhagen and upon his return the immigration officer at Harwich noted ‘during examination of [Peierls’] passport it was noticed that it contained a Soviet visa and Russian control stamps for 1937, but the alien, when questioned, beyond confirming that he had in fact visited the Soviet Union last year, did not appear to be willing to give any reason for his visit to that country’. The immigration officer did not question Peierls further ‘in view of his substantial position as a professor’. Nonetheless this was recorded as ‘of possible interest to Special Branch’. On 25 April 1938 this became the first entry in Peierls’ MI5 file.17

In May 1938 Peierls applied for naturalization as a British citizen. By mid-1939 nothing had happened. With war looming, on 31 August Peierls wrote to the Under-Secretary of State at the Aliens department. He pointed out that he was an alien, a German, who had lived in the United Kingdom for six years and had applied for naturalization in May 1938. He was very anxious to become an air-raid warden, but could not be enrolled before his naturalization was completed. He asked: ‘Is my application being considered?’ Peierls said he wanted to be able to help when there was a need for volunteers, ‘even in capacities that involve no responsibility and confidential information’.18

On 4 September 1939 Britain declared war on Germany. Peierls was now seriously worried: still formally a German subject, his application for British naturalization became bogged down in bureaucracy.

The restrictions imposed on Germans in the United Kingdom were for Peierls a minor matter, however, but that he was also refused permission to help in emergency work in any capacity made him feel impotent. He pointed out to the naturalization authorities that he had not lived in Germany since 1929. In addition he explained that in March 1933, even before the anti-Jewish laws, he had declined the offer of a job in Germany because the Nazi regime had just been established and ‘I did not want to submit to it.’ He had only returned to Germany once, in 1934 to visit his parents, and after that, ‘I suppose I would not have been allowed to return even if I wanted to.’ His parents and near family had, like him, now left Germany.

Peierls wrote to influential scientists in the hope of being assigned to useful war work. To Edward Appleton, the chair of the Department of Scientific and Industrial Research and as such the most senior British government post associated with physical science, Peierls wrote on 13 September 1939, ‘I have more personal experience of, and hence more animosity towards, the present regime in Germany than most other people in this country.’ He had even ‘tried to get rid of my German nationality but … this was technically impossible while my papers were at the Home Office with my naturalisation papers’. Peierls’ German passport had expired in May and he had ‘taken no steps to renew it’. He was in limbo. Despite his brilliance, as Peierls was technically German the United Kingdom was unready to use his talents in the war effort.19

Peierls was based at Birmingham University, where the head of the physics department, Mark Oliphant, was working on radar. It was the most secret scientific enterprise of the war, from which the alien Peierls was excluded. Even after he finally managed to become a British citizen, in March 1940, he was excluded from the top-secret research into radar on grounds of his origins. He had, however, been welcomed in the City of Birmingham Auxiliary Fire Service, and received a certificate that he had ‘completed in a satisfactory manner a course in anti-gas precautionary measures’.20 He summarized his feelings pithily in a letter to Sir William Bragg, the President of the Royal Society: ‘I shall get a very beautiful uniform but I still think I might help the country in more efficient ways than sleeping in a fire station.’21 He was indeed given a uniform with a helmet and an axe, and as he foresaw in his letter to Bragg he spent ‘long hours at the station just sitting around’.22 Peierls was frustrated, but fate was about to cast him into a leading role. With radar a secret and off limits, Peierls decided to devote his intellectual energy to a field that in 1940 had no obvious relevance for the war: nuclear physics and fission. Without knowing it, in March of that year he was about to redefine the war effort.

NUCLEAR FISSION

The key to nuclear fission was a rare form of the element uranium, known as ‘U235’. The nuclei of these atypical uranium atoms are so fragile that a mere touch by a slow neutron can be enough to split the pack – in an analogy made at the time, this was like disturbing a large drop of water whereupon it breaks into two smaller drops. This phenomenon, named ‘fission’, had been discovered in Germany by Otto Hahn, Lisa Meitner and Fritz Strassmann in 1938, and might have remained a mere curiosity, except for two features. First, when the nucleus of a uranium atom splits, the total energy released is over a hundred times greater than in radioactivity. The comparison to chemical reactions is stark, fission freeing nearly a billion times the energy, atom for atom. Here was the first hint of how to liberate nuclear energy on a larger scale than had hitherto appeared possible. The second discovery, early in 1939, was that the fission of a uranium nucleus also liberates neutrons – by analogy, these extra neutrons are like tiny droplets in the space between the two big drops. If these ‘secondary’ neutrons hit other atoms within the lump of uranium, causing them to divide with the release both of energy and further neutrons, a self-sustaining nuclear ‘chain reaction’ is possible. This creates the potential for an immense release of energy and, in extremis, a nuclear explosion.fn5

When news of fission broke in 1938, scientists immediately wondered: Why are the rocks around us, which contain uranium and are being hit continuously by neutrons from cosmic rays, not liable to detonate spontaneously? The great Danish theoretical physicist, Niels Bohr, gave the answer. Uranium nuclei come in different forms – isotopes – such as ‘U238’ and ‘U235’ (the U signifies uranium and the number denotes the total number of constituent protons and neutrons within the nucleus). Bohr made the key insight: fission is more likely in an isotope with an odd number of constituents, such as U235, than an even number, such as U238.23 The fission of natural rocks is rare because they contain so little U235 – less than one per cent.

A flurry of experiments soon established that whenever a neutron hits uranium, the outcome depends on what isotope is hit, and at what speed. If a neutron impacts a nucleus of U235, for example, the latter almost invariably breaks up whatever the speed of the neutron. If a nucleus of U238 is hit, however, it usually remains intact but the result depends on the neutron’s speed. If the neutron is moving fast, which is likely to be the case if it was spawned by fission of U235, it will be captured by the U238. This converts the uranium into another isotope, U239, removes the neutron from activity and prevents it contributing further to a chain reaction. If the neutron is moving slowly, however, with kinetic energy similar to the molecules in the room, it will bounce off the U238 and live on. If its next collision is with U235, fission will occur; if it hits a U238 it will bounce off once more; if it exits the target, however, it is lost to the chain reaction.

In natural uranium, the dominant U238 acts as a blanket that covers any nearby U235, making a succession of fissions rare, and the chance of a chain reaction negligible. Only if the neutrons encounter some of the rare isotope U235 before exiting the uranium target can a chain reaction occur. The scarcity of U235 stabilizes the natural world, which is a good thing, but makes it difficult to extract nuclear energy from raw uranium.

Difficult isn’t the same as impossible, however. By the summer of 1939 experiments in France, England and the United States had shown that a chain reaction might be possible if the neutrons are slowed – in the jargon ‘moderated’ to ‘thermal energies’ – by bouncing off atoms of carbon in graphite or of deuterium in ‘heavy water’.

When atoms of hydrogen in water are replaced by those of deuterium, where the single proton of the hydrogen nucleus is accompanied by a neutron, the result is heavy water. The neutron leaves the chemistry unaltered – hence the resulting molecule is still one of water – but adds to the mass. Heavy water is more efficient than ordinary water in slowing neutrons.

So slow neutrons are the spark that can light the nuclear fire, but the flame is fickle. Uranium fission provides the kindling but the neutrons released in fission are fast, so the problem returns. To liberate nuclear energy effectively requires both ‘enrichment’ – an increase of the relative amount of U235 in the target – and lots of uranium.24

Niels Bohr published his insight about U235 in Physical Review in September 1939,fn6 in the same week that the Second World War began.25 At this critical moment in history, there was at best only a hope that with several tons of uranium, and some means to slow neutrons to make them effective, scientists could construct a nuclear reactor. This could liberate energy and produce power for industry, but an atomic bomb small enough to be delivered by a plane or gun seemed out of the question.

EINSTEIN’S LETTER

Europe was at war. Meanwhile in the United States, President Roosevelt was constrained by the 1937 Neutrality Act, which forbade America from becoming embroiled in foreign conflicts. Roosevelt, who was near the end of his second term, felt that the United States had a duty to stop the spread of fascism and he wanted the Act repealed. For many Americans, however, the priority was to escape from the aftermath of the Great Depression, not to commit troops to fight Hitler thousands of miles away.

Many Jews had fled from central Europe, like Peierls, and escaped to North America. Among these was a trio of Hungarians: Edward Teller, Eugene Wigner and Leo Szilard. In August 1939 this group of émigré physicists visited Albert Einstein, who was spending the summer on Long Island, told him that it might be possible to build atomic weapons, and urged him to alert Roosevelt. This was the first that Einstein had heard of the chain reaction and he understood its implications immediately. Without hesitation he signed the letter, which mentioned ‘the almost infinite power’ of atomic energy and warned of its potential for ‘bombs of hitherto unenvisaged potency and scope’.26

When Roosevelt received this news, his reaction was immediate. To ensure that ‘the Nazis don’t blow us up’, he charged Lyman Briggs, head of the National Bureau of Standards, to form an ‘Advisory Committee on Uranium’.27 Briggs was a worthy bureaucrat but unfortunately no visionary. The committee’s first report to the President in November 1939 had the uninspiring recommendation that the government should put more funds into the study of nuclear chain reactions.

The United States project came alive the following year with the arrival of Vannevar Bush, the energetic vice-president of MIT. In June 1940 he gained Roosevelt’s ear with an idea to revitalize the American economy – still in the doldrums after the Depression – by coordinating scientific research and the development of military equipment and weapons. Roosevelt liked what he heard, and appointed Bush head of a National Defence Research Committee.

Prominent in the early American work was Nobel laureate and Italian émigré Enrico Fermi, who made rapid progress at Columbia University investigating chain reactions and establishing that the bombardment of uranium with neutrons might be a route to the controlled release of nuclear energy. At this stage, however, nuclear weapons weren’t in this new vision. While Einstein’s letter is often cited as the start of a nuclear weapons development programme in the United States, this is only true in hindsight. In 1939 and into 1940 physicists anticipated nuclear weapons being too heavy for delivery by aircraft, and hence having to be ‘carried by boat’. So although a terrifying super-weapon could be imagined in principle, a practical one seemed out of the question. The British scientist A. V. Hill, who visited the USA and Canada in March and April 1940, was so unimpressed that he reported back to his colleagues in the United Kingdom it would be a waste of time to do this work here at home. He argued that it was scientifically very interesting ‘but for present practical needs probably a wild-goose chase’, and ‘if anything likely to be of war value emerges, the [US scientists] will certainly give us a hint of it in good time’.28

What neither Hill nor anyone in the United States knew was that back in March, in the United Kingdom, Peierls and Otto Frisch, another refugee from Nazism and like Peierls prevented from working on radar, had made a discovery that would utterly change the nature of warfare. The pair had calculated that the energy liberated by a 0.5kg bomb of U235 would be equivalent to that of several thousand tons of dynamite. With this insight, Peierls and Frisch had made a key breakthrough: an atomic bomb could be light enough to be dropped from an aircraft.

THE CONCEPTION OF THE ATOMIC BOMB

This is what had happened. Peierls and Frisch, working together at Birmingham University, had read Bohr’s paper, checked its conclusions, and agreed that if fission were to be a practical energy source, uranium must first be enriched in U235. So Frisch began some experiments to see how feasible enrichment might be. To do this, he used the phenomenon of ‘thermal diffusion’. When a mixture of two gases is in a container, one end of which is hot and the other cold, a gentle breeze develops in which the lighter gas molecules drift towards the hot end while the heavier ones accumulate at the cold end. Frisch used uranium hexafluoride – in chemical shorthand ‘UF6’, and colloquially known as ‘hex’ – which is the only practical gaseous compound of uranium. Most of the uranium in UF6 consists of the heavy isotope U238, while about seven molecules in every thousand is in the lighter form, U235. In principle Frisch hoped to enrich the U235 by extracting gas from the hot end, where the relatively light U235 would gather, then he would repeat the exercise, over and over, progressively increasing the concentration of U235.

Frisch established that, even if he could enrich uranium this way, it would be slow. Adding to his problems was that his goal was unclear, as he had no idea how much U235 would be needed to make a practical fission engine. A ton was out of the question, and the task looked impractical even if 100kg were sufficient. Then in March 1940 Frisch asked Peierls the seminal question: If neutrons were to hit a lump of pure U235, how much would be required to make a significant explosion? Peierls worked out a formula to compute the critical mass – the minimum lump of uranium capable of sustaining a chain reaction before too many neutrons escaped through its surface. What he didn’t then know was the probability that a neutron would hit an individual nucleus of U235 and cause it to fission, for in March 1940 no one had isolated enough U235 to be able to measure this critical quantity.29

Peierls had read Bohr’s paper and understood it sufficiently to realize that if a neutron hit a nucleus of U235, at any speed, fission was almost certain to occur, at least in theory. So he assumed this to be true, and worked out the implications in his formula. The two young physicists were astonished by the answer: where previously they thought that a weapon would require at least the mass of a champion weightlifter, they had now established that a lump the size of a pineapple would be enough. A question remained, however: Would this actually explode or merely fizzle?

The chain reaction would spread through the uranium, the first fission liberating typically two neutrons, this pair inducing two further fissions, which would spawn four neutrons, each successive generation doubling up the number of neutrons and increasing the amount of subsequent fission reactions exponentially. Peierls estimated that the time between successive generations would be about five-millionths of a second, the number of active neutrons doubling each time.30 After about eighty generations, the lump of uranium would be vaporized into fragments smaller than the critical size, and fission would stop, but by then the damage would have been done. The implication was staggering: in less than one-thousandth of a second, the uranium would be hotter than the centre of the sun and the explosive effects of this small piece of metal would be greater than several thousand tons of dynamite. Frisch recalled the moment: ‘We stared at one another and realised that a bomb might after all be possible.’

Had they stumbled on such an apocalyptic vision in peacetime, they would probably have abandoned the project at once, and told nobody. But, as Frisch explained later, ‘we were at war, and the idea was reasonably obvious. Very probably some German scientists had had the same idea and were working on it.’31

The implications were so sensitive that Peierls typed the report himself, on his typewriter, while Frisch dictated from their notes. They were in Peierls’ office on the ground floor of the physics department and, as it was a warm day, the window was open. At one moment, while they were debating a particularly sensitive point, a face suddenly appeared in the open window. Their momentary panic passed when it turned out to be no more than a colleague ‘digging for victory’, who was planting tomatoes by the south-facing wall. The secret was safe – for now.32

If there was a ‘secret’ to the atomic bomb it was this: fast neutrons will induce nuclear fission reactions fast enough to be potentially explosive, and pure U235 avoids neutrons being lost through capture by U238. Frisch and Peierls immediately informed Oliphant, the departmental head, who had security clearance in Whitehall. In a secret memorandum, written in the middle of March 1940 for the attention of the British government, the pair pointed out that no material could resist the blast of this ‘atomic bomb’. Their report is today known as the ‘Frisch-Peierls Memorandum’.fn7 It is a remarkable document in the breadth of its vision and foresight.

The implications of Peierls and Frisch’s discovery were so awful that the two scientists believed the weapon would prove impossible for a civilized society to employ, as both the initial blast and lingering radiation would kill thousands of civilians. In just 1,428 words, not only did they announce the key to making this fearsome weapon, but they also laid the foundations for a new science – the biological effect of radiation – and foresaw a strategy of defence through mutually assured destruction.33 While this might not seem remarkable to modern eyes, reflect for a moment that before 1940 all conventional weapons had been chemical in nature. A single nuclear weapon, such as Peierls and Frisch were describing, when dropped by a lone aircraft, would create a blast whose strength would compare to a conventional air raid by hundreds of bombers. But it would do far more, as the pair realized with horror. There would be a qualitative change in the nature of war. They pointed out that as there was no material that could resist its blast, the military and governments would need to develop new strategies. Radiation would spread with the wind, and its threat would linger long after the dust had settled, literally. This meant that even those who exploded such a bomb would have to take care when advancing later into the devastated area. Where conventional weapons could liberate an area for occupation, the atomic bomb would create a ‘danger-zone’ where no one could enter for days or more.

Their status as refugees from Nazism must have influenced the opinion of both Peierls and Frisch that such an awful invention might be ‘unsuitable as a weapon for use by this country’, while at the same time fearing that Germany might be developing an atomic bomb itself, and be prepared to use it. Eight decades later, their foresight about atomic weapons being a form of mutual defence continues to be correct. With hindsight, their only significant error was their estimate that production could take months in a relatively compact plant: the scale and effort of the Manhattan Project, which would involve up to 100,000 workers for three years, were as yet unimagined.

The British took action: Peierls and Frisch’s work was classified so secret that the government committee which evaluated their discovery even barred attendance at its meetings by the two émigrés themselves.

MAUDfn8

The result of Peierls and Frisch’s discovery was that the government set up a research and development programme for an atomic weapon. Initially run by the enigmatically named MAUD committee of scientists, it later matured (end of 1941) into an industrial project under the bland code name of ‘Tube Alloys’, both names chosen in order to hide their purpose.

The origin of MAUD reads like an Ealing comedy. In April 1940 the Nazi army occupied Denmark, the home of Niels Bohr. Soon afterwards news of Bohr arrived in London in a telegram. It stated that he was safe and included the enigmatic instruction to ‘inform Cockcroft and Maud Ray Kent’. John Cockcroft, one of the duo who had first artificially split the atom, thought ‘Maud Ray Kent’ was an anagram for ‘Radium taken’ and that Bohr was covertly telling them that the Germans had availed themselves of radioactive materials and were actively pursuing atomic research. Only later did Cockcroft learn that in fact the message referred innocently to the Bohr family’s governess, Maud Ray, who lived in Kent. In any event, Maud Ray has become immortalized by the morphing of her name into the code name of Britain’s atomic committee.34

Peierls was a mild-tempered man who had initially been merely frustrated at having his war effort limited to duties as a fireman. When as an ‘enemy alien’ he had been unable to work on radar, he had contributed through the intermediary of his departmental head at the university, Mark Oliphant. Their manoeuvres had elements of farce. Peierls would share ideas with Oliphant, who would transmit them to Whitehall. Upon returning to Birmingham, Oliphant would then discuss the resulting physics questions with Peierls, who would hand down replies. This creative solution to a problem was characteristic of Peierls, and sweeter still as it represented victory over the jobsworths who, in his opinion, obstructed progress through a myopic application of regulations. By this means some headway was made without formally breaching the Official Secrets Act. On 22 April, however, restricted from working on his own invention, Peierls was incandescent, haranguing the head of the MAUD committee, Professor G. P. Thomson of Imperial College, London, until this lunatic bureaucracy was broken.

In one of its first actions the MAUD committee noted in May 1940: ‘Two enemy aliens … PEIERLS and FRISCH have put forward certain suggestions in this connection which seem worthy of consideration. It seems desirable that we should use their knowledge and advice.’35 Winston Churchill’s science advisor, Frederick Lindemann, wrote to Peierls asking why the bomb should now be taken seriously, to which Peierls replied that the probability of the bomb working ‘is sufficiently high to make it important to investigate the matter as rapidly as possible’. He continued: ‘While there is no evidence that the Germans realise the potentialities of a U235 bomb … it is quite possible that they do, and for all we know they may have almost completed its production.’36

Peierls met Lindemann and presented his ideas face to face. The two men never felt comfortable together. Lindemann was ill at ease in the presence of a scientist whose understanding significantly exceeded his own, while Peierls, in common with several colleagues, regarded Lindemann as a scientific lightweight. Afterwards, Peierls was asked about Lindemann’s reactions and said: ‘I do not know him sufficiently well to translate his grunts correctly.’37

So it was that in June 1940, in the same week that France surrendered to the Nazis, leaving the United Kingdom isolated, Peierls was included in the atomic team. Having initially been an outsider, he soon became one of the lead theorists, if not formally, then in practice: of the first seventy scientific reports issued with code-numbers fronted by the Tube Alloys acronym ‘TA’ during 1941 and 1942, all but a handful carried Peierls’ name, and a substantial majority of these were written by him alone.38

Peierls initially set out the strategic questions. For an explosion to happen, what are the critical mass and optimal design of the uranium? How will the shock wave develop? In order to produce the fuel for the weapon, what is the best way to enrich U235? Initially there were several ideas on enrichment – electromagnetic separation, thermal methods, or diffusion of the gaseous compound, uranium hexafluoride. By August 1940 Peierls’ analyses led the British to pursue gaseous diffusion as the means.

The key feature, as Peierls realized, was that U235 is about one per cent lighter than U238. As a force will shift a tennis ball more easily than a lump of rock, so in gaseous uranium will a relatively light atom of U235 respond to pressure more readily than its slightly heavier sibling U238. If the gas is in a cylinder, with a piston applying pressure at one end while the other end consists of a porous membrane, the U235 will be forced through the membrane faster than the U238. So the gas on the far side of the membrane will be richer in U235. The enrichment will be very small, but the process can be repeated, starting with the already enriched gas; after sufficient repetitions the proportion of U235 could become considerable. The idea is simple, but the practical questions were hard to answer. How many stages would be needed to enrich U235 to the level needed for a bomb? For how long should the pressure be applied in each stage?

At first sight the answer to the second question might seem to be: ‘The longer the better.’ This is flawed, however. It is true that the amount of U235 on the far side of the barrier increases early on, but it does so at the expense of its depletion in the original sample. Eventually there is no longer enough U235 in the source to compete with the excess of U235 seeping back through the membrane from the enriched side. The implication is that after some amount of time the gases on either side of the membrane will reach equilibrium. So a crucial question for the theorists to answer was: How long is the equilibrium time and how does it vary with the pressure?

Peierls’ initial estimates were that for realistic pressures the equilibrium time would be days, and to enrich the uranium adequately would take up to three hundred individual stages. This is so impractical that it would never have been contemplated, but for the imperatives of the war.

Nonetheless, this method of gaseous diffusion appeared to be more efficient than other ideas such as thermal separation, which Frisch had tried. At Oxford University, Franz Simon, also an émigré from the Nazis, fabricated fine wire with which he could bore holes less than one-hundredth of a millimetre in diameter. The resulting porous membranes were then used to make test measurements of diffusion. By the autumn of 1940 Simon’s team was confident that the concept would work.

Meanwhile in Cambridge experiments were being conducted to see whether a divergent chain reaction really happens and if so how rapidly it can develop. The Cambridge team irradiated uranium oxide with neutrons that had first been slowed by bouncing off atoms of heavy water. Slow neutrons are more effective at causing fission, and the experiments demonstrated that a divergent chain reaction happens. This opened a possibility – albeit still theoretical – of a self-sustaining engine, producing power by fission: a nuclear reactor. Whereas U235 would be needed to make an explosion, the irradiation of the dominant U238 in a reactor would produce a new element: plutonium. Cambridge theorists Egon Bretscher and Norman Feather predicted that plutonium could be a superexplosive material, more so even than U235.

For fission to happen, a neutron first has to bump into uranium. The likelihood of this happening is measured by a quantity called the ‘cross section’, figuratively, how big the uranium appears to the neutron. The bigger the cross section, the greater the likelihood of an encounter and of fission. The magnitude of this cross section was poorly understood; Peierls and Frisch’s estimate that a pineapple-sized lump of U235 would be sufficient for an explosion relied on theoretical estimates for this quantity. Liverpool University had the necessary apparatus – a cyclotron – with which Frisch, who had moved there from Birmingham, now measured the cross section. This turned out to be less than Frisch and Peierls had assumed, which implied that the amount of U235 needed for a bomb would be some 50 kilograms, nearly a hundred times larger than Peierls’ original estimate. Had this been known from the start it is possible that the MAUD project would never have begun, but although the challenge was now more difficult at least the goals for Simon’s enrichment experiments were now clear. Peierls, Frisch and Simon – three émigrés who for security reasons had been excluded from other war work – had now been entrusted with the greatest wartime secret of all.39

Back in Birmingham, in addition to Peierls’ work on diffusion, scientists were investigating how to prepare uranium metal. The reason for metal is that it is dense, which increases the chance of neutrons bumping into uranium atoms and inducing fission. First, however, the overriding task was to prepare enough U235 by diffusion.

Diffusion requires a gas, and uranium hexafluoride UF6 was the only compound of uranium that was practical. It had the advantage that fluorine has only one stable isotope, so the diffusion would be determined by the uranium and not by the fluorine. That was the extent of the good news, however. To keep ‘hex’ gaseous, the laboratory had to be hotter than the Sahara Desert in high summer or the pressure lower than at the summit of Mount Everest; otherwise, hex solidifies. It is also highly corrosive and interacts with many substances, including water, to form solid compounds. The ease with which hex could solidify threatened to kill the diffusion plant with an exotic arteriosclerosis. But unless some other substance was found, hex would have to be used. And if a less lethal fuel were available, it would be unlikely to have the advantage that uranium alone determined its diffusion. Would that be a problem? This was but one of the many questions that Peierls had to deal with.fn9

Questions were in fact growing exponentially. By November 1940 Peierls was overwhelmed with work for MAUD and in desperate need of an assistant. He said later: ‘I found many theoretical problems piling up and I could not deal with them fast enough.’40 He found help in unexpected ways. For example, the Nobel laureate theorist Paul Dirac had done an experiment on isotope separation and developed a mathematical theory of how to separate isotopic mixtures most effectively.41 Meanwhile, Frisch had joined a team at Liverpool University where one of his colleagues, the theoretician Maurice Pryce, worked out how to estimate the efficiency of an explosive chain reaction. These contributions were gems, admittedly, but Peierls was still in desperate need of a full-time assistant: ‘I needed some regular help – someone with whom I would be able to discuss the theoretical technicalities.’42

Most competent theoreticians were already doing something important, and when Peierls heard that Klaus Fuchs, whom he knew and respected as a physicist from his work at Bristol, was available, it seemed a good idea to get him to come to Birmingham.

Fuchs had the kind of ability Peierls was looking for. Furthermore, like Peierls, Fuchs detested what Hitler had done to his country and, now, much of mainland Europe. Peierls recalled: ‘I knew he had left Germany because of his opposition to the Nazis and I respected him for this. I knew of his association with left-wing student organizations in Germany since at that time the communist-controlled organizations were the only ones putting up any active opposition.’43

The United Kingdom itself feared invasion, and Peierls thought Fuchs ‘might welcome an opportunity to participate in a project that was intended to forestall Hitler’. On 10 May 1941 Peierls wrote to Fuchs and invited him to join in ‘theoretical work involving mathematical problems of considerable complexity’, adding that he ‘cannot describe the nature or the purpose of the work’.44 By inviting Fuchs into the team, Peierls had unwittingly started a chain reaction that would have vast and unforeseen consequences.

THE FRISCH-PEIERLS MEMORANDUMfn10


Strictly Confidential

Memorandum on the properties of a radioactive ‘super-bomb’

The attached detailed report concerns the possibility of constructing a ‘super-bomb’ which utilises the energy stored in atomic nuclei as a source of energy. The energy liberated in the explosion of such a super-bomb is about the same as that produced by the explosion of 1000 tons of dynamite. The energy is liberated in a small volume, in which it will, for an instant, produce a temperature comparable to that in the interior of the sun. The blast from such an explosion would destroy life in a wide area. The size of this area is difficult to estimate, but it will probably cover the entire centre of a big city.

In addition, some part of the energy set free by the bomb goes to produce radioactive substances, and these will emit very powerful and dangerous radiations. The effect of these radiations is greatest immediately after the explosion, but it decays only gradually and even for days after the explosion any person entering the affected area will be killed.

Some of this radioactivity will be carried along with the wind and will spread the contamination; several miles downwind this may kill people.

In order to produce such a bomb it is necessary to treat a few cwt. [few hundreds of kg] of uranium by a process which will separate from the uranium its light isotope (U235) of which it contains about 0.7%. Methods for the separation of isotopes have recently been developed. They are slow and they have not until now been applied to uranium, whose chemical properties give rise to technical difficulties. But these difficulties are by no means insuperable. We have not sufficient experience with large-scale chemical plant to give a reliable estimate of the cost, but it is certainly not prohibitive.

It is a property of these super-bombs that there exists a ‘critical size’ of about one pound [about half a kg]. A quantity of the separated uranium isotope that exceeds the critical amount is explosive, yet a quantity less than the critical amount is absolutely safe. [The phrase after ‘yet’ was initially omitted and added as an insert.] The bomb would therefore be manufactured in two (or more) parts, each being less than the critical size, and in transport all danger of a premature explosion would be avoided if these parts were kept at a distance of a few inches from each other. The bomb would be provided with a mechanism that brings the two parts together when the bomb is intended to go off. Once the parts are joined to form a block which exceeds the critical amount, the effect of the penetrating radiation always present in the atmosphere will initiate the explosion within a second or so.

The mechanism which brings the parts of the bomb together must be arranged to work fairly rapidly because of the possibility of the bomb exploding when the critical conditions have just only [sic] been reached. In this case the explosion will be far less powerful. It is never possible to exclude this altogether, but one can easily ensure that only, say, one bomb out of 100 will fail in this way, and since in any case the explosion is strong enough to destroy the bomb itself, this point is not serious.

We do not feel competent to discuss the strategic value of such a bomb, but the following conclusions seem certain:


	As a weapon, the super-bomb would be practically irresistible. There is no material or structure that could expect to resist the force of the explosion. If one thinks of using the bomb for breaking through a line of fortifications, it should be kept in mind that the radioactive radiations will prevent anyone from approaching the affected territory for several days; they will equally prevent defenders from reoccupying the affected positions. The advantage would lie with the side which can determine most accurately just when it is safe to re-enter the area; this is likely to be the aggressor, who knows the location of the bomb in advance.

	Owing to the spreading of radioactive substances with the wind, the bomb could probably not be used without killing large numbers of civilians, and this may make it unsuitable as a weapon for use by this country. (Use as a depth charge near a naval base suggests itself, but even there it is likely that it would cause great loss of civilian life by flooding and by the radioactive radiations.)

	We have no information that the same idea has also occurred to other scientists, but since all the theoretical data bearing on this problem are published, it is conceivable that Germany is, in fact, developing this weapon. Whether this is the case is difficult to find out, since the plant for the separation of isotopes need not be of such a size as to attract attention. Information that could be helpful in this respect would be data about the exploitation of the uranium mines under German control (mainly in Czechoslovakia) and about any recent German purchases of uranium abroad. It is likely that the plant would be controlled by Dr. K. Clusius (Professor of Physical Chemistry in Munich University), the inventor of the best method for separating isotopes, and therefore information as to his whereabouts and status might also give an important clue.
At the same time it is quite possible that nobody in Germany has yet realized that the separation of the uranium isotopes would make the construction of a super-bomb possible. Hence it is of extreme importance to keep this report secret since any rumour about the connection between uranium separation and a super-bomb may set a German scientist thinking along the same lines.


	If one works on the assumption that Germany is, or will be, in the possession of this weapon, it must be realized that no shelters are available that would be effective and could be used on a large scale. The most effective reply would be a counter-threat with a similar bomb. Therefore it seems to us important to start production as soon and as rapidly as possible, even if it is not intended to use the bomb as a means of attack. Since the separation of the necessary amount of uranium is, in the most favourable circumstances, a matter of several months, it would obviously be too late to start production when such a bomb is known to be in the hands of Germany, and the matter seems, therefore, very urgent.

	As a matter of precaution, it is important to have detection squads available in order to deal with the radioactive effects of such a bomb. Their task would be to approach the danger zone with measuring instruments, to determine the extent and probable duration of the danger and to prevent people from entering the danger zone. This is vital since the radiations kill instantly only in very strong doses, whereas weaker doses produce delayed effects, and hence near the edges of the danger zone people would have no warning until too late.
For their own protection, the detection squads would enter the danger zone in motor-cars or aeroplanes which are armoured with lead plates, which absorb most of the dangerous radiation. The cabin would have to be hermetically sealed and oxygen carried in cylinders because of the danger from contaminated air.

The detection staff would have to know exactly the greatest dose of radiation to which a human being can be exposed safely for a short time. This safety limit is not at present known with sufficient accuracy and further biological research for this purpose is urgently required.

As regards the
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1. Klaus Fuchs on his British Registration Card in 1933, aged 21.

[image: Rudolf Peierls, aged 24, visiting the Theoretical Physics Institute at the University of Leipzig in 1931. Peierls is seated on the left next to Werner Heisenberg, one of the founders of quantum mechanics. The members of Heisenberg’s group behind Peierls and Heisenberg are (left to right) George Placzek, G. Gentile, Giancarlo Wick, Felix Bloch, Victor Weisskopf and F. Sauter. Victor Weisskopf would later be innocently caught up in the FBI’s investigations surrounding Fuchs’ espionage; Felix Bloch won the Nobel Prize for Physics in 1952.]
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[image: An international physics conference at Bristol University in July 1935. Peierls is seated fifth from the right; Fuchs’ head is visible third from the left in the back row. Other notable participants include Edward Teller (sitting cross-legged at the right of the front row) and Herbert Skinner (seated at extreme right, four places from Peierls).]
3. An international physics conference at Bristol University in July 1935. Peierls is seated fifth from the right; Fuchs’ head is visible third from the left in the back row. Other notable participants include Edward Teller (sitting cross-legged at the right of the front row) and Herbert Skinner (seated at extreme right, four places from Peierls).

[image: The 24-year-old Fuchs in Bristol, 1936.]
4. The 24-year-old Fuchs in Bristol, 1936.

[image: Genia and Rudolf Peierls shortly after their arrival in New York, 1943.]
5. Genia and Rudolf Peierls shortly after their arrival in New York, 1943.

[image: The Lawn Road Flats (‘Isokon Building’) in Hampstead. Flat number 6, the residence of Jürgen Kuczynski, is on the ground floor hidden by the wall in the foreground.]
6. The Lawn Road Flats (‘Isokon Building’) in Hampstead. Flat number 6, the residence of Jürgen Kuczynski, is on the ground floor hidden by the wall in the foreground.

[image: Jürgen Kuczynski, brother of ‘Sonya’, in the 1950s. Kuczynski first introduced Fuchs to his Russian contacts in 1941.]
7. Jürgen Kuczynski, brother of ‘Sonya’, in the 1950s. Kuczynski first introduced Fuchs to his Russian contacts in 1941.

[image: Ursula Beurton – ‘Sonya’ – with her children, in Oxford, 1945. Sonya, the GRU’s chief illegal in the UK, was Fuchs’ contact from October 1942 to November 1943.]
8. Ursula Beurton – ‘Sonya’ – with her children, in Oxford, 1945. Sonya, the GRU’s chief illegal in the UK, was Fuchs’ contact from October 1942 to November 1943.

[image: Jane Sissmore-Archer, MI5’s first female officer and brilliant expert in Soviet counter-intelligence, who had qualified as a barrister in 1924.]
9. Jane Sissmore-Archer, MI5’s first female officer and brilliant expert in Soviet counter-intelligence, who had qualified as a barrister in 1924.

[image: Guy Liddell, Deputy Director General of MI5 during the pursuit of Fuchs.]
10. Guy Liddell, Deputy Director General of MI5 during the pursuit of Fuchs.

[image: William Penney, Otto Frisch, Rudolf Peierls and John Cockcroft after the award of the US Presidential Medal of Freedom on 1 May 1947. ]
11. William Penney, Otto Frisch, Rudolf Peierls and John Cockcroft after the award of the US Presidential Medal of Freedom on 1 May 1947.

[image: The Los Alamos theoretical physics building, containing Fuchs and Peierls’ offices, c. 1945.]
12. The Los Alamos theoretical physics building, containing Fuchs and Peierls’ offices, c. 1945.

[image: Major General Leslie R. Groves (right), Chief of the Manhattan Project in which the first atomic bomb was developed, and Robert Oppenheimer, the Scientific Director, examining the base of the steel tower two months after the Trinity explosion on 16 July 1945. The intense heat of the bomb melted the tower, and seared the surrounding sands into jade-green glass-like cinders.]
13. Major General Leslie R. Groves (right), Chief of the Manhattan Project in which the first atomic bomb was developed, and Robert Oppenheimer, the Scientific Director, examining the base of the steel tower two months after the Trinity explosion on 16 July 1945. The intense heat of the bomb melted the tower, and seared the surrounding sands into jade-green glass-like cinders.

[image: The physicist Norris Bradbury sits next to the ‘Gadget’, created by scientists to test the world’s first atomic bomb, at Trinity Site. A matrix of conventional explosive charges initiated the implosion of the central plutonium to ignite the atomic bomb.]
14. The physicist Norris Bradbury sits next to the ‘Gadget’, created by scientists to test the world’s first atomic bomb, at Trinity Site. A matrix of conventional explosive charges initiated the implosion of the central plutonium to ignite the atomic bomb.

[image: A fireball begins to rise, and the world’s first atomic mushroom cloud begins to form, about 6 miles distant, nine seconds after Trinity detonated.]
15. A fireball begins to rise, and the world’s first atomic mushroom cloud begins to form, about 6 miles distant, nine seconds after Trinity detonated.

[image: Building B329 at Harwell included the offices of Klaus Fuchs and Henry Arnold.]
16. Building B329 at Harwell included the offices of Klaus Fuchs and Henry Arnold.

[image: The senior scientists at Harwell, 1948. Klaus Fuchs stands at the left with the head of the General Physics Division, Herbert Skinner, seated. The Director, Sir John Cockcroft, faces them, seated. The balding scientist seated with his arm resting on the table is Egon Bretscher, Head of Nuclear Physics. The other scientists are B. Chalmers, H. Tongue and R. Spence.]
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[image: Aerial view of part of the Harwell estate c. 1950. One resident referred to its appearance as ‘like a penal colony’. Fuchs’ prefab is circled.]
18. Aerial view of part of the Harwell estate c. 1950. One resident referred to its appearance as ‘like a penal colony’. Fuchs’ prefab is circled.

[image: View of the Harwell prefabs from Hillside, close to Fuchs’ home, c. 1950. This is roughly what Fuchs would have seen when he looked out of his window.]
19. View of the Harwell prefabs from Hillside, close to Fuchs’ home, c. 1950. This is roughly what Fuchs would have seen when he looked out of his window.

[image: Rear view of Klaus Fuchs’ prefab, 17 Hillside, immediately after his arrest in February 1950.]
20. Rear view of Klaus Fuchs’ prefab, 17 Hillside, immediately after his arrest in February 1950.

[image: A picnic near Harwell during Emil Fuchs’ visit in the summer of 1949. Fuchs at the left is making calculations; his father and nephew are at the right. The young woman is Elaine Skinner; the woman next to her is her mother, Erna Skinner. To the rear is Dr Scott, a member of Fuchs’ theoretical physics team; the man standing, whose legs alone are visible, may be Herbert Skinner.]
21. A picnic near Harwell during Emil Fuchs’ visit in the summer of 1949. Fuchs at the left is making calculations; his father and nephew are at the right. The young woman is Elaine Skinner; the woman next to her is her mother, Erna Skinner. To the rear is Dr Scott, a member of Fuchs’ theoretical physics team; the man standing, whose legs alone are visible, may be Herbert Skinner.

[image: Weary hikers in Switzerland, April 1947. Rudolf Peierls is in the foreground followed by Genia, in dark clothing. Klaus Fuchs is on the extreme left, in dark trousers and white top, encouraging Ronnie Peierls to keep going. Gaby Peierls is at the right.]
22. Weary hikers in Switzerland, April 1947. Rudolf Peierls is in the foreground followed by Genia, in dark clothing. Klaus Fuchs is on the extreme left, in dark trousers and white top, encouraging Ronnie Peierls to keep going. Gaby Peierls is at the right.

[image: Klaus Fuchs on skis followed by Genia Peierls, on the same holiday.]
23. Klaus Fuchs on skis followed by Genia Peierls, on the same holiday.

[image: A party to celebrate the inauguration of Harwell’s BEPO Reactor, 5 July 1948. Fuchs is third from the right, Skinner seventh, Bunemann ninth, Cockcroft tenth, Peierls twelfth and Bretscher fifteenth. Cross-legged in the front, third from the right, is Henry Arnold; the boy next to him, fourth from the right, is Christopher Cockcroft. The tall man immediately behind Peierls is Christopher (later Lord) Hinton, who supervised the construction of Calder Hall, the world’s first large-scale commercial nuclear power station.]
24. A party to celebrate the inauguration of Harwell’s BEPO Reactor, 5 July 1948. Fuchs is third from the right, Skinner seventh, Bunemann ninth, Cockcroft tenth, Peierls twelfth and Bretscher fifteenth. Cross-legged in the front, third from the right, is Henry Arnold; the boy next to him, fourth from the right, is Christopher Cockcroft. The tall man immediately behind Peierls is Christopher (later Lord) Hinton, who supervised the construction of Calder Hall, the world’s first large-scale commercial nuclear power station.

[image: William ‘Jim’ Skardon of MI5, and Henry Arnold, Security Officer at Harwell, arrive at the Old Bailey on 1 March 1950, the opening day of Klaus Fuchs’ trial.]
25. William ‘Jim’ Skardon of MI5, and Henry Arnold, Security Officer at Harwell, arrive at the Old Bailey on 1 March 1950, the opening day of Klaus Fuchs’ trial.

[image: Harry Gold has his handcuffs removed by Deputy US Marshal John D. Leahy as Gold arrives at the US District Court in Philadelphia, on 7 December 1950. Gold was sentenced to thirty years imprisonment for espionage, and paroled in May 1966.]
26. Harry Gold has his handcuffs removed by Deputy US Marshal John D. Leahy as Gold arrives at the US District Court in Philadelphia, on 7 December 1950. Gold was sentenced to thirty years imprisonment for espionage, and paroled in May 1966.

[image: The man who loved England? Klaus Fuchs in the German Democratic Republic reading the story of his release from prison in The Times of 24 June 1959.]
27. The man who loved England? Klaus Fuchs in the German Democratic Republic reading the story of his release from prison in The Times of 24 June 1959.
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