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Preface

No student of physics can resist learning about nuclear weapons. Whether you consider these devices a blessing which helped end the most brutal war in history and subsequently deterred further large-scale conflicts, or regard them as a curse which should never have been released upon the world, the power that they bestow on their holders and the influence they have in global affairs cannot be overstated. The science which underpins them is fascinating; learning anything about them gives one a sense of being close to their power and of being privy to otherwise forbidden knowledge.

Nuclear weapons are now nearly 75-year-old technology. First developed by the United States Army in World War II in an effort which came to be known as the Manhattan Project, they represented the fruition of discoveries that dated back to the beginnings of nuclear physics in the decade before World War I. Yet, the physics of nuclear weapons is not normally part of the syllabus of most college and university-level science courses; even most physics majors likely have only a vague notion of how they work. I have written this book for physics students who wish to apply some of the scientific concepts and mathematical techniques they have encountered to understanding something of ‘first generation’ fission weapons: what principles underlie them, how they are made, how they function, and what are some of their effects.

This book is not a conventional text. My purpose is not to develop concepts or derivations from first principles; there exist many very good and very comprehensive treatments of the history and physics of the Manhattan Project for readers who wish to explore the details (see the Bibliography). Rather, my intent is to whet your appetite to learn more about the Project from such sources by describing some of the relevant background discoveries, and by presenting some key equations and showing how they can be used to carry out approximate but informative calculations. It may come as a surprise to learn that much of the ‘forbidden knowledge’ surrounding nuclear weapons is quite accessible to a reader armed with an undergraduate-level understanding of physics.

I have written this book assuming a fairly substantial background on the part of its readers. Ideally, you will have had classes in modern physics and basic nuclear physics. You should know that nuclei are comprised of protons and neutrons, what is meant by ‘atomic number’ (Z) and ‘mass number’ (A), that chemical elements come in a variety of isotopic forms, what ‘alpha decay’ and ‘beta decay’ mean, what abbreviations like U-235, Pu-239, [image: image], and [image: image] mean, that energies in nuclear physics are measured in millions of electron-volts (MeVs), that nuclear physicists quantify the probability of a reaction by a ‘cross-section’ measured in ‘barns’, what nuclear fission involves, and the basic idea of how a reactor operates by maintaining a chain reaction of fissioning uranium-235 nuclei while simultaneously ‘breeding’ plutonium-239 via neutron-capture by U-238 nuclei. I also assume that you know something of the basic history and accomplishments of the Manhattan Project. Chapter 1 offers a brief qualitative refresher on some of the background physics, and an equally brief description of how the Project came to be organized. For a more thorough treatment, the companion volume to this book, Atomic Bomb: The Story of the Manhattan Project, is recommended reading. In essence, my goal here is to fill in some of the physics details that were skipped over in Atomic Bomb. Occasional exercises are scattered throughout the text so that you can try some calculations for yourself: you will get the most out of this book if you do them.

This book covers five main topics, one in each of chapters 2–6. Nuclear weapons derive their destructive power by initiating a fast-neutron fission chain reaction in any material which is known to suffer fission under neutron bombardment; for practical purposes, only uranium-235 (U-235) or plutonium-239 (Pu-239) or a combination of the two can be used to fuel a fission bomb. Chapter 2 quantifies the energy released in fission and the remarkable brevity of chain reactions, and explores why, out of over 2000 isotopes known to nuclear physicists, only U-235 and Pu-239 are practicable for use as fission-bomb materials. Particularly important in this latter context is an examination of how natural decay processes, specifically alpha-decay and spontaneous fission, limit the number of bomb-fuel candidates.

Chapter 3 addresses the intertwined issues of ‘criticality’ and ‘efficiency’. Perhaps the single most important number one needs to know to develop a nuclear weapon is the so-called critical mass of fissile material necessary. Phrased loosely, the critical mass is the minimum mass of fissile material that can sustain a chain reaction, at least until it blows itself apart. If the critical mass should prove to be, say, 500 kg of a very rare or hard-to-synthesize isotope, it may not be practical to attempt to develop a nuclear weapon. The critical masses of U-235 and Pu-239 are on the order of tens of kilograms, but even these amounts are very hard to acquire from scratch. Related to this is the question of efficiency. A nuclear bomb blows itself apart over the course of mere microseconds, and it proves essentially impossible to fission all of the core material before this happens. Thus, even if a critical mass is within practical reach, one needs to have an idea of the expected efficiency to judge if making a nuclear bomb will be worth the effort—or not.

Nuclear weapons would not exist if we were not able to isolate naturally-occurring fissile isotopes or artificially synthesize non-naturally-occurring ones in sufficient quantity. Chapter 4 examines some of the physics behind isolating U-235 by two processes, one electromagnetic and the other based on results from kinetic theory, and of synthesizing Pu-239 by the process of neutron capture within a reactor. Estimates of the scales of time and number of processing steps involved in producing kilogram-level quantities of these substances explain why the industrial facilities of the Manhattan Project grew to such gargantuan proportions.

The end results of the Manhattan Project were two types of nuclear bombs. These were the so-called ‘gun’ design which employed uranium and was used in the Little Boy bomb detonated over Hiroshima, and the very complex ‘implosion’ design utilized in the Fat Man plutonium-based bomb, one of which was tested in New Mexico on July 16, 1945—the Trinity test—and another of which was soon thereafter used at Nagasaki. The uranium bomb contained about 65 kg of U-235, and the plutonium bomb contained about 6.4 kg of Pu-239; when making order-of-magnitude estimates I will often round these numbers to 60 kg and 10 kg. The need to develop the implosion design was a consequence of an initially only loosely-anticipated property of reactor-produced plutonium, its propensity to suffer spontaneous fission. Had this design not been developed, the plutonium bomb would have been extremely inefficient. Chapter 5 describes the designs of the two weapons, elaborates further upon some of the ramifications of the fissile-candidates issues raised in chapter 2, and describes the Hiroshima and Nagasaki bombing missions.

Chapter 6 addresses some of the effects of nuclear weapons. The energy released in fission reactions proves to be millions of times as much as that released by the same mass of a chemical explosive, and when a large amount of energy is released into the atmosphere over a short time, the result is a destructive high-pressure shock wave that propagates outward from the point of the explosion. In addition to this, nuclear explosions release fantastic amounts of light and heat radiation which can vaporize people and structures close to the explosion, cause blindness, and start fires even kilometers away. Another hazard is the immense flux of fission-generated neutrons which can cause cellular damage out to distances of hundreds of meters from the explosion. Finally, exposure to radioactivity, by either prompt mechanisms such as gamma-rays and neutrons or by longer-term ‘fallout’, can cause serious health effects up to the level of death. There is a multiplicity of very unpleasant ways to be harmed by a nuclear weapon.

Finally, chapter 7 presents a very brief summary of current worldwide nuclear weapons deployments, and the Bibliography lists a number of print and electronic sources for readers who wish to explore the Manhattan Project and nuclear weapons in more detail. The Glossary summarizes definitions of mathematical symbols used in the text.


A note on units

At the time of the Manhattan Project, customary United States units such as pounds, feet, and miles were still in widespread use in American scientific and engineering circles. Most original Project documentation uses such units, and I follow this pattern, giving SI equivalents for some of the more important quantities. Readers must be comfortable in translating between these different systems.
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Chapter 1

The background



1.1 The physics

Neutron-induced fission of uranium was discovered in Berlin in late 1938 by Otto Hahn and Fritz Strassmann. Physicists soon realized that this phenomenon released a tremendous amount of energy, nearly 200 MeV per reaction. This is dramatically more than the few eVs typical of a chemical reaction. Such a great energy release immediately hinted at the possibility of developing a very powerful but compact bomb in which millions of pounds of conventional explosive could be replaced with a few pounds of a nuclear explosive.

The fact that the bombarding particles in fission are neutrons is a key point. Fission cannot be induced by attempting to strike one uranium nucleus with another uranium nucleus; the repulsive forces between the protons in the nuclei are so great that they will not be able to closely approach each other unless the incoming nucleus is given very great kinetic energy. But neutrons are electrically neutral and thus experience no such repulsion; there is nothing to stop them from coming into contact with a target nucleus and disrupting it. In the process of fission, the struck nucleus loses a small amount of mass, but this corresponds to a great amount of energy in accordance with Albert Einstein’s famous equation E = mc2. A few weeks after the discovery of fission, it was found that a by-product of each fission was the simultaneous liberation of two or three neutrons from the disrupted nucleus. These ‘secondary’ neutrons, if they can be prevented from escaping from the sample of uranium, can go on to induce fission in other nuclei and so initiate a chain reaction which, in theory, can continue until all of the uranium has been fissioned.

These discoveries raised a number of questions. Could any other elements undergo fission? Were both of the known isotopes of uranium (U-235 and U-238) fissile? Was some minimum amount of uranium necessary to create a chain reaction? Could the process be controlled by human intervention to create a power source, or would any attempt to initiate fission on a large scale result in a violent, uncontrolled explosion?

By the time of the outbreak of World War II in September, 1939, it had been theoretically predicted that only the rare U-235 isotope would fission under neutron bombardment; in contrast, nuclei of the much more common U-238 isotope would likely capture incoming neutrons without fissioning. These predictions were confirmed experimentally in early 1940. Since most natural uranium is U-238 (>99%), this capture effect meant that it looked as if it would be impossible to achieve a chain reaction using natural-abundance uranium. To obtain a chain reaction, it would be necessary to isolate a sample of U-235 from its sister isotope, or at least process a sample of uranium in some way as to isolate a sub-sample with a dramatically increased percentage of U-235. Such processing is known as enrichment. Since isotopes of any element behave identically so far as their chemical properties are concerned, no chemical process can be employed to achieve enrichment; only a technique that depends on the slight mass difference between the two isotopes (∼1%) could be a possibility.

By mid-1940, understanding of the differing responses of U-235 and U-238 nuclei to neutron bombardment led to the emergence of a new idea for obtaining a controlled (not explosive) chain reaction using natural uranium without enrichment. The key lies in how nuclei react to bombarding neutrons. When a nucleus is struck by a neutron, various reactions are possible. The nucleus might capture the neutron and then fission; it might capture the neutron and not fission but later decay to a more stable isotope of another element; or it might deflect the neutron into a new flight path. Each process has some probability of occurring, and these probabilities depend very sensitively on the speed of the incoming neutrons. Neutrons released in fissions are extremely energetic, emerging with average speeds of about 20 million meters per second; these are ‘fast’ neutrons. As remarked above, U-238 nuclei preferentially capture fast neutrons emitted in fissions of U-235 nuclei. However, when a nucleus of U-238 is struck by a slow neutron—one traveling on the order of a mere couple of thousand meters per second—it behaves very differently, with deflection of the neutron being about three times as likely as capture. But—and this is the crucial point—U-235 nuclei turn out to have an enormous probability for undergoing fission when struck by slow neutrons, over 200 times the capture probability for U-238. This factor is large enough to compensate for the small natural abundance of U-235 to the extent that a slowed neutron is about as likely to fission a nucleus of U-235 as it is to be captured by one of U-238 (figure 1.1); this is why it is possible to achieve a controlled ‘slow-neutron’ chain reaction. This is worth emphasizing: if neutrons emitted in fissions can be slowed, then they have a good chance of going on to fission other U-235 nuclei before being lost to capture by U-238 nuclei. In a nuclear reactor, the slowing is achieved by distributing lumps of uranium within a substance known as a ‘moderator’ which slows neutrons before they strike other uranium nuclei. Within an operating reactor, both fission of U-235 nuclei and neutron capture by U-238 nuclei proceed simultaneously.


[image: image]

Figure 1.1. Schematic illustration of a chain reaction utilizing moderated neutrons. Each fission of a U-235 nucleus liberates two secondary neutrons, one of which goes on to fission another U-235 nucleus, while the other is captured by a nucleus of U-238. Reproduced from [1], figure 1.2.



If U-235 has such an enormous fission probability for slow neutrons, why not build a bomb that incorporates a moderator to slow neutrons and thereby achieve lots of fissions, thus avoiding the difficulties of enriching uranium or breeding plutonium? This question gets to a vitally important point, one worth recalling even if you are already very familiar with this material. Analysis of the efficiency of nuclear explosions reveals that the energy liberated is proportional to the square of a neutron’s speed as it travels from where it is born in a fission to where it is likely to cause a subsequent fission: [image: image]. (See chapter 3, specifically the discussion surrounding bomb efficiency, equation (3.24). In this equation, [image: image] is the neutron travel time between fissions, which is inversely proportional to vneut.) Fast neutrons travel at about 20 million meters per second, while slow neutrons travel at about 2000 meters per second, a speed ratio of 10 000. This means that the energy releases will compare as Efast/Eslow = (10 000)2 = 108. In other words, the energy that would be released by a slow-neutron bomb would be only 10−8 of that which would be liberated by a fast-neutron bomb containing the same amount of fissile material. In comparison to a Nagasaki-type 20-kiloton TNT-equivalent fast-neutron bomb, a comparable slow-neutron weapon would release less energy than one pound of TNT! There is no point in making a slow-neutron bomb; in effect, you might as well attempt to drop a reactor on your target. Nuclear bombs utilize fast-neutron reactions in compact cores of highly-enriched fissile material to release large amounts of energy in brief, uncontrolled bursts, whereas reactors utilize controlled, slow-neutron reactions in a physically dispersed mass of non-enriched or low-enriched material to produce power and breed plutonium. So, do not be alarmed by stories where reactors threaten to behave like bombs: they operate far too slowly, and even if their neutron-absorbing ‘control rods’ are rendered inoperative, their fissile-material enrichment is too low to sustain an explosive chain reaction. As seen at Fukushima, an uncontrolled reactor will melt itself into a nasty mess of highly-radioactive fission products, but it will not cause a nuclear explosion.

In an interesting twist of nature, neutron capture by U-238 nuclei turned out to be advantageous for bomb-makers. On capturing a neutron, a nucleus of U-238 becomes one of U-239. Based on some experimentally-known patterns regarding the stability of nuclei, it was predicted in early 1940 that U-239 nuclei might decay within a short time to nuclei of atomic number 94, the element now named plutonium (Pu). It was further predicted that element 94 might be very similar in its fissionability properties to U-235. If this proved to be so, then a reactor could be used to ‘breed’ plutonium from neutron capture by U-238 nuclei while maintaining a self-sustaining, controlled, slow-neutron chain-reaction via fissions of U-235 nuclei. The advantage of this would be that the plutonium so created could be separated from the uranium ‘fuel’ by chemical processes and used to construct a bomb, thus circumventing the need to develop enrichment technologies. These predictions were soon confirmed on a laboratory scale by creating a tiny sample of plutonium via neutron bombardment of uranium.




1.2 The Manhattan Project

The idea that nuclear fission could lead to bombs of immense power occurred very quickly to several researchers in the physics community. In America, three émigré Hungarian physicists, Leo Szilard, Eugene Wigner, and Edward Teller, prevailed upon their friend and colleague Albert Einstein (also then living in America) to sign a letter to President Franklin Roosevelt which described the possibility of fission bombs; their rationale in recruiting Einstein was that he was likely the only physicist famous enough to be known to the President. The letter reached Roosevelt in October, 1939, and prompted the formation of an ‘Advisory Committee on Uranium’ to fund and coordinate research on the physics of uranium fission, on how reactors might be constructed, and on developing technologies for separating U-235 from U-238. The Advisory Committee initially reported to the National Bureau of Standards, but in June, 1940, it came under the administration of the National Defense Research Committee (NDRC), an agency Roosevelt established to organize research which might have military applications. The NDRC was directed by Vannevar Bush, a Massachusetts Institute of Technology electrical engineer. In June 1941, the NDRC was absorbed into a successor agency, the Office of Scientific Research and Development (OSRD), also directed by Bush. By the time of the Japanese attack at Pearl Harbor, the NDRC/OSRD had funded contracts totaling some $300 000 for research on fission and isotope separation.

When the NDRC inherited the uranium issue, Bush appointed University of Chicago physics Nobel laureate Arthur Compton to chair a separate committee, the ‘National Academy of Sciences Committee on Atomic Fission’. From the spring through the late fall of 1941, Compton’s committee prepared three reports on the feasibility of reactors and bombs; their final report, which Bush took to Roosevelt just before Pearl Harbor, laid out the prospects for fission bombs in considerable detail. This last Compton report was heavily influenced by a report prepared by a parallel group in Britain. In March, 1940, Otto Frisch and Rudolf Peierls, respectively Austrian and German émigré physicists then working at Birmingham University, prepared a memorandum in which they estimated the critical mass of U-235 to be about a pound. This was an underestimate, but their document reached the government’s Scientific Survey of Air Warfare, whose chairman, Sir Henry Tizard, asked physicist George P Thomson to investigate the issue. (Thomson was the son of J J Thomson, discoverer of the electron.) This resulted in the formation of the so-called MAUD committee, which in July, 1941, produced an extensive report on the feasibility of fission bombs and isotope-separation methods. This report reached American officials that October, at which time Bush briefed Roosevelt on its conclusions. About a month later, Bush used the third Compton report to bolster the case for proceeding with an all-out project to construct fission weapons.

In summary, by late 1941, physicists in both America and Britain had converged on the conclusion that there looked to be two possible means of creating nuclear explosives. These were: (i) isolate tens of kilograms of U-235 by some isotope enrichment method and use it to create a fast-neutron chain-reaction bomb, and/or (ii) develop reactors and use them to breed plutonium (specifically, Pu-239) via U-238 slow-neutron capture, extract the plutonium, and use it to build a bomb. U-235 was predicted to be almost certain to make an excellent nuclear explosive, but the kilograms would have to be extracted one atom at a time from a mass of uranium ore. On the up-side, various isotope enrichment methods looked promising, even if they would be difficult to put into practice on large scales. Regarding plutonium, nobody had ever built an operating reactor; also, an unknown element might well prove to have some property that obviated its value as an explosive. Bush made the only recommendation he could in the circumstances of wartime: both methods should be pursued. However, it was clear that such a dual effort would require building enormous factories to enrich uranium, and a vast research and development effort to build reactors. The only organization which possessed the budget and resources necessary to carry out such an operation with the requisite secrecy was the Corps of Engineers of the United States Army, and Bush began lobbying Roosevelt to turn the project over to the Corps. The President approved the transfer in March, 1942, and the Army formally established the ‘Manhattan Engineer District’ (MED) on August 13, 1942. The name came from the fact that the MED’s first commander, Colonel James Marshall, established his headquarters in Manhattan. In September, 1942, the MED was placed under the command of Brigadier General Leslie Groves (figure 1.2), then in charge of all domestic military construction; his most recent large project had been the building of the Pentagon. Groves wasted no time in getting to work on his new responsibility, acquiring sites at which to locate factories to isolate U-235 (Oak Ridge, Tennessee), reactors to synthesize plutonium (Hanford, Washington), and set up a highly-secret bomb design laboratory (Los Alamos, New Mexico); see figure 1.3. And with this, it is time for us to explore some of the physics of Manhattan.


[image: image]

Figure 1.2. General Leslie Richard Groves (1896–1970) http://commons.wikimedia.org/wiki/File:Leslie_Groves.jpg.




[image: image]

Figure 1.3. Locations of major Manhattan Project sites. From [2].
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Chapter 2

Nuclear fission

In the process of fission, nuclei break up into two or occasionally three lighter nuclei. Hahn and Strassmann stumbled upon uranium fission when they realized that neutron bombardment of uranium was producing nuclei of barium and krypton. Within a few weeks, it was further realized that two or three neutrons are also simultaneously released when a nucleus of uranium fissions. In notation conventionally used by nuclear physicists, the Hahn–Strassmann reaction can be written (assuming three neutrons released) as:

 

[image: image]

Notice that this reaction involves U-235, not the more common isotope of uranium, U-238. This is a crucial part of the story that will be discussed in more detail in the following sections.



2.1 Energy release in fission

In this section, the energy released in uranium fission is estimated by two different means: directly from the masses of the nuclei involved in equation (2.1), and a more theoretical approach that can be applied to ‘target nuclei’ other than uranium in order to make quick estimates.

Nuclear physicists tabulate masses of particles in terms of their ‘mass excesses’, which are normally designated with the symbol Δ, and which are always quoted in units of millions of electron-volts (MeV); 1 MeV = 1.602 × 10−13 J. The advantage of this approach is that the energy consumed or liberated in a reaction can be calculated very directly by subtracting the sum of the mass excesses of the particles that emerge from the reaction from the sum of those that enter the reaction. These energy values are customarily designated with the symbol Q:

 

[image: image]

If Q > 0, the reaction releases energy; if Q < 0, then the reaction consumes energy and can only be made to occur by giving the bombarding particle an amount of kinetic energy greater than Q. Δ-values for various nuclei are tabulated in a number of texts and references; the most extensive listing is published as the Nuclear Wallet Cards by the Brookhaven National Laboratory [1].

For the reaction of equation (2.1), the values are (all in MeV): [image: image], [image: image], [image: image], and [image: image]. Hence,

 

[image: image]

Ordinary chemical reactions typically liberate a few electron-volts of energy per reaction; in comparison, 173 MeV is a staggering amount of energy for a single reaction, and is what makes nuclear weapons so compelling for military applications. The fission energy latent in a single kilogram of U-235 is enormous. U-235 has an atomic weight of 235 g mol−1, so a single kilogram of it contains about 4.26 moles of nuclei, that is, some 2.56 [image: image] 1024. At 173 MeV/reaction, the potential fission energy amounts to 4.43 [image: image] 1032 eV, or 7.1 [image: image] 1013 J. Explosion of one ton of TNT liberates about 4.2 [image: image] 109 J, so the energy released by fission of a single kilogram of U-235 is equivalent to nearly 17 000 tons, or 17 kilotons (kt) of TNT. (The ton meant here is a metric ton, equivalent to 1000 kg.) A sphere of U-235 of mass 1 kg would have a radius of about 2.34 cm, only a little larger than a squash ball. The ∼170 MeV released in fission goes largely into the kinetic energy of the product nuclei (about 160 MeV) and the secondary neutrons released (about 2 MeV each, on average); the balance is taken up in gamma-rays.


Exercise

The density of TNT is 1.65 g cm−3. How large a sphere of TNT would you need to have a mass of one kiloton?

Answer

Radius ∼5.25 m.



As a second approach to estimating the energy released in fission, we can appeal to a semi-empirical expression that nuclear physicists have developed to express the ‘self-energy’ of a nucleus. This expression comprises two terms, one representing a contribution to the energy from the mutual repulsion of protons within the nucleus, and one representing a ‘surface’ effect which accounts for the fact that protons and neutrons at the surface of a nucleus interact with fewer nucleons than their counterparts which reside inside the nucleus. The expression can be evaluated for an initial nucleus, and then for two product nuclei following fission; the difference between the two expressions corresponds to the energy released. If an initially spherical nucleus of atomic number Z and mass number A splits into two spherical product nuclei which then repel each other and fly off to essentially infinite distance from each other, this theory predicts an energy release of

 

[image: image]

This expression arises from empirical fits to trends in nuclear masses; its advantage is that it renders unnecessary the work of looking up mass excesses. The quantities aS and aC are fitting parameters known as the ‘areal’ and ‘Coulomb’ energy parameters; they have values of 18 MeV and 0.72 MeV, respectively. α and β are dimensionless numbers whose values depend the ratio of the masses of the fission products; for equal-mass products (a good enough approximation for our purposes), their values are α = 1.26 and β = 0.63. For U-235 (Z = 92, A = 235), you should be able to verify that this gives Q = 187 MeV, in respectable agreement with the more exact value deduced above from actual masses.


Exercise

What does equation (2.4) predict for Z = 50, A = 120? This is an isotope of tin.

Answer

Q = 21 MeV. We will see in section 2.5 that one must put in an energy of about 50 MeV to fission a nucleus of tin, so it would not be possible to sustain a fission chain reaction with tin.

Exercise

Mass numbers track atomic numbers approximately as A ∼ 1.69 Z1.09. Substitute this into equation (2.4), and so determine the atomic number for which Q evaluates to zero. Nuclei with greater atomic numbers than this (like uranium) will liberate energy upon fission, while lighter ones will consume energy upon fission.

Answer

Z ∼ 42. Why does this result not contradict the calculation for tin in the preceding exercise?






2.2 Chain reaction timescale

In a notation that is common in nuclear physics and that will be used throughout this book, the number of secondary neutrons liberated per fission is designated as v. Consider a kilogram of U-235 within which a chain reaction has been initiated by a single neutron. This neutron, when it causes another fission, will give rise to v ‘first-generation’ neutrons. These will each create v second-generation neutrons, and so on. The number of neutrons produced after G generations will be vG. If a bomb core contains N nuclei and if no neutrons are lost to processes other than fission, then the number of generations required to fission the entire core will be vG = N. As remarked above, one kilogram of U-235 contains N = 2.56 × 1024 nuclei; if v = 2, then G ∼ 81 generations will be required to fission the entire kilogram. (For U-235, the effective value of v is actually about 2.64, which gives G ∼ 58.)

How long does it take for these 80 generations to occur? If neutrons have average speed vneut and travel for an average distance λfiss before causing a fission, then it follows that the time τ that elapses between when a neutron is created in a fission and subsequently causes another will be

 

[image: image]

λfiss is known as the mean free path for fission; it will come up again in the discussion of critical mass in chapter 3. For U-235, λfiss ∼ 16.9 cm. A neutron of kinetic energy 2 MeV moves at a speed of about 1.96 × 107 m s−1, which gives τ ∼ (0.169 m)/(1.96 × 107 m s−1) ∼ 8.62 × 10−9 s, a remarkably brief interval. This implies that only ∼0.7 microseconds need elapse to achieve 80 generations. A real bomb will likely contain tens of kilograms of fissile material, but this argument indicates that the entire chain reaction will require only on the order of microseconds to occur even if all of the material undergoes fission.


Exercise

The mass of a neutron (A = 1) is 1.67 × 10−27 kg. Verify the speed given above for a kinetic energy of 2 MeV. If a fission fragment of mass number A = 100 has kinetic energy 80 MeV, what is its speed?

Answer

About 1.2 × 107 m s−1, similar to that of the neutron.






2.3 Temperature equivalent of fission fragments

From kinetic theory, temperature is equivalent to kinetic energy:

 

[image: image]

where k is Boltzmann’s constant, 1.38 × 10−23 J K−1. A fission fragment with kinetic energy 80 MeV travels at a speed equivalent to a temperature of nearly 6 × 1011 K, that is, about 600 billion Kelvins. The claim that nuclear weapons create conditions of temperature and pressure like those inside the cores of stars is entirely true.




2.4 A first glimpse of the efficiency issue

A very important issue in nuclear weapons design is the question of efficiency. The chain reaction timescale and fragment speeds derived in the preceding sections can be used to give a very rough estimate of bomb efficiency. This is a very preliminary treatment; a fuller examination appears in chapter 3.

From collisions of the fission fragments with other nuclei in a bomb core, the core will very quickly heat up and begin expanding as the chain reaction proceeds. We will see in chapter 3 that if a core expands by more than about a centimeter or two beyond its initial size, the conditions necessary to continue the chain reaction will no longer hold; this is because as the material spreads out, neutrons become less and less likely to find a nucleus with which to react before escaping. For simplicity, imagine that the core is expanding uniformly at some average speed due to the effects of fragment/nuclei collisions. If a full microsecond is to be available for the chain reaction to proceed to completion, then this average speed must be such as to keep the core expansion under a centimeter during the 1 μs. This gives a maximum tolerable average speed of ∼ (10−2 m)/(10−6 s) ∼ 104 m s−1, which is about 1000 times less than the typical fragment speed. For the average nucleus speed to reach this value, only about one nucleus in one million need fission, an efficiency of much less than 1%. This is obviously a very crude estimate, but it does indicate that it will likely be very difficult to have the entire core fission before criticality is lost. Indeed, the Little Boy U-235 bomb dropped on Hiroshima contained about 64 kg of U-235, and the resulting explosion has been estimated to have released about 13 kilotons; from these figures we can infer that only some 0.8 kilograms of the U-235 actually underwent fission, or about 1.2% of that available. The Nagasaki bomb achieved about 20% efficiency because of its implosion-based design.




2.5 Neutron pairing energy, the fission barrier, and plutonium

This section and the following two analyze why so very few isotopes are feasible for use in powering nuclear weapons.

Three main factors come into play in evaluating the suitability of an isotope for ‘weaponizability’: the energetics involved in the process of neutron capture, the long-term stability of heavy-element isotopes against various decay mechanisms, and the phenomenon of spontaneous fission.

In general, we can designate a nucleus of some isotope of mass number A of element X which has atomic number Z by the symbol [image: image]. When such a nucleus captures an incoming neutron, it will become a heavier isotope of itself, a so-called ‘compound nucleus’. The compound nucleus will have a mass number which is greater by one than that of the original nucleus: [image: image]. If the compound nucleus has a mass which is less than the sum of the masses of the neutron and the original nucleus (which is the case for all isotopes considered here), the ‘lost mass’ becomes energy thanks to E = mc2. This energy is called the ‘neutron pairing energy’, and it appears as agitation of the compound nucleus. As in section 2.1, these energies are designated by the symbol Q, and can be calculated via the mass excesses of the isotopes involved. Neutron pairing energies are typically on the order of a few MeV. This energy should not be confused with the ∼200 MeV liberated when a compound nucleus subsequently fissions, even though they are designated with the same symbol.

For U-235 and U-238, the neutron-capture reactions are
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and
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In the case of U-235, the Δ-values are (left-to-right in equation (2.7)) 8.071, 40.921, and 42.446 MeV, from which equation (2.1) gives Q = 6.546 MeV. For U-238, the Δ-values are (left-to-right in equation (2.8)) 8.071, 47.310, and 50.575 MeV, which give Q = 4.806 MeV. If the bombarding neutrons are ‘slow’, that is, if they bring very little kinetic energy into the reactions, then the nucleus of U-236 formed in the first reaction will find itself in an excited state with an internal energy of about 6.6 MeV, while the U-239 nucleus formed in the second reaction will have a like energy of about 4.8 MeV.

The importance of these neutron pairing energies emerges when they are connected to another concept. Theory indicates that any nucleus can be induced to fission if it can be given enough agitation energy. Every isotope has its own minimum fission-inducing energy requirement; this is called the ‘fission barrier energy’ for that isotope, and is designated here as Ebarr. This energy can be supplied in either, or a combination of, two ways: (i) the neutron pairing energy liberated upon neutron capture as calculated above, and/or (ii) kinetic energy carried in by the bombarding neutron. The barrier energy that is relevant for assessing weaponizability is that for the compound nucleus [image: image], as it is compound nuclei that go on to fission (or not!). If Q − Ebarr ([image: image]) > 0, then the isotope is said to be ‘fissile’, which means that capture of a neutron of any kinetic energy can induce fission. Conversely, an isotope for which Q − Ebarr ([image: image]) < 0 is said to be ‘fissionable’: it can only be fissioned if the neutron brings in enough kinetic energy to supply the difference between the pairing energy and the fission barrier.

This paragraph contains the key point of this section. For U-236, Ebarr ∼ 5.67 MeV, so for neutron bombardment of U-235, Q − Ebarr ([image: image]) ∼ +0.9 MeV: U-235 is fissile. In contrast, for U-239, Ebarr ∼ 6.45 MeV, so, for neutron bombardment of U-238, Q − Ebarr ([image: image]) ∼ −1.6 MeV. This means that U-238 can be fissioned only by neutrons whose kinetic energy exceeds ∼1.6 MeV. These results are the first indications that U-235 can be used to power a bomb, but that U-238 cannot.

That U-238 is not fissile does not necessarily render it useless as a bomb fuel (and similarly for any other isotope with a negative Q − Ebarr value). The secondary neutrons emitted in fissions emerge with a spectrum of kinetic energies, with a mean value of about 2 MeV. About half of these neutrons have kinetic energy greater than ∼1.6 MeV, the threshold fission-induction energy for U-238, so it looks as if there might yet be a chance for this isotope. However, for such energetic neutrons, the reaction cross-section for inelastic scattering against U-238 nuclei is about eight times the fission cross-section. The problem is that inelastic collisions reduce the kinetic energies of bombarding neutrons so drastically that the vast majority of them that strike U-238 nuclei are promptly slowed to energies less than the 1.6 MeV threshold. U-238 is useless as a fission-bomb fuel because of the combination of its negative Q − Ebarr value and scattering properties.

Figure 2.1 shows a graph of fission barrier energy versus mass number. The barrier is very great for the vast majority of elements, peaking at about 55 MeV for nuclei with A ∼ 100. Even for radium (Z = 88, A = 226 in its most common form), the barrier still amounts to ∼10 MeV, so there is no hope of achieving a self-sustaining chain reaction with any elements lighter than Z ∼ 90 (thorium).


[image: image]

Figure 2.1. Fission barrier energy in MeV versus mass number A. This is an approximate curve; it does not reflect the effect of isotope-to-isotope variations within a given mass number.



The curve in figure 2.1 can be expressed very approximately as
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This expression derives from an empirical fit to barrier energies; while it is handy for making quick estimates, it has no underlying physical rationale. For A = 235, it gives Ebarr ∼ 7.3 MeV, somewhat on the high side but not too far afield.


Exercise

Apply equation (2.9) to tin, A = 120.

Answer

Ebarr ∼ 52.4 MeV.



The rapid decline in barrier energy for heavy elements suggests that any heavy element (uranium and beyond, say) should be viable for use as a bomb material. We will see in the next section why this is not so.

This paragraph contains another very important point. Despite its non-fissility, U-238 was crucial to the success of the Manhattan Project as it can be used to create the synthetic fissile material plutonium-239 (Pu-239). The U-239 nucleus formed in equation (2.8) sheds its excess energy in a series of two beta-decays, ultimately giving rise to Pu-239:
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Before reading on, do the following calculation.


Exercise

Neutron bombardment of Pu-239 gives [image: image]. Here the left-to-right Δ-values are 8.071, 48.591, and 50.128 MeV. What is the Q value? The fission barrier for Pu-240 is 6.05 MeV; would you expect Pu-239 to be fissile?

Answer

Q = 6.53 MeV; yes.

Exercise

Now do the same calculation for thorium, [image: image], for which the Δ-values are 8.071, 35.452, and 38.737 MeV, and for which the fission barrier is 6.65 MeV.

Answer

Q = 4.79 MeV; not fissile.



That Pu-239 might be fissile as this exercise suggests occurred to Princeton University physicist Louis Turner in early 1940. Turner wrote up his speculation in a brief paper dated May 29 of that year, but in accordance with wartime censorship guidelines he voluntarily withheld publication until 1946. Future events fully vindicated him.

If you look at the above numbers for U, Pu, and Th, a pattern emerges: U-235 and Pu-239 are fissile, whereas U-238 and Th-232 are not. The features that these pairs have in common is that first two contain odd numbers of neutrons, while the latter two contain even numbers of neutrons. Nuclear physicists have known for many decades that the stability of nuclei depends on the evenness or oddness of the number of nucleons that they possess. In the present case, we need only worry about the number of neutrons N in a nucleus since fission is a neutron-induced phenomenon.

Empirically, nuclear forces are of short range, and neutrons seem to prefer to bind in pairs. This means that a nucleus with even N is intrinsically more mass-energetically stable than one with odd N; if you are familiar with some quantum mechanics, even-N nuclei effectively reside in a deeper potential well than do odd-N nuclei. An equivalent way of thinking about this is via the perspective of mass changes upon neutron capture. Because of the neutron pairing energy release, if a compound nucleus is of even N, then the difference between its mass and the sum of the two input masses will be greater than this difference when N is odd. The difference in mass differences between these two cases is equivalent to an energy of about 1.5 MeV, which leaves an odd-N to even-N capture (as in U-235 → U-236 and Pu 239 → Pu-240) with more agitation energy than one resulting from an even-N to odd-N capture (as with U-238 → U-239 and Th-232 → Th-233). This additional energy is often enough to endow an even-N compound nucleus with an agitation energy which exceeds its fission barrier, which means that nuclei which undergo odd-to-even N transitions are inherently more likely to be fissile than their even-to-odd N counterparts. These patterns can be summarized with the following approximate expressions:

 

[image: image]

and
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where the energies are the (approximate) neutron pairing energy releases.




2.6 Decay mechanisms and the (α, n) problem

Let us now consider what heavy-element isotopes could be practical candidates for weaponizability.

All isotopes of all elements with atomic numbers Z > 83 are radioactive; they decay to isotopes of other elements by various processes, although some have very long half-lives. If a nuclear weapon is to be kept in a stockpile for many years, it will obviously not be sensible to fuel it with a short-lived isotope. For reasons that will become clear in this section and the following one, it is quite reasonable to adopt 1000 years as an acceptable lower limit of half-life for considering weaponizability.

For an isotope with a decay mechanism of half-life t1/2 seconds, the rate of decays per second per gram of material is given by
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where NA is Avogadro’s number and A the atomic weight of the isotope in grams per mole. For t1/2 = 1000 years (= 3.154 × 1010 s) and A = 240 (typical of heavy elements), R ∼ 5.5 × 1010 g−1 s−1. If you have a bomb core of mass 10 kg, this means a decay rate of R ∼ 5.5 × 1014 per second. The practical implication of this large number involves the nature of the dominant mode of decay for fissile materials, which is alpha decay, and how a fission bomb is triggered.

In the Hiroshima uranium bomb, two subcritical pieces of fissile material were combined to make a supercritical mass; this was achieved by firing a ‘projectile’ piece initially located in the tail of the bomb toward a mating ‘target’ piece located in the nose by igniting a conventional gunpowder charge to propel the projectile piece forward (see chapter 5, particularly figures 5.1 and 5.2). For pieces on the order of 10 cm in size and the maximum speed that could be achieved (about 1000 m s−1), about 100 μs would be required for the pieces to seat fully together after the leading edge of the projectile piece encounters the target piece. This is a very brief interval, but for a decay rate of ∼1014 s−1, some 1010 alphas (10 billion!) will be emitted during the seating time. It is this large number that is the issue.

If the chain reaction should begin before the fissile pieces are fully seated, the result will be an explosion of less efficiency than that which the bomb was designed to achieve. The 10 billion alpha-particles are themselves not directly the problem; they are not energetic enough to closely approach the nuclei of the fissile material against the Coulomb repulsion that the nearly 100 protons contained within the latter will exert on them. However, there is a problem known as the (α, n) effect. When struck by alpha-particles, nuclei of light elements such as aluminum, and particularly beryllium, emit neutrons. Some impurities will inevitably be present due to chemical processing of the fissile material; if the level of such impurities is too great, a ‘predetonation’ (also known as a ‘preignition’) is virtually guaranteed during the seating time due to alpha-particles emitted by the fissile material striking nuclei of the impurity material. Since even only a single stray neutron will have some probability of initiating a chain reaction, it is very important for bomb engineers to keep the neutron background as low as possible—and hence the presence of any contaminants. The mathematics of pre-detonation probabilities is explored in more detail in chapter 5.

Fortunately, the (α, n) effect is mitigated by the fact that atoms are mostly empty space; most of the alphas will not strike an impurity nucleus, especially if they are few in number to begin with. Nuclear physicists quantify this in terms of the ‘neutron yield’ y of a reaction: the number of neutrons generated per second divided by the number of alpha particles emitted per second in a well-mixed sample of an alpha-emitter and impurity material. Experimentally, (α, n) neutron yields are typically y ∼ 10−4. Based on theoretical calculations of how particles travel through bulk matter, there is a semi-empirical expression available for estimating the rate of neutrons created per second, Rn, if the rate of alpha emission per second is Rα. This is
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In this expression, (nimpurity/nfissile) is the ratio of the number densities of the impurity and fissile nuclei (number density means the number of nuclei per cubic meter), and the A’s are their molecular weights. Good-quality chemical purification techniques should achieve (nimpurity/nfissile) ∼ 1/20 000. For the alpha rate computed above for a 10 kg core, assuming Aimpurity = 10 (about that of beryllium) and setting Afissile = 240,
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For a 100 μs seating time this implies a few tens of neutrons, which would virtually guarantee a predetonation. To cut this down to one neutron over 100 μs would demand increasing the alpha-decay half-life to tens of thousands of years, so a lower-limit cutoff of 1000 years will not exclude any fissile-material alpha-emitter from practical weaponization consideration.


Exercise

U-235 has an alpha-decay half-life of 705 million years. Compute the (α, n) rate for U-235 for a 60 kg bomb core (the Hiroshima bomb), assuming the impurity density and atomic weight as above. You should be able to convince yourself that (α, n) predetonation was not a serious probability for the Hiroshima bomb. Then repeat the calculation for a 10 kg Pu-239 core, which has a half-life of 24 100 years. The purity requirements for the fissile material of the Nagasaki bomb were much more demanding than for its Hiroshima counterpart, although not impossible to achieve. But we will see in the following section that plutonium suffered from a much more serious complication.

Answer

4.95 neutrons s−1; 23 500 neutrons s−1.



Another comment on neutron emission is appropriate here. Stray neutrons are a hazard while a bomb core is being assembled, but then you will want to have some available to initiate the chain reaction once the core has been assembled. In the Manhattan Project, this was done by fabricating neutron ‘initiators’. These devices, approximately the size of a golf ball, contained alpha-emitting polonium and inert beryllium which were initially separated inside the initiator. When the initiator was crushed by the assembling core, the two elements would mix, and alphas from the polonium would strike beryllium nuclei and release a small torrent of neutrons to initiate the explosion. Ironically, the very (α, n) process which bomb designers sought to avoid during core assembly was used to trigger a bomb when desired!




2.7 Spontaneous fission

In addition to alpha decay, many heavy isotopes suffer spontaneous fission (SF), a process which has its own characteristic half-life for every isotope. Neutrons are emitted in SFs, so this creates a predetonation hazard like the (α, n) problem. For most isotopes, SF half-lives are very great, but there are no mitigating yield or number-density factors to help suppress the resulting predetonation probability: SF neutrons are emitted directly by the fissile material, quite independently of the presence of any impurities.

SF rates can be calculated with equation (2.13) as for alpha-decay rates. For U-235, the SF half-life is 1019 years, which gives about 5.63 × 10−6 SF g−1 s−1. For a 60 kg core, this corresponds to 0.34 SFs per second; if each SF liberates three neutrons, we have on average about one neutron per second. For a 100 μs core-assembly time, the chance of a predetonation due to SF is thus extremely remote. For Pu-239, the numbers are somewhat more pessimistic, although not disastrous. This isotope has a SF half-life of 8 × 1015 years; for a 10 kg core this gives some 69 SFs per second, or about 200 neutrons per second. For the same 100 μs assembly time this means an average emission of only about 0.02 neutrons, still very small.

So far, all looks good on the SF front. However, Pu-239 has a much more serious predetonation issue than either its (α, n) or SF rate. When Pu-239 is created in a reactor, it is inevitable that a small amount of Pu-240 is also created by neutron capture by already-formed Pu-239 nuclei. Pu-240 has a much shorter SF half-life than Pu-239, about 1.14 × 1011 years. This corresponds to about 483 000 SFs per second per kg, which means that if a 10 kg Pu-239 core is contaminated with only 1% 240Pu, we can expect on average about five SFs over 100 μs, or some 10–15 neutrons—enough to practically guarantee a predetonation. During the Manhattan Project, it was essentially impossible to remove the offending Pu-240 (which was probably present to a level of a few percent), and it was for this reason that it was necessary to develop the high-speed implosion technique to crush a small Pu-239 core to critical density over a timescale on the order of a microsecond or so in order to trigger the weapon; the concept of critical density is described in chapter 3. The idea of using a small core is that it will have a low SF rate; implosion was the only way to beat the Pu-240 spontaneous fission problem. Pu-239 is an example of how an isotope that looks very promising as a nuclear explosive on the basis of its neutron-capture energetics and own intrinsic stability can be compromised by production factors largely beyond human control.

To this point, the discussion has revolved around U-235 and Pu-239. What are the prospects for turning other heavy-element isotopes into weapons materials?

A survey of the Chart of the Nuclides reveals 23 isotopes of 9 elements with atomic numbers 88 ⩽ Z ⩽ 97 (radium through berkelium) with decay half-lives ⩾1000 years; no isotopes of any heavier elements have half-lives for any decay process in excess of this duration [2]. All of these are alpha-decayers with the single exception of Np-226, which suffers electron capture with a half-life of 153 000 years. These are listed in table 2.1, along with the differences between their neutron pairing energies and the fission barriers of the next-heaviest isotopes (that is, Q − Ebarr ([image: image]), in MeV), along with (α, n) and SF rates calculated from tabulated values of the half-lives for these processes. These rates span several orders of magnitude; what is tabulated is their base-10 logarithms. The (α, n) rates assume (nimpurity/nfissile) ∼ 1/20 000, y = 10−4, and Aimpurity = 9 (beryllium) in equation (2.14). No fission barrier data are available for Cm-250 or Bk-247; Th-229, Np-236, Cm-247, and Bk-247 lack published SF half-lives. Cm-250 and Bk-247 would both undergo even-to-odd neutron-number transitions under neutron capture, and so would likely not be fissile in any case.


Table 2.1. Q − Ebarr ([image: image]) values (MeV), (α, n) rates, and spontaneous fission (SF) rates for heavy-element isotopes with half-lives exceeding 1000 years. The (α, n) and SF rates are quoted as the common (base 10) logarithm of the rate per kilogram of material per 100 μs; the (α, n) rates assume (nimpurity/nfissile) ∼ 1/20 000, y = 10−4, and Aimpurity = 9 (beryllium) in equation (2.14). Q-values are computed from mass excesses listed in the Nuclear Wallet Cards published by the National Nuclear Data Center, [3]. This was also the source for the alpha-decay half-lives. Spontaneous fission half-lives were adopted from [4]. Fission barriers were adopted from an International Atomic Energy Agency document [5].
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Figure 2.2 summarizes these data in graphical form. Promising candidates for weaponizability will lie toward the upper-left quadrant of the figure, corresponding to a combination of high fissility and low spontaneous activity. Those lying in the lower-left quadrant are not fissile, and those in the lower-right quadrant can be eliminated from consideration on account of their very high decay activities and lack of fissility. The dashed vertical line corresponds to an (α, n) or SF rate greater than one neutron per 100 μs, the time adopted above as typical for assembling the core of a ‘gun-type’ fission weapon.
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Figure 2.2. Plot of data in table 2.1 to illustrate potential weaponizability of heavy isotopes. Q − Ebarr ([image: image]) is plotted on the vertical axis (in MeV), and the larger of the logarithm of the spontaneous fission rate and the logarithm of the (α, n) neutron emission rate per kg per 100 μs is plotted on the horizontal axis. More promising candidates for weaponizability lie toward the upper left of the plot. Reproduced from [6].



Aside from U-235 and Pu-239, four isotopes lie in the upper left quadrant of the plot: Th-229 (barely), U-233, Np-236, and Cm-247. Curium is quite scarce, with perhaps only a few grams being produced each year, so its isotopes are not practical weaponizability candidates. Th-229 is scarce as it is the alpha-decay product of U-233 (see below); also, its fission cross-section is small and its (α, n) rate is very similar to that of Pu-240.

The case of U-233 is similar to the Pu-239/Pu-240 problem. U-233 is bred in reactors by neutron capture by Th-232 and two subsequent beta-decays through protactinium to uranium:
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However, this process also inevitably creates some U-232 by neutron capture and so-called ‘double-neutron emission’ by the U-233 so created:

 

[image: image]

The problem is that U-232 is a copious alpha-emitter by virtue of its short 70 year half-life, and is also a gamma-ray emitter; even a small amount of it will render a U-233 core highly radioactive and susceptible to severe (α, n) predetonation.

The case of Np-236 is tied up with its non-fissile sister isotope Np-237. The latter is formed in reactors by infrequent successive neutron captures by U-235 and then U-236 when fission does not occur; the U-237 so created beta-decays to Np-237 after a half-life of 6.7 days. While Np-236 is fissile and potentially weaponizable, it is even rarer than Np-237 as it is formed by neutron capture and double neutron emission by Np-237, and it is virtually impossible to separate the two.

In summary, the only viable weaponizable isotopes appear to be U-235, Pu-239, and perhaps U-233 and Np-236, although the latter two have severe disadvantages. For practical purposes, any country or organization working to produce their first nuclear weapons is restricted to obtaining U-235 or Pu-239.


Exercise

Verify the numbers in table 2.1 for U-233. For the reaction [image: image], the Δ-values are (left to right) 8.071, 36.921, and 38.148 MeV; the fission barrier of U-234 is 5.5 MeV, and the alpha-decay and SF half-lives of U-233 are respectively 1.592 × 105 and ∼2.7 × 1017 years.
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Chapter 3

Criticality and efficiency

Even if one arranges for a neutron to cause a fission in a sample of uranium or plutonium, the secondary neutrons that are liberated are by no means guaranteed to strike other nuclei and establish a chain reaction. Some of the neutrons may reach the surface of the sample and escape, particularly if it is small; in fact, some escapes are inevitable. But as the size of the sample increases, it becomes more and more likely that a neutron will cause a subsequent fission than it is to escape. At some point the sample size will be such that as many neutrons are being created per second as are being lost; one then has a critical mass. For a sample greater than this size you will have a supercritical reaction in which more neutrons are being created per second than are being lost; in principle, the reaction will continue until all of the nuclei are fissioned. This never occurs in practice (section 2.4), so even in a supercritical device there will still be the question of efficiency.

This chapter investigates critical mass and efficiency. We will see that the term ‘critical mass’ is in fact not uniquely defined. In its simplest incarnation, the preferred term is the so-called ‘bare’ critical mass, which means the mass of a sphere of fissile material that is just critical if it is not surrounded by any mechanism designed to reflect escaping neutrons back into the sphere and so give them further chances of causing fissions. Such a system usually takes the form of a surrounding jacket of a metal which is an efficient neutron reflector, that is, one with a high elastic-scattering cross-section. Such a jacket is known as a tamper. The question of ‘bare core’ criticality is analyzed in section 3.1, while ‘tamped cores’ are examined in section 3.2.



3.1 Bare criticality

The value of the critical mass depends on four factors. Most important is the fission cross-section: a larger cross-section means that nuclei effectively present themselves as larger targets to incoming neutrons. In addition, the cross-section for elastic scattering of neutrons by nuclei also comes into play: if a nucleus scatters a neutron, the latter can go on to strike another nucleus and perhaps induce a fission. For both U-235 and Pu-239, scattering is in fact more likely than fission for fast neutrons. Of equal importance is the number of secondary neutrons emitted per fission. Here again, more is better: some neutrons do escape, so, phrased colloquially, the more that are ‘born’ per fission generation, the more are available to ‘reproduce’ themselves in subsequent fissions. Finally, we will see that the density of the material affects critical mass: as you might guess, higher density means a lower critical mass because neutrons are more likely to find a nucleus to react with before they escape.

We begin with the roles of the cross-sections. Recall the concept of mean free path for fission that was introduced in section 2.2. This concept and an analogous one known as the ‘transport mean free path’ express the roles of fission and scattering cross-sections in criticality calculations. These quantities are respectively symbolized as λfiss and λtrans, and are given by
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and
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In these expressions, σfiss is the fission cross-section for the material, and σtrans is its transport cross-section. To a reasonable approximation, the transport cross-section is given by the sum of the fission and elastic-scattering cross-sections:
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In words, λfiss and λtrans mean the average distance a neutron will travel before it is consumed in causing another fission, and the average distance a neutron will travel before it is scattered or causes a fission.

The symbol n in equations (3.1) and (3.2) represents the number density of nuclei, that is, the number of nuclei per cubic meter. If the material has density ρ grams per cubic centimeter and atomic weight A grams per mole, then n in nuclei per cubic meter is given by
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As in section 2.2, another important quantity is the average time that a neutron will travel before causing a fission; this is again designated by the symbol τ. If neutrons have average speed vneut and travel for an average distance λfiss before causing a fission, then it follows (as before) that
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In the case of an untamped spherical bomb core, diffusion theory shows that criticality will occur when the radius of the core, Rcore, satisfies the condition:
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In this expression, d has units of meters and can be thought of as a characteristic core radius for criticality. It is given by
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where v is the number secondary of neutrons liberated per fission. The quantity η in equation (3.6) is dimensionless, and involves the ratio of the transport mean free path to the characteristic size:
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Because of the presence of the cotangent, equation (3.6) cannot be solved analytically for Rcore; it can only be solved numerically.

As remarked above, an untamped core is also known as a bare core, and the value of Rcore obtained by solving equation (3.6) is thus known as the bare critical radius, Rbare; the corresponding bare critical mass Mbare then follows from the density. Table 3.1 shows numbers for U-235 and Pu-239. (Reminder: cross-sections are usually measured in ‘barns’; 1 bn = 10−28 m2.)


Table 3.1. Parameter values and critical radii and masses for bare criticality. Cross-sections and secondary neutron numbers represent values averaged over the energy spectrum of fission-liberated neutrons. Data from [1].

[image: image]



For comparison, an American softball has a radius of about five centimeters and a mass of about 180 grams; the bare critical radius of Pu-239 is only slightly larger, but corresponds to about 90 times as much mass. Forty-six kilograms is equivalent to about 101 pounds, and 16.7 kg to about 37 pounds. As in section 2.2, note that the neutron travel-times-to-fission, τ, are on the order of nanoseconds: nuclear explosions are incredibly brief phenomena.


Exercise

A hypothetical fissile material has A = 250 g mol−1, ρ = 17.4 g cm−3, σfiss = 1.55 bn, σelas = 6 bn, and v = 2.95. Determine its critical radius and mass.

Answer

6.70 cm, 21.9 kg.






3.2 Supercriticality and the radius-density effect

Another result of diffusion theory is that if you start with a core of more than one critical mass, then the rate of creation of neutrons will for a time exceed the rate of escapes. As remarked above, this condition is called supercriticality. With a supercritical core, the production of neutrons (and the energy release) will grow exponentially so long as criticality holds. But beyond the advantage of achieving more energy release, there is a very important reason why it is desirable to assemble a core of more than one critical mass in the first place. This relates to the estimate in section 2.4 that a chain-reacting core will rapidly heat up, expand, and disperse itself over a timescale on the order of microseconds.

To analyze this, look at equation (3.8) for the dimensionless parameter η. This quantity depends only on the cross-sections and v, none of which can be changed by any human intervention; once they are chosen, η is fixed. Be sure to convince yourself in particular that the density of the material cancels out when computing η. With η determined, equation (3.6) will be satisfied by some unique value of Rcore/d. But d is proportional to the inverse of the mass density ρ through the mean free paths and number density n (equations (3.1)–(3.4)), so we can equivalently say that the solution of equation (3.6) will be some unique value of ρRcore for a given value of η. The ‘criticality value’ of ρR can be determined by multiplying the bare radii listed in table 3.1 by the corresponding densities, which are the normal densities of U-235 and Pu-239. These evaluate to ρnormal Rbare = 156.5 g cm−2 for U-235, and to 99.0 g cm−2 for Pu-239. This means that any core of U-235 of some radius R and density ρ will be critical if the product ρR exceeds 156.5 g cm−2; similarly for Pu-239. If ρR is exactly equal to the critical value, the core will be equivalent to bare critical; if ρR exceeds the critical value, the core will be supercritical.

Now consider what happens as a supercritical core begins expanding. The core will start out with a radius Rcore > Rbare, but, as its radius increases due to expansion, the density must drop. If at any time the density is ρ and the radius R, what happens to the product ρR as time advances? The mass M of the core is essentially fixed, so the density must behave as [image: image]. This means that, at any time, [image: image]. Consequently, ρR will eventually fall below the critical value ρnormal Rbare, at which time criticality will be lost. But if you start with only a single critical mass, this would happen as soon as the core begins expanding, which would be essentially immediately. It is to avoid this prompt shutdown that it is necessary to assemble a multiple-critical-mass core with an initial radius Rcore greater than Rbare. In technical parlance, the moment of shutdown is known as ‘second criticality’. ‘First criticality’ denotes that moment during the assembly of a bomb core when a critical mass has been achieved and a chain reaction could start.

A corollary of this analysis concerns what happens if you begin with a subcritical core of material of normal density. If you could crush it to a small enough radius, you may be able to achieve ρR greater than the critical value (because [image: image]), and so make a nuclear weapon with less than one bare critical mass worth of material. Achieving such an implosion is very difficult, but, as was remarked in section 2.7, was crucial to making a working plutonium bomb during the Manhattan Project. This issue is explored further in chapter 5.

As described in section 2.4, a core need expand only a centimeter or two before criticality is lost. From the ρR analysis above, you might wish to try proving that (assuming a normal density core to begin with) the distance that a core expands from its initial radius to its shutdown radius Rshut is given by
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For a core of two critical masses of U-235, [image: image] = 1.26Rbare = 10.54 cm, and this gives an expansion distance Rshut − Rcore = 1.3 cm.




3.3 Tamped criticality

In the introduction to this chapter, the idea of surrounding a bomb core with a neutron-reflecting tamper was raised. Since a tamper reflects neutrons back into the core, it effectively increases the number of secondary neutrons per fission, which has the effect of lowering the mass necessary to achieve a chain reaction below the ‘bare’ value calculated in section 3.1. The mathematics of ‘tamped criticality’ is somewhat complicated; the analysis depends on the properties of both the core and tamper materials and on the outer radii of each. Figure 3.1 shows a schematic illustration of a spherical core/tamper configuration.


[image: image]

Figure 3.1. Schematic illustration of a tamped bomb core.



The end result of a criticality analysis for neutron diffusion within a tamped core is the following equation:
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In this expression, Rcore is the outer radius of the core, and Rtamp that of the tamper. d has the same meaning as in equation (3.7). The transport mean free path of the core, λtrans of equation (3.2), is now written as [image: image], while that for the tamper is [image: image]. This latter quantity is calculated with equation (3.2) with the transport cross-section and nuclear number density of the core replaced with those for the tamper. It is assumed that the tamper has no cross-sections for fission or neutron capture. Equation (3.10) corresponds to what a nuclear weaponeer would define as ‘tamped threshold criticality’.

There are two ways to use equation (3.10). These are: (i) specify the core radius Rcore in advance, with Rcore < Rbare for the desired fissile material. Then equation (3.10) can be solved (numerically) for Rtamp, the tamper outer radius which will just render the core critical. (ii) Conversely, choose a value for Rtamp, in which case the equation can be solved for the core radius Rcore which will just be critical for the chosen tamper size. This latter method can be handy if the outside dimensions of the core/tamper assembly are constrained in some way, such as having to be fitted inside a narrow missile housing. More elaborate analyses deal with tamped supercritical cores, that is, cores which are more than ‘just critical’ for the mass of tamper involved.

Figure 3.2 shows the results of a hybrid approach to solving equation (3.10). This is based on re-casting this equation as follows. First, define the dimensionless quantity ε, which depends only on the characteristics of the core:
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Figure 3.2. Curves of Rcore/d versus Rtamp/Rcore for values of λ = 1.75, 1.5, … 0.5 (top to bottom), for ε = 0.3408 (U-235).



With this, equation (3.10) can be written as
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where
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Once the core material is chosen, the value of ε is fixed; values for U-235 and Pu-239 are given in table 3.1. For a chosen value of ε, equation (3.13) can be solved numerically for Rcore/d for a given value of Rtamp/Rcore, which by definition must be ⩾1. (Conversely, one could decide on a value of Rcore in advance, and use the graph to determine Rtamp for a given value of λ.) Figure 3.2 shows such solutions for λ = 1.75, 1.25, 1.0, … 0.5 for ε corresponding to U-235; the curves converge to Rcore/d = 2.379 at Rtamp/Rcore = 1, which corresponds to a bare core.

Table 3.2 lists values of [image: image] for some common materials that might be used as tampers. Tungsten-carbide (WC) is a form of steel; beryllium oxide is a desirable tamper material on account of its very small neutron-capture cross-section.


Table 3.2. Transport mean free paths for selected tamper materials [2].




	Material
	[image: image] (cm)





	Aluminum
	5.595



	Beryllium oxide
	2.549



	Lead
	5.426



	Tungsten-carbide
	3.159



	Depleted uranium (U-238)
	4.342







An example of using figure 3.2: the Hiroshima U-235 bomb used a WC tamper, for which λ = 0.878. Suppose that Rtamp/Rcore = 3. Interpolating from the graph, Rcore/d ∼ 1.7, which, for the value of d listed in table 3.1, gives a critical radius of about 5.98 cm, corresponding to a mass of ∼16.8 kg—almost one-third of the ‘bare’ value. The tamper outer radius is then ∼17.94 cm, making its mass ∼364 kg.

The Hiroshima Little Boy bomb core comprised about 64 kg of U-235 in a cylindrical shape (see chapter 5) surrounded by a cylindrical WC tamper of mass about 310 kg (density of WC = 14.8 g cm−3). If this were a spherical arrangement, the core radius would be about 9.35 cm and the outer radius of the tamper would be about 18.0 cm. These dimensions give Rtamp/Rcore ∼ 1.9, which from figure 3.2 corresponds to Rcore ∼ 6.6 cm, or a mass of ∼23 kg. We can conclude that Little Boy utilized approximately (64/23) ∼ 2.8 ‘tamped critical masses’: this was a supercritical weapon.

Incidentally, a weapon that incorporates both implosion and a tamper will make even more efficient use of one’s precious fissile material—precisely as was done in the Nagasaki Fat Man bomb.


Exercise

Using the density data in table 3.1 and this section, verify the ‘spherical’ core and tamper radii for Little Boy quoted above.

Exercise

You have enough U-235 to make a core of radius 5.28 cm (∼11.5 kg). If your tamper material has λ = 0.5, what value of Rtamp/Rcore will be necessary to achieve threshold criticality?

Answer

∼2.






3.4 Efficiency

This section presents a more refined analysis of the efficiency of an untamped fission weapon than the very rough estimate developed in section 2.4. This is approached by estimating the energy released as the detonating bomb core expands from its initial radius Rcore to its criticality-shutdown radius Rshut of equation (3.9), and comparing the result to what would be expected if the entire core undergoes fission. The final result of this analysis, equation (3.24), is not at all obvious, so a brief derivation is presented.

One of the key results of the diffusion theory analysis behind the study of criticality in section 3.1 is an expression for the number density of neutrons N in the core as a function of time. This is
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Recall that number density means number per cubic meter. In this expression, N0 is the number density of neutrons at ‘time zero’, the moment when the chain-reaction begins. The value of N0 would be set by whatever neutron-generating ‘initiator’ is used to trigger the weapon; we will see that the efficiency does not depend on this value. τ is again the neutron travel time between fissions (equation (3.5)). α is a dimensionless parameter that depends on the number of neutrons per fission v and the mass of the core. An approximate expression for α is
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α is known as the ‘effective number of neutrons liberated per fission’. To appreciate this terminology, take the time-derivative of equation (3.14):
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Now, in words, the rate of change of N can be expressed as
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On dimensional grounds, you should be able to convince yourself by comparing equations (3.16) and (3.17) that (N/τ) plays the role of the rate of fissions per cubic meter, and α the effective number of neutrons per fission.

The efficiency calculation now proceeds through an energy argument. If (N/τ) is the volume density of rate of fissions, then it follows that if each fission liberates energy Ef, the rate of change of the density of energy being liberated at time t must be Ef (N/τ). The usual physics symbol for energy density is U:
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The total energy density liberated to time t is obtained by integrating from t = 0 to t:
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This result is written as an approximation because α changes as the core expands (the argument that leads to equation (3.15) involves the radius of the core), and also because the contribution from the lower limit of integration has been discarded. This discarding is based on the rationale that exponential functions grow very quickly.

Let us now assume that all of the liberated energy goes into causing the core to expand. U(t) is an energy density; to get the total energy we must multiply by the volume V of the core at any moment. If the core has density ρ at some moment, its mass will be Vρ, and its kinetic energy can be written as (Vρ)v2/2, were v is the expansion speed of the core. For simplicity, I assume that the expansion is uniform throughout the core. The factors of V can be canceled, and the result rearranged to give an expression for v(t):
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Now, v must be the rate of change of the radius of the core. To determine the time at which shutdown occurs, we can integrate equation (3.20) from Rcore to Rshut, and then back-substitute the time into equation (3.19) to determine the energy released. However, there is a problem with this, which is that the density ρ in equation (3.20) will be a function of time. For the sake of getting to some numerical estimates, I will model the density as being constant, and equal to the normal density of the core material. We then have:
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or, on again dropping the lower limit of integration,
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Solve equation (3.22) for tshut, and back-substitute the result into equation (3.19) to give the energy density at criticality shutdown. Abbreviating Rshut − Rcore as ΔR, the result is

 

[image: image]

If full efficiency is achieved, then the energy density would be the product of the nuclear number density n and the energy per fission, that is, nEf. Efficiency can then be defined as the ratio of the energy density at shutdown to this maximum possible energy density:
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As claimed above, this result is independent of the number density of neutrons at the start of the chain reaction. ρ and n are related by equation (3.4); their ratio could be simplified.

We can now get to some numbers. Suppose that we have a U-235 core of three critical masses. With the value of v from table 3.1, equation (3.15) gives α ∼ 0.85. For the bare critical radius listed in table 3.1, ΔR ∼ 2.42 cm, or a little less than one inch. Adopting other values as needed from the table and assuming Ef = 170 MeV = 2.723 × 10−11 Joules, you should find eff ∼0.010, or about 1%. Four critical masses gives ΔR ∼ 3.45 cm and eff ∼2.8%. These values are close to the known efficiency of the Hiroshima bomb, but the apparent agreement is illusory as this development has taken no account of any tamper. A lucky case of canceling approximations?


Exercise

Consider an untamped Pu-239 core of three critical masses. Using the data of table 3.1, what does equation (3.24) predict for the efficiency?

Answer

∼1.5%.

Exercise

Thermodynamic theory shows that at extremely high temperatures, pressure is equal to 1/3 of energy density. For the U-235 core of three critical masses analyzed above, estimate the pressure at criticality shutdown.

Answer

About 4.4 × 1015 Pascals. This is equivalent to about 44 billion atmospheres.
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Chapter 4

Obtaining fissile material

All of the experiments, theorizing, and calculations behind the Manhattan Project would have been for nothing had it not been possible to acquire, in a reasonable time, kilograms of U-235 and Pu-239. As described in chapter 1, U-235 had to be separated essentially atom-by-atom from a mass of natural-abundance uranium, and Pu-239 had to be synthesized in nuclear reactors. This chapter explores the physics of two methods that were used to isolate U-235 at Oak Ridge, Tennessee, and of how long it takes to produce a given amount of plutonium in a reactor.



4.1 U-235: the electromagnetic method

The electromagnetic method of isotope separation is based on the principle of mass spectroscopy, which is commonly employed in physics and chemistry laboratories. The origins of this technique date to the discovery of the electron by J J Thomson in 1897.

The principle of mass spectroscopy is sketched in figure 4.1. The sample of material to be analyzed is heated and vaporized in an oven inside a vacuum chamber. The heating will ionize the atoms, some of which will escape through a narrow slit. The ionized atoms are then accelerated by an electric field (recall [image: image], with m being an ion’s mass and q its net charge), and directed into a region of space where a magnetic field is [image: image] present. If Vacc is the accelerating voltage corresponding to the electric field, the ions will emerge from the electrodes with speed v given by

 

[image: image]


[image: image]

Figure 4.1. Principle of mass spectroscopy. Positively-charged ions are accelerated by an electric field and then directed into a magnetic field which emerges perpendicularly from the page. Ions of different masses will follow different circular trajectories; those of greater mass will move in trajectories of larger radii than those of lesser mass. Reproduced from [1].



In the sketch, the magnetic field is pointing out of the page toward you, that is, perpendicular to the plane of travel of the positively-charged ions; the electrical coils or magnet poles for creating the field would lie on either side of the page and are not sketched. The magnetic field gives rise to an effect known as the Lorentz Force Law, which is written as [image: image], where [image: image] is the velocity acquired by the ions from the accelerating voltage. This velocity will be vertically upwards in the sketch when the ions leave the electrodes, and be of the magnitude of equation (4.1). If you know how to compute the direction of a vector cross product, verify that the force on the ions will be to the right at the moment they leave the electrodes and enter into the magnetic field. This force causes the ions to move in circular trajectories whose radii depend on their mass, their net charge, and the magnitudes of [image: image] and [image: image]. If the ion stream comprises atoms of two different masses, the result will be two streams that travel in orbits of different radii, with heavier ions moving in orbits of larger radii. The streams will be maximally separated after one-half of an orbit, and this permits the collection of, in this case, the desired lighter-isotope stream.

The orbital diameter D is given by
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The separation between the ion streams at the collector is the difference of the diameters:
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Various magnet designs were employed at Oak Ridge as the work there evolved, but in the so-called Alpha-I design (see below) the magnetic field was of magnitude 0.34 Tesla, and the accelerating potential was 35 000 V. If the molecules were singly ionized, the prefactor in equations (4.2) and (4.3) evaluates to
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In practice at Oak Ridge, these separators used uranium tetrachloride, so the ion streams were molecules of 235UCl4 and 238UCl4. The molecular weights of 235UCl4 and 238UCl4 are 375 and 378 mass units, respectively. Either of these masses, when substituted into equation (4.2), gives a beam diameter of
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The separation is tiny in comparison to the diameter:
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To achieve good beam separation, accelerating potentials and magnetic fields had to be kept very steady.

The facility at Oak Ridge for carrying out this work was code-named Y-12. The Y-12 isotope separators were known as ‘calutrons’, a name derived from that of a particle accelerator of related design called a ‘cyclotron’ which had been invented by physicist Ernest Lawrence of the University of California: ‘California University Cyclotron’. To produce their magnetic fields, which were about 7000 times as strong as the Earth’s natural magnetic field, calutrons used square-shaped coils about three meters on a side which were operated at currents ranging from 4500 to 7500 amperes. The calutrons were enormously consumptive of electricity: by July, 1945, the Oak Ridge complex was consuming about 1% of the electricity being generated in all of the United States. The scale of the Y-12 complex was staggering; at $478 million to construct and operate, it would become the second-most expensive facility of the entire Manhattan Project, just behind the $512 million gaseous diffusion plant described in the following section. By May 1945 Y-12 employed nearly 22 500 workers in over 200 buildings.

The reason for the enormity of Y-12 traced to a physical effect that severely limits the operating capacity of any one calutron vacuum tank, the so-called ‘space-charge problem’. As the like-charged ion beams travel through a vacuum tank, they repel each other and become disrupted from their ideal circular paths. This sets a limit on the rate of processing of material, which engineers usually express as an equivalent beam current of the desired light-isotope material. In the Y-12 calutrons, this limit was about 500 microamperes. For a 24-hour operating period, this corresponds to isolating about 0.1 g of U-235 per day per vacuum tank. To collect 50 kg from one tank (not even a single bare critical mass) would require over 1300 years of operation. Manhattan Project organizers appreciated from the outset that only by building hundreds of tanks might it be possible to isolate enough material for a bomb in a year or two; Y-12 would eventually have 1152 vacuum tanks, some of which contained multiple ion-beam sources.

To achieve large-scale production, Y-12 incorporated a number of modifications of the scheme sketched in figure 4.1. One was to place pairs of semi-circular-shaped vacuum tanks back-to-back and sandwich them between pairs of magnet coils, as sketched in figure 4.2; the magnet coils are indicated by the dashed circle.


[image: image]

Figure 4.2. Schematic illustration of two back-to-back calutron tanks and a magnet coil. From [2].



With tanks and coils in such a configuration, an efficient way to arrange them is to connect a number of them together in a closed loop and connect the coils to a common source of current; in this way a given tank will experience the fields generated by neighboring coils, which will reduce the current required. Such an arrangement came to be known as a ‘racetrack’ of tanks and coils; the one shown in figure 4.3, an ‘Alpha’ track, contained 96 tanks placed within 48 gaps between the magnet coils, which appear as rib-like structures. The structure running across the top of the photo is the ‘busbar’, a square-foot solid-silver conductor which supplied current to the coils. The vacuum tanks could be withdrawn from below for material extraction; on the floor above the tracks were located operating galleries from where employees, mostly local young female high-school graduates known as ‘calutron girls’, continuously monitored and adjusted the ion beams in each tank.


[image: image]

Figure 4.3. Left: A Y-12 Alpha-I racetrack; some spare vacuum tanks appear in the lower-left corner [3]. Right: ‘calutron girls’ at their operating stations. Each operator monitored two vacuum tanks, but they had no idea what was being produced [4].



The first calutrons entered operation in November, 1943, but were plagued by electrical shorts, vacuum leaks, and unstable beams. Improvements accumulated through 1944 and 1945 to the point that by mid-July, 1945, some 60 kg of bomb-grade uranium had been isolated. Every atom of U-235 in the Hiroshima Little Boy passed through Ernest Lawrence’s calutrons.


Exercise

Verify the ∼0.1 gram-per-day figure above for a U-235 ion beam of current 500 μA; assume singly-ionized molecules of 235UCl4.


4.2 U-235: the gaseous diffusion method
The second major method of uranium enrichment employed in the Manhattan project was that of gaseous diffusion, which was carried out in the Project’s K-25 building at Oak Ridge. While the basic idea of gaseous diffusion is quite straightforward, K-25 became the single most expensive facility of the Manhattan Project, and was one of the most difficult to design, engineer, and construct.
The premise of gaseous diffusion is that if a gas of mixed isotopic composition is pumped against a porous barrier containing millions of microscopic holes, atoms of lower mass will on average pass through the barrier slightly more frequently than those of greater mass, resulting in the gas which accumulates on the other side of the barrier being very slightly enriched in the lighter-isotope species. Only a small percentage enrichment can be achieved in any one such step, so the slightly-enriched gas must be pumped on to subsequent enriching stages (known as ‘cells’ or ‘tanks’), which are usually linked together in a continuous cascade as sketched in figure 4.4. The gas remaining in a cell which is slightly ‘depleted’ in the lighter isotope will still, however, contain atoms of that isotope, and can be recycled to the preceding cell in the cascade for additional processing. In the sketch, the dashed line within each cell represents the diffusion membrane; feed material enters from the left of the second cell from the bottom. In the K-25 plant, the feed point was about one-third of the way along a cascade of 2892 stages.


[image: image]

Figure 4.4. Schematic illustration of a diffusion cascade. Feed materials enter the cascade at the second cell from the bottom; the circles represent pumps. Gas enriched in the lighter isotope accumulates toward the top of the diagram, while that depleted in the lighter isotope accumulates toward the bottom. In the real K-25 plant, all cells were at ground level. Reproduced from [5].



The most difficult part of gaseous diffusion is manufacturing the diffusion barrier itself. Not only must it be robust and easy to manufacture, but the size of the holes needed to achieve diffusion is extremely small: no more than about a hundred-thousandth of a millimeter (100 Å). Despite the historical importance of K-25, the process for manufacturing the diffusion membrane is still considered highly-classified even though the plant has been entirely demolished. K-25 was deigned to enrich uranium to 36% U-235, with its product being sent to the Y-12 calutron complex to be enriched up to ‘bomb-grade’ uranium, which is defined as 90% U-235. Construction on the main K-25 building began in September, 1943. This immense four-floor structure was laid out in the shape of a giant letter U (figure 4.5). Each side section was 2450 feet long by 450 feet wide; the total width exceeded 1000 feet. The cascade was divided into nine sections which could be operated individually, although they were normally operated as part of an overall system.


[image: image]

Figure 4.5. An aerial view of the K-25 plant [6].



A detailed analysis of diffusion is quite complicated, but the essentials can be grasped by recalling a result from basic kinetic theory that was used in chapter 2: that the kinetic energy of an atom or molecule in an environment at absolute temperature T is given by
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This expression tells us that the speed of a molecule is inversely proportional to the square root of its mass.

At any stage in the cascade, the number of molecules containing a given isotope will be proportional to their number density n; by working with number densities we can avoid having to specify volumes. Intuitively, it seems reasonable to assert that the number of molecules containing a given isotope that pass through the membrane in some amount of time will be proportional to their number density on the ‘feed’ side of the membrane, as well as to their speed. The latter part of this statement is based on the rationale that faster-moving molecules will have more chances of finding a hole in the membrane to pass through in a given time. Diffusion theory affirms this conclusion, which can be stated in this way: If (nlight/nheavy)1 is the ratio of the number densities in the first stage of the cascade, then the number ratio on the output side of that stage, that is, of the gas which is harvested and sent on to the second stage, can be expressed as:
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where the ratio of speeds has been replaced with a ratio of masses from equation (4.7). Reiterating this logic to the next stage, and then to the one after that and so on, shows that after S successive stages the number ratio will be
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In the K-25 plant, the feed gas was uranium hexafluoride, that is, molecules of 235UF6 (atomic weight 349) and 238UF6 (atomic weight 352). If the feed material is not enriched before being pumped into the first stage, the initial number-density ratio will be that of natural uranium, (n235/n238) = 0.0072/0.9928 = 7.25 × 10−3. Hence
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The extent of enrichment is usually quantified by the percentage of U-235. If we define x = n235/n238, then

 

[image: image]

To reach bomb-grade U-235 (90% U-235; x = 9) requires S = 1665. Of course, the process is never as efficient as this analysis implies; not all of the material that enters each stage undergoes diffusion, and some gas inevitably diffuses back through the barrier within each cell. Figure 4.6 shows the run of U-235 percentage predicted by equation (4.11) as a function of the number of stages, assuming starting with uranium of natural isotopic composition.
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Figure 4.6. U-235 enrichment as a function of number of diffusion stages. The initial number-density ratio is assumed to be that of natural uranium.



Another result from kinetic theory can be used to make an estimate of the number of membrane holes necessary to achieve a given rate of material processing. This is that if the pressure in the diffusion tank is P and the temperature is T, the rate at which molecules of mass m strike the membrane is given by
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Consider uranium hexafluoride of natural-abundance uranium composition; essentially all of the uranium atoms will be U-238. Suppose that the pressure is one atmosphere (101 300 Pa), that T = 300 K, and that we wish to process 140 kg of uranium per day, which would correspond to processing (although not isolating) about 1 kg of U-235. With a molecular weight of 352, this gives a strike rate of
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This corresponds to 7.1 × 1031 strikes per square meter per day, or a mass equivalent of 4.15 × 107 kg per square meter per day. Processing 140 kg then corresponds to a ‘hole area’ of 3.38 × 10−6 square meters. For holes of diameter 100 Å, this will require some 43 billion holes!

When Oak Ridge achieved full operation in the spring of 1945, uranium was first given a slight level of enrichment by the process of liquid thermal diffusion, which is not discussed in this book. This process took feed material from the natural abundance of U-235, 0.72%, up to 0.86% U-235. This product was fed to the K-25 plant to be taken to 36% U-235, which was fed to the Y-12 calutrons to be brought up to 90% U-235. By the end of the war, the K-25 gaseous process had proven itself more efficient at enriching uranium than the electromagnetic method; shutdown of calutrons began on September 4, 1945. K-25 continued to operate until it was shut down in 1985; the last remnants of the plant were demolished in early 2013. According to a 2011 report by the International Panel on Fissile Materials, the United States produced a total of some 610 metric tons (610 000 kg) of highly-enriched uranium between 1945 and 1995. Highly-enriched uranium is defined as ⩾20% U-235.




4.3 Pu-239: The Hanford reactors

Manhattan Project administrators sought to insure the success of their endeavor by pursuing production of two fissile materials, U-235 and Pu-239. To produce the latter required construction of large-scale nuclear reactors to breed plutonium by capture of moderated neutrons by U-238 nuclei according as the reactions of equations (2.8) and (2.10):

 

[image: image]

Reactor technology was an entirely novel endeavor in the 1940s. The first experimental reactor, an uncooled, graphite-moderated device, was operated for the first time on December 2, 1942, at the University of Chicago under the direction of Enrico Fermi. Reactors are rated by their power output, that is, the energy liberated per second due to fissions. Fermi’s reactor, which was code-named CP-1 (Critical Pile 1), was normally operated at a power of less than a single Watt; CP-1’s purpose was to show that a self-sustaining chain-reaction could be created and safely controlled. In November, 1943, an intermediate-scale, air-cooled, graphite-moderated reactor known as X-10 was brought into operation at Oak Ridge. X-10 operated at much higher power levels, up to 4 megawatts (MW), and was used to test fuel fabrication and handling procedures, perform radiological research, and to synthesize about 300 g of plutonium for research at Los Alamos.

While X-10 represented a million-fold leap in power from CP-1, it was by no means adequate to deliver plutonium at the pace project leaders desired; much more powerful reactors would be required. The rate of plutonium synthesis in a reactor is proportional to its power output. To get an idea of how powerful a reactor is required, we can use a formula which gives the rate of plutonium synthesis in grams per day as a function of various parameters. This is

 

[image: image]

In this expression, P is the reactor’s power output in MW, F is the fractional abundance of U-235 in the fuel, Ef is the energy liberated per fission in MeVs, [image: image] is the U-238 neutron capture cross-section in barns, and [image: image] is the U-235 neutron fission cross-section in barns. It is important to emphasize that these cross-sections are those for the so-called ‘thermal’, or ‘moderated’ neutrons one has in a reactor, not the fast neutrons utilized in nuclear weapons.

By putting P = 1 MW, we can evaluate the rate of plutonium production per day per megawatt of power output, and then get an idea of what power a reactor should be designed to achieve to produce a critical mass of material in a reasonable time.

For fuel of natural-abundance U-235, F = 0.0072. The cross-sections are [image: image] and [image: image]; adopting Ef = 180 MeV gives

 

[image: image]

For convenience, I round this to 0.75 g day−1 MW−1. Suppose for the sake of argument we wish to produce 7.5 kg of Pu-239, which is probably a reasonable amount for a tamped bomb core (table 3.1). This would require (7500/0.75) = 10 000 MW-days of operation. If it is desired to produce this in 15 days (that is, to produce 500 g day−1) once a reactor is built and operating, then we would require a reactor of power (10 000/15) ∼ 670 MW. Manhattan Project administrators decided to build three 250-MW reactors along the banks of the Columbia River in south-central Washington, with the intent of producing 600 g of plutonium per day; General Groves wanted to deliver bombs as soon as possible for use in the war. The facility for this, the so-called Hanford Engineer Works (HEW), would come to occupy 670 square miles.

The HEW site was located in a flat, semi-arid, sparsely-populated area. Groves wanted his facilities for producing uranium and plutonium to be far apart from each other not only for security reasons, but also as insurance in the event that if one of them was destroyed by some catastrophe, the others could keep functioning. The immense flow of the Columbia provided a perfect source of water for cooling the reactors, which were also known as ‘piles’. Groves inspected the site personally in January, 1943, and approved its acquisition. As at Oak Ridge, a town had to be provided for workers and their families; this was located in Richland, Washington, and would grow to a population of over 17 000.

The three reactors were placed six miles apart, and were known as the ‘B’, ‘D’, and ‘F’ reactors after corresponding survey locations. The first one built was the B-pile; layout of the reactor building itself began in October, 1943. The three reactors were of identical design: water-cooled, graphite-moderated graphite cubes 36 feet wide by 36 feet tall by 28 feet front-to-rear, constructed out of layers of thousands of graphite bricks. The graphite cores were surrounded by shielding to protect workers; this brought their outer dimensions to 37 feet from front to rear, 46 feet from side to side, and 41 feet high. Piercing through the shielding and core were 2004 aluminum ‘process tubes’ into which could be fed slugs of natural uranium metal fuel (figure 4.7). The tubes were spaced 8 3/8 inches apart both horizontally and vertically; Fermi had determined that this was the distance a neutron would on average have to scatter through graphite to become thermalized. The fuel slugs would gradually travel through the reactor as new ones were pushed in behind them; after some days or weeks of neutron irradiation they would fall out of the rear of the reactor into a pool of water where they would be allowed to cool both thermally and radiologically before being taken away for chemical processing to extract the synthesized plutonium.


[image: image]

Figure 4.7. Left: B-reactor area, looking northwest, January, 1945. The Columbia River is in the background. The pile building itself is adjacent to the water tower [7]. Middle: workers laying the graphite core of B-reactor. The rear face of the reactor is toward the lower left, and the inside of the front face to the upper right. Right: front face of F-reactor, February, 1945. The middle and right photos are from Historic American Engineering Record: B Reactor (105-B) Building, HAER No WA-164. DOE/RL-2001-16. (Richland, WA: United States Department of Energy, 2001) [8].



Each pile comprised some 75 000 graphite moderating bricks, most about four inches square by four feet long; about one in five were bored lengthwise to accommodate fuel tubes. During normal operation, each tube contained 32 active fuel slugs about 1.5 inches in diameter by nine inches long. Each slug contained about eight pounds of natural uranium; the usual fuel load of about 250 tons implies over 60 000 slugs inside the pile at any time. Dummy and neutron-capturing slugs were used to help control the neutron flux, as were control rods that could be operated remotely. Essential to the safe operation of each pile was its cooling system; some 30 000 gallons of water were pumped through each pile per minute.

The first fuel was loaded into B-reactor on the afternoon of September 13, 1944, by Enrico Fermi. By the morning of the 27th, the pile was operating at 9 MW with about half of its fuel tubes loaded. At first everything seemed to be operating perfectly, but after a few hours the reactor began shutting itself down. Surprisingly, however, it spontaneously began coming back to life after a few hours of dormancy. But as soon as the power level was brought back to 9 MW, shutdown again set in.

From the pattern of the pile’s reactivity, Fermi and his colleagues deduced that the problem was likely a neutron-capturing fission product with a half-life of several hours. The specific culprit proved to be xenon-135, which has a half-life of only 9.1 h but has a neutron capture cross-section of over three million barns. The only way to overcome the problem was to increase the amount of fuel in the reactor, which necessitated plumbing in as-yet-unused fuel tubes. This work was begun on September 30, and proceeded in stages until all tubes were ready by December 28. A power of 150 MW was achieved on the 29th, and the full design rating of 250 MW was achieved on February 4, 1945. The D and F piles started life with full fuel loads: D went critical on December 17, 1944, and F on February 25, 1945. By early May, some 1.6 kg of plutonium had been extracted and delivered to Los Alamos, and by June 1 General Groves was able to order that production be maintained at 5 kg every 10 days.

By the spring of 1945, all of Groves’ fissile-materials programs were entering mass production. At Los Alamos, scientists and engineers prepared to incorporate these materials into the world’s first nuclear weapons.


Exercise

A large commercial reactor fueled with uranium enriched to F = 0.06 produces power at a rate of 2600 MW. What will be the rate of plutonium production in this reactor? Take [image: image], [image: image], and Ef = 180 MeV per fission.

Answer

225 g day−1.
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Chapter 5

Los Alamos, Little Boy, Fat Man, Trinity, Hiroshima and Nagasaki

The third major site of the Manhattan Engineer District was the Los Alamos Laboratory, located on a remote but ruggedly beautiful desert mesa in northern New Mexico. As measured by number of employees, Los Alamos paled in comparison to Oak Ridge and Hanford, but was certainly the intellectual center of the Manhattan Project.

The idea of a centralized, secure laboratory to coordinate research and bomb design was raised by scientists in the spring of 1942. When General Groves was assigned to the project in September of that year, he undertook a tour of project sites and met University of California theoretical physicist Robert Oppenheimer on October 8, at which time they discussed the concept of such a facility; Oppenheimer had been involved with the Compton committee described in chapter 1. Groves approved the idea on October 19, and a survey was begun to locate a site which would be isolated, relatively inaccessible, have a climate that would permit year-round construction and operations, be large enough to accommodate a testing area, and be sufficiently inland to be secure from enemy attack. The Los Alamos site, which was then the location of the Los Alamos Ranch School, a financially-troubled wilderness school for boys, was selected in late November. Oppenheimer was formally appointed as Director of the laboratory on February 25, 1943, and construction of laboratory buildings began in March. As recorded in Oppenheimer’s appointment letter, the Laboratory’s work would involve ‘experimental studies in science, engineering, and ordnance’, and ‘large-scale experiments involving difficult ordnance procedures and the handling of highly dangerous material’. The laboratory functioned as a hybrid military−civilian organization, with civilians formally employees of the University of California, which was awarded an operating contract. All residents, civilian and military alike, were subject to military security and censorship regulations.

When Oppenheimer took on the Directorship of Los Alamos, he thought that he would require only a few dozen scientists, technicians, and engineers to carry out its mission. But almost immediately, complexities in the nature of fissile materials and the engineering of bomb mechanics, aerodynamics, and triggering mechanisms demanded expansions of the staff. By mid-1945, Los Alamos employed over 2000 people, and had a population of some 8000, many of them the young children of employees recruited as graduate students, newly-married and just starting families.

One of the first bomb designs considered at Los Alamos was the so-called ‘gun bomb’. As described briefly in section 2.6 and as sketched in figure 5.1, this involved combining two subcritical pieces of fissile material to make a supercritical mass. This was done by placing the two within the barrel of an artillery cannon and firing the ‘projectile’ piece, which was initially located in the tail of the bomb, toward a mating ‘target’ piece located in the nose by igniting a conventional gunpowder charge to propel the projectile piece. The dimensions given in figure 5.1 are those for the uranium-235 Hiroshima Little Boy bomb.


[image: image]

Figure 5.1. Sketch (not to scale) of the Hiroshima Little Boy U-235 gun bomb. See also figure 5.2.



Various reasons played into the dimensions indicated in figure 5.1. One was the need to be able to fit a weapon into the bomb bay of a B-29 bomber. B-29s were equipped with two 150 inch long bomb bays, one forward and one aft of the wings, but they could be joined together to accommodate a longer bomb. A more important consideration, however, was the danger described in section 2.7: that of a premature detonation caused by stray neutrons, particularly those liberated in spontaneous fissions. To get an understanding of Little Boy’s dimensions and why the gun design could not be used for a plutonium bomb requires an exploration of the mathematics of pre-detonation probabilities. This is the topic of the following section, after which the discussion returns to Little Boy and Fat Man and their roles in the Hiroshima and Nagasaki bombings.



5.1 Predetonation probability

Table 5.1 lists spontaneous fission (SF) rates for relevant isotopes. Since every SF releases 2−3 neutrons, the rates listed must be multiplied by a factor of ∼ 2.5 to give rates of neutron emission.


Table 5.1. Spontaneous fission rates.

	Isotope
	SF per kg per second
	U-235	5.63 × 10−3
	U-238	6.78
	Pu-239	6.92
	Pu-240	483 000


As the projectile piece in figure 5.1 seats with the target piece, there will come a moment when a critical mass is present in the partially-assembled system. After this moment, a chain reaction could begin at any time. Consider this moment to be ‘time zero’ for the following analysis. If the time required to complete assembly of the core after this moment is tcore, and the rate of background neutrons is [image: image] neutrons s−1, probability theory gives an expression for the probability that a pre-detonation will not have occurred by time tcore. This is

 

[image: image]

The dimensionless factor α in this expression is the same as that in the analysis of efficiency in section 3.4:

 

[image: image]

where v is the number of neutrons emitted per SF, and Mbare and Mcore are again the bare critical mass of the fissile material and the mass of the core involved.

First consider the case of U-235, where the SF danger arises predominantly from any contamination of U-238. Suppose that we have a core of two untamped critical masses, that is, of mass 91.8 kg (table 3.1). If v ∼ 2.5, equation (5.2) gives α ∼ 0.56. If this core is contaminated to a level of 10% U-238 (9.18 kg), the SF rate listed in table 5.1 gives [image: image] neutrons s−1.

As remarked in section 2.6, the highest projectile speeds achievable with World War II artillery pieces was about 1000 m s−1. For the ∼18 cm target/projectile lengths indicated in figure 5.1, this implies a full seating time of 180 μs. A critical mass is not likely to be present for all of this time, but I will err on the side of caution by assuming that it is. With these numbers, equation (5.2) gives Pno-pre ∼ 0.992, that is, the odds are better than 99% that no pre-detonation will occur. Even if the assembly speed is reduced to ∼300 m s−1 (the reason for this number is discussed below), that is, a seating time of 600 μs, Pno-pre ∼ 97.4%, still very good odds of having a fully-functioning bomb.


Exercise

Suppose that a group of terrorists have a uranium core exactly as described above, but instead of firing the projectile into the target, they propose to let it fall two meters under gravity to seat with the target. What will be the speed of the projectile when it arrives at the target? If the assembly is 18 cm long, what is the seating time? If the core is supercritical for 2/3 of this time, what is the probability that their device will not suffer a pre-detonation?

Answer

6.26 m s−1, 28.75 milliseconds, 43.7%.



Now consider an untamped plutonium bomb of two bare critical masses (33.4 kg; table 3.1) contaminated with 1% Pu-240. Presume again v ∼ 2.5. This gives [image: image] 300 neutrons s−1, and Pno-pre ∼ 0.001% for tcore = 100 μs. This means more than a 99% chance of suffering an efficiency-robbing predetonation! Even if the time could be reduced to 10 μs, the no-predetonation probability climbs to only 33%. To achieve 90% no-predetonation probability with these numbers demands a supercriticality time of about only a single microsecond.

When the high SF rate of reactor-produced plutonium was discovered at Los Alamos in the summer of 1944, it was considered an existential crisis for the laboratory. It was immediately clear that no gun-type assembly mechanism could possibly achieve a rapid-enough assembly for a plutonium bomb; a faster means needed to be found. As John Manley, one of Oppenheimer’s deputies, put it: ‘The choice was to junk the whole discovery of the chain reaction that produced plutonium, and all of the investment in time and effort of the Hanford plant, unless somebody could come up with a way of assembling the plutonium material into a weapon that would explode.’ The only realistic option appeared to be a high-speed implosion mechanism, which is described in more detail in section 5.3.

The reason for considering an assembly speed of ∼300 m s−1 for uranium is that this was what was used in the real Little Boy bomb. When a gun-type bomb was under consideration for both U-235 and Pu-239, the design was predicated on the anticipation that the pre-detonation concern with Pu-239 would be largely due to the (α, n) issue described in section 2.6. To overcome this, it was predicted that the required assembly speed would necessitate a weapon about 17 feet long, which would have required joining the B-29 bomb bays as described above; this was known as the Thin Man design. (As is described in the following section, the longer the gun barrel used, the higher will be the final assembly speed.) But when the gun bomb was abandoned for plutonium, it became clear that the length of the uranium bomb could be shortened to the extent that it could fit within a single bomb bay.




5.2 Little Boy

Figure 5.2 shows a detailed diagram of the final design of Little Boy, and figure 5.3 a photograph of the weapon itself. Overall, this bomb was 10 feet long, 28 inches in diameter, and weighed about 9700 pounds. The gun barrel was 6 feet long and weighed 1000 pounds. The target and projectile pieces each comprised a number of washer-like rings of uranium that were cast as material became available from Oak Ridge. The projectile was made up of nine rings totaling 7 inches in length, with inside and outside diameters of 4 inches and 6.25 inches. The projectile had a volume of 126.8 cubic inches, or 2078 cubic centimeters. At a density for pure U-235 of 18.71 g cm−3, the assembled projectile rings totaled 38.9 kg. The target consisted of six rings, also of 7 inches total length, but with inside and outside diameters of 1 and 4 inches for a volume of 82.4 in3 (1351 cm3) and a mass of 25.3 kg. The assembled core totaled just over 64 kg, about 60% of which resided in the projectile. The projectile piece traveled about 52 inches (∼130 cm) before meeting the target piece. By December, 1944, General Groves was confident enough of anticipated uranium production schedules that he ordered all research and development on the gun bomb to be complete by July 1, 1945. The design was frozen in February, 1945, and Little Boy was ready for combat by May, 1945, awaiting only enough U-235. Remarkably, Little Boy would be deployed in combat without having undergone a full-scale test: by mid-1945, enough U-235 was available for only one bomb.


[image: image]

Figure 5.2. Cross-section drawing of Little Boy showing the major components. Not shown are radar units, clock box with pullout wires, barometric switches and tubing, batteries, and electrical wiring. Numbers in parentheses indicate the quantity of identical components. The drawing is to scale. Copyright by and used with kind permission of John Coster-Mullen.

(A) Front nose elastic locknut attached to 1 inch diameter Cd-plated draw bolt
(B) 15.125 inch diameter forged steel nose nut
(C) 28 inch diameter forged steel target case
(D) Impact-absorbing anvil with shim
(E) 13 inch diameter 3-piece WC tamper liner assembly with 6.5 inch bore
(F) 6.5 inch diameter WC tamper insert base
(G) 14 inch diameter K-46 steel WC tamper liner sleeve
(H) 4 inch diameter U-235 target insert discs (6)
(I) Yagi antenna assemblies (4)
(J) Target-case to gun-tube adapter with 4 vent slots and 6.5 inch hole
(K) Lift lug
(L) Safing/arming plugs (3)
(M) 6.5 inch bore gun
(N) 0.75 inch diameter armored tubes containing priming wiring (3)
(O) 27.25 inch diameter bulkhead plate
(P) Electrical plugs (3)
(Q) Barometric ports (8)
(R) 1 inch diameter rear alignment rods (3)
(S) 6.25 inch diameter U-235 projectile rings (9)
(T) Polonium-beryllium initiators (4)
(U) Tail tube forward plate
(V) Projectile WC filler plug
(W) Projectile steel back
(X) 2 pound Cordite powder bags (4)
(Y) Gun breech with removable inner breech plug and stationary outer bushing
(Z) Tail tube aft plate
(AA) 2.25 inch long 5/8-18 socket-head tail tube bolts (4)
(BB) Mark-15 Mod 1 electric gun primers with AN-3102-20AN receptacles (3)
(CC) 15 inch diameter armored inner tail tube
(DD) Inner armor plate bolted to 15 inch diameter armored tube
(EE) Rear plate with smoke puff tubes bolted to 17 inch diameter tail tube
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Figure 5.3. Little Boy in its loading pit on Tinian Island in the Pacific [1].



A calculation from undergraduate thermodynamics can be used to get a sense of some of these dimensions. This calculation concerns the work done by an adiabatically expanding gas, that is, one that expands so quickly that there is no time for any heat energy to be lost from the gas to the surroundings. This will be applied here in the sense of assuming that the conventional explosive expands adiabatically once detonated. From the work-energy theorem of Newtonian mechanics, we assume that the work done by the expanding gas goes into the kinetic energy of the projectile/tamper, which is assumed to be of mass m. If the initial pressure of the gas is P0, its initial volume V0, and its final volume is Vf, this analysis shows that the final velocity of the projectile/tamper is given by

 

[image: image]

where γ is the ‘adiabatic index’ of the gas, that is, the ratio of its specific heat at constant pressure to that at constant volume. For air, γ ∼ 1.4, which I adopt here. A longer gun barrel will mean a higher value of Vf /V0, which means a higher vfinal, as remarked above.

In various Manhattan Project documents, it is specified that the gun barrel be able to withstand a pressure of 75 000 pounds per square inch, or about 520 million Pascals, and that vfinal is of the order 1000 ft s−1, or about 300 m s−1. I take this pressure to be the value of P0. It is difficult to tell an exact value of Vf /V0 from figure 5.2, but taking Vf /V0 ∼ 5 cannot be far wrong. I take the mass of the projectile/tamper assembly to be 80 kg, twice that of the projectile alone, and I take the initial volume of the exploded gas to be that of a cylinder of diameter 6.25 inches and length 14 inches, twice the volume of the projectile alone if it were not hollow; this gives V0 ∼ 7,000 cm3. These numbers give vfinal ∼ 330 m s−1, or ∼1,080 ft s−1, very close to the quoted value.


Exercise

Verify the numbers in the above computation. Suppose that in the plutonium Thin Man design, the projectile/tamper projectile had mass 20 kg, Vf /V0 ∼ 25, P0 = 75 000 psi, V0 ∼ 7500 cm3, and γ = 1.4, what would have been the value of vfinal?

Answer

837 m s−1, or ∼2,750 ft s−1.






5.3 Implosion and Fat Man

The idea of triggering a nuclear weapon by implosion had been conceived in mid-1942. When Los Alamos was established, Oppenheimer assigned a research group to investigate the method, but it was initially given lower priority than the apparently surer and easier gun method. When the spontaneous fission crisis broke in July, 1944, implosion research was moved into high gear: Oppenheimer immediately reorganized the laboratory by establishing two new experimental divisions and an associated theoretical group. Over the next year followed an intense period of research and development; it is not an exaggeration to say that implosion was one of the trickiest engineering accomplishments in history to its day. Particularly significant to its development were the contributions of a group of British scientists working at Los Alamos, who had brought with them considerable experience in developing ‘shaped charge’ explosives used to penetrate German tank armor. Implosion involved modifying the shaped-charge concept into a system of three-dimensional implosion ‘lenses’.

The idea behind an implosion lens is sketched in figure 5.4, which shows a single lens in side-view cross-section. To extend the concept to three dimensions, imagine a somewhat pyramidal-shaped five or six-sided block about a foot across and a foot and a half from end-to-end (left to right in the figure, which is not to scale). Each block is assembled from two separate castings of different explosives, with the castings fitting together very precisely. The outer casting of each block is a fast-burning explosive known as ‘Composition B’ (Comp B), while the inner lens-shaped casting is a slower-burning material known as Baratol, a mixture of barium nitrate and TNT. A detonator at the outer edge of the block of Comp B triggers an outward-expanding detonation wave, which progresses to the left in the figure. When the detonation wave hits the Baratol, it too begins exploding. If the interface between the two materials is of just the right shape, the two waves can be arranged to combine as they progress along the interface to create an inwardly-directed converging burn wave in the Baratol. In effect, this ‘binary explosive’ focuses the detonation wave as does an optical lens with light waves. Implosion not only achieves criticality of the fissile material much more rapidly than could a gun mechanism, but has the further advantage that because it crushes the fissile material to higher-than-normal density, the requisite critical mass is less than what would be required for a core of normal density (section 3.2).


[image: image]

Figure 5.4. Sketch of a binary-explosive implosion lens segment (not to scale). From [2].



Now imagine 32 such assemblies interlocked to form a complete spherical shell. Figure 5.5 shows a more detailed scale drawing of the implosion bomb; these assemblies are items B and C in this figure. Within this shell resided another shell of 32 blocks of Comp B (item D), which surrounded the tamper/core assembly. The purpose of this inner shell of Comp B blocks, which is detonated by the imploding Baratol lenses, was to achieve a high-speed symmetric crushing of the tamper and core in order to overcome the spontaneous-fission problem. A trap-door arrangement with a plug of tamper material (item E) allowed for insertion of the core when the bomb was being assembled. The tamper sphere next to the core (item M) was made of ‘depleted’ uranium, that is, essentially pure U-238, the waste product of Oak Ridge enrichment operations. The reason for this is that fast neutrons can fission U-238 nuclei; it has been estimated that some 20% of Fat Man’s yield was due to this effect.


[image: image]

Figure 5.5. Cross-section drawing of the Fat Man implosion bomb showing the major components. Only one set of 32 lenses (B, C), inner charges (D), and detonators (A) is depicted. Numbers in parentheses indicate the quantity of identical components. Drawing is to scale. Copyright by and used with kind permission of John Coster-Mullen.

(A) 1773 EBW detonator inserted into brass chimney sleeve (32)
(B) Comp B component of outer polygonal lens (32)
(C) Cone-shaped Baratol component of outer polygonal lens (32)
(D) Comp B inner polygonal charge (32)
(E) Removable aluminum pusher trap-door plug screwed into upper pusher hemisphere
(F) 18.5 inch diameter aluminum pusher hemispheres (2)
(G) 5 inch diameter Tuballoy (U-238) two-piece tamper plug
(H) 3.62 inch diameter Pu-239 hemisphere with 2.75 inch diameter jet ring
(I) 0.5 inch thick cork lining
(J) 7-piece Y-1561 Duralumin sphere
(K) Aluminum cup holding pusher hemispheres together (4)
(L) 0.8 inch diameter polonium-beryllium initiator
(M) 8.75 inch diameter Tuballoy tamper sphere
(N) 9 inch diameter boron plastic shell
(O) Felt padding layer under lenses and inner charges



Assembling the implosion bombs was difficult and time consuming; essentially, they were hand-assembled three-dimensional jigsaw puzzles with explosive pieces. The weight of the explosives alone was about 5300 pounds, just over half the bomb’s total weight of about 10 200 pounds. The entire assembly was housed within an inch-thick aluminum casing (item J) which weighed 1100 pounds. The choice of shells of 32 blocks was dictated by the fact that this is the number of pentagonal and hexagonal-shaped pieces that can be fitted together to give nearly regular outer faces; think of the patches on a soccer ball. The Trinity and Nagasaki weapons used 12 pentagonal and 20 hexagonal sections, which respectively weighed about 47 and 31 pounds each. The explosives were cast as molten slurries into molds set within water-cooled commercial candy-making machines. The level of activity of the implosion program can be judged by the fact that some 20 000 castings of acceptable quality were created over a period of 18 months, while many more than that were rejected. After being removed from the molds, all castings were checked for uniformity by x-raying them; those which contained air bubbles were repaired by drilling into them with non-conducting tools to get to the void, and then pouring in molten explosive to fill them–similar to how a dentist would fill a cavity. Thousands of such operations were conducted without a single accidental detonation.

One of the most problematic issues encountered with the Fat Man bomb was a piece of equipment known as the X-unit, which was responsible for triggering the network of spherically-distributed detonators within about a microsecond of each other to achieve symmetric implosion. With redundant detonators for each of 32 implosion lenses, 64 cables were involved, all of which had to be of the same length and have the same impedance.

Figure 5.6 shows the Fat Man device detonated at the Trinity test of July 16, 1945, and the combat weapon dropped over Nagasaki. In the latter, the spherical assembly has been encased within an armored ballistic shell, which provided for stable flight characteristics after the bomb was dropped. Combat plutonium bombs were 59 inches in diameter, a constraint set by the width of B-29 bomb bays. Many dozens of drop tests of both the Little Boy and Fat Man designs were carried out to ensure reproducible drops.


[image: image]

Figure 5.6. Left: The Trinity implosion device atop its test tower on July 15, 1945. Norris Bradbury (1909−1997), who served as Director of the Los Alamos Laboratory from 1945 to 1970, stands to the right. The cables feeding from the X-unit box halfway up the bomb go to implosion-lens detonators. Photo courtesy Alan Carr, Los Alamos National Laboratory. Right: assembled Nagasaki Fat Man bomb [3].



The origins of the names of the various bomb designs–Thin Man, Fat Man, and Little Boy–has been a matter of debate. One school of thought holds that Thin Man and Fat Man were coined by Air Force officials to make telephone conversations sound as if aircraft were being modified to carry President Roosevelt (Thin Man) and Prime Minister Churchill (Fat Man). However, in his autobiography, Robert Serber, who was a former student of Oppenheimer’s and one of his first recruits to Los Alamos, claims to have adopted Thin Man from the title of a 1934 detective novel by Dashiell Hammett, and Fat Man from the role played by actor Sydney Greenstreet in the 1941 movie The Maltese Falcon. Little Boy came along when the Thin Man design was abandoned.




5.4 Yield probability

In section 5.1, some of the mathematics of pre-detonation probabilities was explored. This section takes up a related issue, that of what fraction of a bomb’s design yield can be expected to be realized if a pre-detonation does occur. Equation (5.1) gives the probability that a pre-detonation will not occur during the time tcore that the assembling core could sustain a chain reaction before assembly is complete. However, it does not involve the question of when during the assembly process a pre-detonation occurs. This can in fact be at any time between when a chain reaction becomes possible (first criticality) and complete assembly. If it happens near the moment when assembly is complete, the effect on the yield might be small. On the other hand, if by bad luck a predetonation occurs just at the moment of first criticality, the result could be a very low-energy ‘fizzle’. Thus, there is a range of possible nuclear energy yields from essentially zero up to the full design yield of the weapon.

An analysis similar to the one that gives equation (5.1) can be used to develop an approximate expression for the probability of achieving at least the fraction Y of a weapon’s design yield. By formulating this calculation in terms of fractional yield means that we do not need to specify a design yield in advance, which during the Manhattan Project was difficult to predict in any event. This expression is
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where the other symbols have the same meanings as in equation (5.1).

For the uranium bomb considered in section 5.1 with 9.18 kg U-238 contamination (v = 2.5, α = 0.78, [image: image]), equation (5.4) predicts 99.2% for Y = 0.9 if tcore = 180 μs. This means that there is less than a 1% chance that the device would explode with less than 90% of its intended yield−presuming that all other systems in the bomb work as intended! For tcore = 100 μs, the probability rises to 99.6%. For the Pu-239 core of section 5.1 contaminated with 1% Pu-240, the probability of achieving at least 90% yield is about 91% for tcore = 1 μs.

Beyond the disaster that a very expensive weapon would have been wasted, an issue related to the possibility of a low-yield ‘fizzle’ is that if a bomb fails to destroy itself, an enemy could recover it partially intact, reverse-engineer it, and possibly even recover some of the fissile material. Thus, it is important to make some estimate of the probability of a fizzle. We can use equation (5.4) to get an estimate of this. Suppose that a bomb is designed to have a yield of 10 kilotons TNT equivalent (the Hiroshima bomb released about 13 kilotons). If because of a fizzle the energy equivalent of only 10 tons TNT is released, the yield fraction would be Y = 0.001. This is small, but ten tons would surely be ample to destroy the bomb and prevent recovery. For the two-critical-mass plutonium core modeled above, equation (5.4) shows that there is less than a 1% chance of not obtaining even this low yield; this would probably be considered worth the risk of possible enemy recovery.


Exercise

Terrorists claim to have stolen a 25 kg Pu-239 core which is contaminated with 1.5% Pu-240. They have configured a crude (untamped) gun bomb, and claim that they can achieve tcore = 15 μs. Adopting v = 2.5, what value of α does equation (5.2) predict? What is the probability that their device will not suffer pre-detonation? What is the probability that they will achieve at least 50% of the design yield?

Answer

α ∼ 0.354; probabilities 30% and 47%.






5.5 Trinity

Even though implosion research at Los Alamos was of lower priority than the gun bomb, planning for a full-scale test of an implosion bomb began in March, 1944, months before the plutonium spontaneous fission crisis emerged. If use of a Fat Man weapon proved necessary, no one wanted first use, given the uncertainties surrounding implosion, to be over enemy territory. Oppenheimer appointed Harvard University physicist Kenneth Bainbridge to oversee the test, which Oppenheimer himself named Trinity.

The site chosen for the test was a remote 18 by 24-mile tract in the northern portion of the Alamogordo Army Air Field in the Jornada del Muerto (‘Journey of Death’) desert about 160 miles south of Los Alamos (figure 1.3). Before the war, the land supported some cattle grazing, but in 1942 the Army appropriated the house of the family of George McDonald to serve as a part of the Alamogordo Bombing and Gunnery Range. The house was used as the assembly station for the Trinity bomb; while it was somewhat damaged by the explosion, it still stands about two miles southeast of Ground Zero, the site of the test (figure 5.7).
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Figure 5.7. The author at the McDonald Ranch House, October 2004.



Except for the ranch house, the site was completely undeveloped. A Base Camp of barracks, warehouses, shops, a mess hall, and other support facilities was built about 10 miles south of Ground Zero. The bomb was mounted atop a 100 foot high steel tower whose footings were sunk some 20 feet into the Earth. General Groves witnessed the explosion from Base Camp, along with a group of distinguished visitors which included Vannevar Bush and Enrico Fermi. Within an area of about 100 square miles centered on Ground Zero were placed three instrument stations, roughly to the north, west, and south, all 10 000 yards from the test site (figure 5.8). The south station also served as the control center where final switches were thrown to activate an automatic firing sequence; Oppenheimer witnessed the test from the South shelter. Personnel who had participated in the development of the bomb but who were not needed at the control station during the test witnessed the event from Campaña Hill, some 20 miles to the northwest. This group included future Nobel laureate Hans Bethe, James Chadwick (discoverer of the neutron), cyclotron inventor Ernest Lawrence, and Robert Serber.
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Figure 5.8. Detail map of Ground Zero area [4].



To test procedures and calibrate instruments in advance of the full-scale test, a rehearsal test was conducted on the morning of May 7, 1945. This involved detonating 108 tons of high explosive mounted atop a 20 foot-high tower located about 800 yards southeast of where the Trinity tower was erected. This detonation height was not random. At that time, the best prediction for the Trinity yield was about 5000 tons TNT equivalent. Theoretical analysis indicated that for an observer at distance d from a nuclear explosion of yield Y, the air pressure behind the initial shock wave would be proportional to Y2/3/d2, so the center of the 108 ton stack was placed at 28 feet above the ground to scale to Trinity’s planned 100 foot high detonation and anticipated yield. Trinity’s yield far surpassed 5 kilotons, which resulted in many recording instruments being overwhelmed in the real test.

A particularly unique aspect of the Trinity test was the ‘Jumbo’ program. When the chances for efficient implosion looked poor, the idea was conceived of setting off the device within a containment structure, so that, in the event of a nuclear fizzle, the plutonium could be recovered. This led to the design and construction of Jumbo, a massive steel cylinder within which the bomb would be placed; the ends would then be closed off. In its final form, Jumbo weighed 214 tons, was 28 feet long, with an inside diameter of 10 feet, and a wall thickness of 14 inches. By the time of the test, however, confidence in achieving symmetric successful implosion was much greater, and experimenters were concerned that the vessel would interfere with monitoring instruments. Jumbo was erected on a tower about 800 yards northwest of the explosion, which it survived. The remaining 100 ton central body of Jumbo now lies where it was on the morning of July 16, 1945 (figure 5.9).
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Figure 5.9. Left: Jumbo, 1945 [5]. Right: the author (light-colored shirt and hat) inside the remains of Jumbo, 800 yards from Trinity Ground Zero.



Trinity was probably the most monitored scientific experiment in history to its time. Among other effects, instruments measured implosion diagnostics, energy release, shock waves, detonator simultaneity, fission-rate growth, gamma rays, neutrons, fission products, seismic disturbances, and ignition of structural materials. General Groves paid particular attention to obtaining seismic measurements as evidence in the event of any damage lawsuits that might arise from the test.

Weather forecasts predicted July 18−21 as the most promising window for the test, but other factors converged on favoring the 16th. This was not only the earliest date at which the bomb would be ready, but Groves was under intense pressure to carry out the test as soon as possible: President Harry Truman would be in Potsdam, Germany from the 16th until August 2, negotiating with Winston Churchill and Josef Stalin regarding post-war occupation arrangements in Europe and the war against Japan.

The test was scheduled for 4:00 a.m. on the morning of the 16th. As luck would have it, strong thunderstorms moved into the area about 2:00 a.m. that morning, forcing a postponement until 5:30. At Base Camp, Enrico Fermi occupied himself by offering to take wagers on whether the bomb would ignite the atmosphere and, if so, would it destroy only New Mexico or the entire world? (He estimated that if nitrogen in the air were to ignite, it would propagate for only about 35 miles.) By the time of the test, Oppenheimer was practically a nervous wreck. He had lost a significant amount of weight; despite standing at over six feet, he weight only about 115 pounds.

As the time of the test approached, the tension in the control bunker was extreme. In the words of Brigadier General Thomas Farrell, Groves’ deputy:

The scene inside the shelter was dramatic beyond words. In and around the shelter were some twenty-odd people concerned with last minute arrangements … For some hectic two hours preceding the blast, General Groves stayed with the Director, walking with him and steadying his tense excitement. Every time the Director would be about to explode because of some untoward happening, General Groves would take him off and walk with him in the rain, counseling with him and reassuring him that everything would be all right.

Trinity was detonated at 5:29 a.m., just before sunrise (figure 5.10). Farrell:

As the time interval grew smaller … the tension increased by leaps and bounds. Dr Oppenheimer, on whom had rested a very heavy burden, grew tenser as the last seconds ticked off. He scarcely breathed. He held on to a post to steady himself. For the last few seconds he stared directly ahead and then when the announcer shouted ‘Now!’ and there came this tremendous burst of light followed shortly thereafter by the deep growling roar of the explosion, his face relaxed into an expression of tremendous relief. Several of the observers standing back of the shelter to watch the lighting effects were knocked flat by the blast.
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Figure 5.10. Left: The Trinity fireball 25 milliseconds after detonation [6]. Right: The Trinity mushroom cloud a few seconds later [7].



As Farrell later reported to Groves, who had left for Base Camp about 20 minutes before the test:

The effects could well be called unprecedented, magnificent, beautiful, stupendous and terrifying. No man-made phenomenon of such tremendous power had ever occurred before. The lighting effects beggared description. The whole country was lighted by a searing light with the intensity many times that of the midday sun. It was golden, purple, violet, gray and blue. It lighted every peak, crevasse and ridge of the nearby mountain range with a clarity and beauty that cannot be described but must be seen to be imagined. It was that beauty the great poets dream about but describe most poorly and inadequately. Thirty seconds after the explosion came, first, the air blast pressing hard against the people and things, to be followed almost immediately by the strong, sustained, awesome roar which warned of doomsday and made us feel that we puny things were blasphemous to dare tamper with the forces heretofore reserved to The Almighty. Words are inadequate tools for the job of acquainting those not present with the physical, mental, and psychological effects. It had to be witnessed to be realized.

Robert Oppenheimer’s reaction to the test has been a matter of debate. In a 1965 interview for a television documentary, The Decision to Drop the Bomb, Oppenheimer gave this reaction to Trinity:

We knew the world would not be the same. Few people laughed, few people cried, most people were silent. I remembered the line from the Hindu scripture, the Bhagavad-Gita. Vishnu is trying to persuade the Prince that he should do his duty and to impress him takes on his multi-armed form and says, ‘Now I am become Death, the destroyer of worlds.’ I suppose we all thought that, one way or another.

When interviewed for a later (1980) documentary, The Day After Trinity, Oppenheimer’s brother, Frank, stated that he thought all Robert had said was ‘It worked!’.

Trinity’s fireball fused some quarter-million square meters (70 acres; figure 5.11) of desert sand to a depth of about half an inch into a greenish, glassy material that came to be known as Trinitite; a small sample owned by this author is still about as radioactive as a modern household smoke detector. The common unit for measuring radioactivity is the Curie (Ci), which corresponds to 37 billion radioactive decays per second. A single Ci is a lot of radioactivity; smoke detectors contain about a microcurie of radioactive material that serves as an air-ionizing source to aid in the detection of smoke particles. Trinity released over a trillion Curies of ‘prompt’ radioactive fission products. Because wind patterns at the time of the test were favorable, there was no serious fallout from Trinity, although some farm animals suffered discoloring ‘burns’ from radioactive dust landing on them.
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Figure 5.11. Aerial view of the aftermath of the Trinity test. The 0.1 kt test crater is from the 100 ton TNT test. The area covered by this image is about 1550 meters wide by 1400 meters tall [8].



President Truman was promptly informed of the results of the test. In his diary for July 18, he wrote that at lunch that day with Churchill, he ‘Discussed Manhattan (it is a success)’. He also wrote that ‘Believe Japs will fold up before Russia comes in. I am sure they will when Manhattan appears over their homeland. I shall inform Stalin about it at an opportune time’. Stalin, however, was already well aware of the Manhattan Project due to the efforts of agents at Los Alamos.

Various estimates of the yield of the Trinity test have been published over the years; a Department of Energy report on all United States nuclear tests published in late 2000 lists an official yield of 21 kilotons. The site of the test is now open to tourists two days per year, normally the first Saturdays of April and October, depending on security conditions at the White Sands Missile Range (figure 5.12).
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Figure 5.12. Left: The author, second from right, at the Trinity ground-zero monument. October, 2004. Right: Monument plaque. The inscription reads: Trinity site, where the world’s first nuclear device was exploded on July 16, 1945.



With the successful completion of the Trinity test, the stage was set for combat use of nuclear weapons.




5.6 Hiroshima and Nagasaki

Preparations for the use of atomic bombs in combat began well before the designs of the bombs were finalized. In the fall of 1944, a special Army Air Force unit known as the 509th Composite Group was formed, and was placed under the command of Colonel Paul Tibbets, a veteran of numerous European combat missions. Air Force units were normally single-purpose entities for tasks such as maintenance, bombardment, engineering, transport, and the like, but the 509th was unique in that it was entirely self-sustaining, including even its own Military Police detachment. Two of the group’s B-29 bombers would go down in history as the planes that carried the atomic bombs dropped on Japan. The Enola Gay, chosen personally by Tibbets as the bomber that he would pilot for the strike against Hiroshima, was named after his mother (figure 5.13). The Nagasaki bomber, Bockscar, was named after its usual pilot, Captain Frederick Bock. Enola Gay and Bockscar now reside at museums in Washington, DC, and Dayton, Ohio, respectively.
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Figure 5.13. Left: Enola Gay on Tinian. Right: Hiroshima mushroom cloud. From [9].



The 509th initially trained at Wendover Army Air Base in Utah, one of the largest bombing ranges in the world. In addition to this, the group required an advance base at which the bombs would undergo final assembly and be loaded onto aircraft. The site selected for this was on Tinian Island in the Pacific (figure 5.14). Only about 12 miles long, Tinian had been conquered by the Marines in July, 1944. Its six runways, each 8500 feet long, served as launching points for round-the-clock bombing raids against the Japanese home islands. The first members of the 509th arrived on Tinian on May 19, 1945, and practice bombing runs began soon thereafter. Technically, the 509th lay in the theatre of operations of General Curtis LeMay, who had taken command of the Twenty-First Bomber Command of the Twentieth Air Force in January, 1945.
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Figure 5.14. Left: map of Japan showing main islands and major cities. Adapted from http://www.hist-geo.co.uk/japan/outline/japan-cities-1.php. Right: the Hiroshima and Nagasaki bombing missions. The distance from Tinian to Hiroshima is about 2740 km (1700 miles). From [9].



In April, 1945, General Groves turned his attention to the issue of selecting targets for the new weapons, establishing a Target Committee comprising three scientists from Los Alamos and representatives from the office of General Henry Arnold, Commanding General of the Army Air Forces. The committee was charged with developing a list of previously unbombed cities, chosen so that three could be available for each mission. Over the course of three meetings between late April and late May, the list of potential target cities was narrowed to four: Hiroshima, Kokura, Niigata, and Nagasaki (figure 5.14). Hiroshima was the largest target not on the Twenty-First Bomber Command’s priority list, and was the site of Japanese Second Army Headquarters, from which the defense of the southern island of Kyushu would be directed. Kokura was the site of one of the largest armaments production complexes in Japan; Niigata was a large naval port and the site of machine-tool and oil refining installations; and Nagasaki was the site of a number of Mitsubishi arms-production factories, including those where the torpedoes used by the Japanese at Pearl Harbor had been made. Tokyo was not a priority as it had been largely bombed out, and had been the site of a devastating fire-bombing raid in March which had killed some 84 000 inhabitants.

The decision to use the bombs still engenders passionate debate. Any assessment of this decision must, however, be considered in the context of the war at the time. By early 1945, some 5000 Americans and many more Japanese were dying each week as American forces advanced through Japanese-held islands. To conquer the islands of Leyte, Luzon, Iwo Jima, and Okinawa had cost the United States some 110 000 casualties (killed and wounded); some 300 000 Japanese had been killed or taken prisoner. If an invasion of the home islands of Japan went ahead, casualties on both sides could be astronomical. Planning for an invasion was well-advanced by the summer of 1945, and involved two main components. First, the southern island of Kyushu was to be the target of Operation Olympic, scheduled to begin on November 1, 1945. This would involve some 760 000 ground forces, more than four times the number landed during the June 6, 1944, invasion of Normandy; three naval fleets would provide support. The plan was for the invasion force to advance about one-third of the way along the island, setting up air bases in support of a planned invasion of the area around Tokyo, which was scheduled for March 1, 1946. This second invasion would involve just over one million ground forces. In the meantime, LeMay’s bombers would continue laying waste to Japanese cities and industries. Given this situation and the momentum that the Manhattan Project had acquired by the summer of 1945, it is difficult to imagine events unfolding differently than they did. Also, had the consequences of nuclear weapons not been so dramatically demonstrated to the world, what much worse horrors might have unfolded in a subsequent war? It is arguable that Hiroshima and Nagasaki have been responsible for decades of ‘nuclear inoculation’.

The first few days of August in the Pacific were overcast and rainy, but by Saturday, August 4, the forecast began improving. The first atomic mission was scheduled for the morning of the 6th. In order of priority, the targets were Hiroshima, Kokura, and Nagasaki; Niigata had been scratched for being too far away from the others. Tibbets began briefing his men on the afternoon of the 4th, telling them that what they had trained for was approaching, but he did not reveal the nature of their payload. The mission profile called for sorties by seven aircraft. The Enola Gay, to be piloted by Tibbets, was the ‘strike’ plane–the one which carried the bomb. Weather reconnaissance planes would be directed toward the target cities, and would depart an hour before the strike plane. Two other aircraft carried blast-measurement instruments and cameras, and the seventh was deployed to Iwo Jima as a backup. Little Boy was wheeled out of its assembly building on Sunday afternoon and loaded into the Enola Gay. Final briefings began at 11:00 p.m.

The three weather planes began departing at 1:37 a.m. Monday morning. Tibbets began Enola Gay’s takeoff roll at 2:45 a.m., using almost every yard of the two-mile runway to get airborne. Table 5.2 lists some of the parameters of the Hiroshima and Nagasaki missions (Washington was 14 h behind Tinian).


Table 5.2. Some parameters of the Hiroshima and Nagasaki missions. Mission time for Bockscar includes three-hour stop at Okinawa.

	Parameter
	Hiroshima
	Nagasaki
	Strike aircraft	Enola Gay	Bockscar
	Takeoff (Tinian time)	02:45 Aug 6	03:48 Aug 9
	Takeoff (Washington time)	12:45 Aug 5	13:48 Aug 8
	Bombing (Japan time)	08:15 Aug 6	11:08 Aug 9
	Bombing (Washington time)	19:15 Aug 5	22:08 Aug 8
	Landing (Tinian time)	14:58 Aug 6	23:06 Aug 9
	Landing (Washington time)	00:58 Aug 6	09:06 Aug 9
	Mission duration	12 h 13 min	19 h 18 min
	Drop height (ft/m)	31 600/9630	28 900/8810
	Bomb detonation height (ft/m)	1900/580	1650/503
	Bomb yield (kt)	∼15	∼21



After a flight of over six hours, Enola Gay arrived over Hiroshima within a minute of its scheduled time. Hiroshima is located on the Ota River in the southern part of Honshu, the main island of Japan; before the war it had been the seventh-largest city in Japan, with a population of about 340 000. Its population in August, 1945, has been estimated at some 280 000 civilians plus approximately 43 000 soldiers. Flat and unbroken by hills, the city was a perfect target for determining the effects of the new weapon. Bombardier Thomas Ferebee’s aiming point was the distinctive T-shaped Aioi bridge in the heart of the city; he missed by only a few hundred feet. The bomb was programmed to detonate at an altitude of about 1900 feet in order to minimize fallout associated with debris being rendered radioactive by neutron capture. Figure 5.13 shows the Hiroshima mushroom cloud. Figure 5.15 shows post-strike photos; the Aioi bridge survived the blast and is clearly visible in the center of the image on the left.


Exercise

Assuming free-fall with no air resistance, calculate the time required for Little Boy to fall from its release height to its detonation height.

Answer

About 43 s.
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Figure 5.15. Left: Aerial view of Hiroshima, post-bombing. The Aioi bridge is in the center of the image. Right: General view of damage at Hiroshima. From [9].



The world learned of the bombing when a statement authorized by President Truman was released in Washington at 11:00 a.m. Monday morning; Truman was still at sea on his way home from Potsdam. In part, the release read as

Sixteen hours ago an American airplane dropped one bomb on Hiroshima, an important Japanese Army base. That bomb had more power than 20 000 tons of TNT… It is an atomic bomb. It is a harnessing of the basic power of the Universe. The force from which the Sun draws its power has been loosed against those who brought war to the Far East…

Truman’s 20 000 tons was an overestimate, probably caused by confusing Little Boy with the Trinity test.

Despite the bombing, the Japanese government could not yet bring itself to agree to surrender, but its situation was becoming dire. At 5:00 p.m. local time on the afternoon of August 8, the Japanese ambassador in Moscow was informed that the Soviet Union would consider itself in a state of war with Japan as of August 9. The Japanese had been hoping to use Russia as a go-between in surrender negotiations, but that hope was no longer viable.

The second nuclear strike was originally scheduled for August 20, but by late July enough time had been made up to permit advancing the date to August 11. In anticipation of bad weather, preparations were further pressed to facilitate a mission on the 9th. From its start, however, the Nagasaki mission suffered a number of misfortunes. The front and rear halves of Fat Man’s armor-plated casing were out of round, and bolt holes for securing the casing to the high-explosive assembly did not align properly; an ordinary steel casing was substituted. The bomb was ready by 10:00 p.m. on the evening of August 8, and loaded into Bockscar, which would be piloted by Major Charles Sweeney. But then another problem arose: Flight Engineer John Kuharek discovered that a pump for transferring fuel from tanks located in the rear bomb-bay was malfunctioning. The fuel would not only be inaccessible, but would represent almost two tons of dead weight to be carried through the mission. To empty the tanks, replace the pump, or transfer the bomb to another plane were not options; the window of good weather was narrowing. Sweeney decided to proceed, and Bockscar departed at 03:48 Tinian time, Thursday, August 9. The primary and secondary targets for the second atomic mission were Kokura and Nagasaki.

Bockcar’s bad luck continued in the air. Sweeney was to rendezvous with camera and instrument planes off the southern coast of Kyushu, but the camera plane missed the rendezvous as it was flying at the wrong altitude. This caused Sweeney to burn 45 minutes of fuel before he decided to head for Kokura. The flight to Kokura took another 50 minutes, but the city was obscured by smoke and haze caused by bombing of the nearby city of Yawata the previous day. Sweeney made three passes over Kokura, but the smoke made a visual bombing run impossible; beginning to run low on fuel, he decided to proceed to Nagasaki. This was only a 20 minute flight, but the city was obscured by clouds. A radar-guided bomb run was authorized, but about 30 s before the drop, a hole opened in the clouds and bombardier Kermit Beahan was able to secure a visual aiming point. Fat Man was released at 11:08 a.m. Nagasaki time (10:08 p.m. Washington time, August 8). The bomb detonated over the Mitsubishi arms complex; because of the reflective hilly geography, the crew felt five shock waves. Sweeney promptly set course for Okinawa, the nearest friendly base, where he executed an emergency landing just as he was running out of fuel. After refueling, Bockscar made its way back to Tinian, the entire mission having occupied over 19 h.

In Japan, the barrier to surrender was concerned with the fate of Emperor Hirohito. On the morning of August 9, a meeting of the government’s Supreme War Council was underway when word was received of the bombing of Nagasaki. The meeting continued into the late evening; unable to reach a consensus, the Council requested a meeting with the Emperor, who made it known that he was in favor of ending the war. On the morning of the 10th, the Japanese signaled that they were ready to surrender, provided that terms would not include ‘any demand for modification of the prerogatives of His Majesty as a sovereign ruler’. This reached President Truman early on the morning of the 10th, and a response was soon developed which stipulated that ‘the authority of the Emperor and the Japanese Government to rule the state shall be subject to the Supreme Commander of the Allied Powers who will take such steps as he deems proper to effectuate the surrender terms’. While the Japanese considered this, President Truman ordered a halt to any further atomic bombings. The Japanese announced on the 14th that they would accept the surrender terms, bringing the war to an end.

Also on August 10, General Groves informed Chief of Staff of the Army General George Marshall as to the delivery schedule of the next bomb:

The next bomb of the implosion type had been scheduled to be ready for delivery on the target on the first good weather after 24 August 1945. We have gained 4 days in manufacture and expect to ship from New Mexico on 12 or 13 August the final components. Providing there are no unforeseen difficulties in manufacture, in transportation to the theatre or after arrival in the theatre, the bomb should be ready for delivery on the first suitable weather after 17 or 18 August.

The fissile material for this third bomb never left the United States.

What were the effects of the bombings? Groves dispatched survey teams to Japan which included a number of Los Alamos scientists, and the United States Strategic Bombing Survey conducted a separate analysis. A selection of statistics drawn from the reports prepared by these groups gives an indication of the power of the bombs. ‘Point X’ is ground zero, the location on the ground below the point of explosion of the bomb:

At Hiroshima:


	Estimated 66 000 dead and 69 000 injured of estimated pre-raid population of 255 000. 60% of deaths were attributed to burns, and 30% to falling debris.

	60 000 of 90 000 buildings destroyed or severely damaged.

	Firestorm burnt out about 4.4 square miles around X. Heavy fire damage covered a circular area of about 6000 feet radius to a maximum radius of about 11 000 feet. Fires started by heat radiation in both cities extended to about 15 000 feet.

	Almost everything out to about one mile from X was completely destroyed except for heavily-reinforced concrete buildings. All homes seriously damaged to 6500 feet; most to 8000 feet.

	Dry combustible materials were ignited to 6400 feet; telephone poles were charred to 9500 feet.



At Nagasaki:


	Estimated 39 000 dead and 25 000 injured of estimated pre-raid population of 195 000; 95% of deaths attributed to burns. People suffered burns to almost 14 000 feet, telephone poles were charred to 11 000 feet, and fire was noted as far as 10 000 feet to the south of X, where it was stopped by a river.

	About 20 000 of 50 000 buildings and houses destroyed. Total destruction area about 3 square miles. The extreme range of building collapse was 23 000 feet. All homes seriously damaged to 8000 feet; most to 10 500 feet.

	Dry combustible materials were ignited to 10 000 feet.



By far, blast and burn effects were the greatest causes of death and injury. Manhattan Project medical teams estimated that some 7% of deaths resulted primarily from radiation, although some estimates of radiation-induced deaths ran as high as 20%. Radiation effects included depressed blood counts, loss of hair, bleeding into the skin, vomiting, diarrhea, and fever. Deaths from radiation began about a week after exposure, peaked in about 3–4 weeks, and ceased by 7–8 weeks. Radiation units and effects are discussed in the following chapter.

As to the role of the bombings in the Japanese decision to surrender, the Strategic Bombing Survey report came to mixed conclusions:

It cannot be said, however, that the atomic bomb convinced the leaders who effected the peace of the necessity of surrender. The decision to surrender, influenced in part by knowledge of the low state of popular morale, had been taken at least as early as 26 June at a meeting of the Supreme War Guidance Council in the presence of the Emperor … The atomic bombings considerably speeded up these political maneuverings … The bombs did not convince the military that defense of the home islands was impossible, if their behavior in government councils is adequate testimony. It did permit the government to say, however, that no army without the weapon could possibly resist an enemy who had it, thus saving ‘face’ for the Army leaders … in the atomic bomb the Japanese found the opportunity which they had been seeking, to break the existing deadlock within the government over acceptance of the Potsdam terms.

The Manhattan Project had been staked on the idea of turning a recently-discovered, incompletely-understood physical phenomenon into a weapon that could destroy an entire city. Three years after it had formally been wagered, that gamble paid off in the skies over Hiroshima and Nagasaki.
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Chapter 6

Effects of nuclear weapons

Nuclear explosions can injure and kill human beings, start fires, and destroy even heavily reinforced structures, all at great distances from their point of detonation. For humans unlucky enough to find themselves in the vicinity of a nuclear explosion, the most obvious feature will be an intensely bright fireball and searing heat. When a nuclear weapon is detonated, some 70–80% of the energy is released as thermal energy in the visible, infrared, and x-ray ranges of the electromagnetic spectrum. X-rays are absorbed by the air within a few feet of the explosion; this heats the air and creates a brilliant fireball which can cause blindness and serious if not fatal burns. Depending on an observer’s distance from the explosion, the next noticeable effect is likely to be a shock wave caused by a front of compressed air which propagates outward from the explosion, caused by the sudden release of a large amount of energy into a small volume of space. Even if an observer is shielded from flash, heat, and shock, several other effects, invisible but potentially no less harmful, can come into play. Fissioning nuclei emit highly-penetrating gamma rays, which are even more energetic than x-rays and can penetrate through air to great distances. Neutrons are estimated to carry off only about 1% of the energy liberated in a nuclear explosion, but are also energetic enough to travel through the air for hundreds of meters and cause cellular damage to persons exposed to them. Over longer terms, the neutron-rich nuclei which are the products of fissions decay to stable isotopes, primarily by beta-decay, which leaves the atmosphere and ground in the area of the explosion radioactive long after any immediate effects have been felt. All of these phenomena manifested themselves at Hiroshima and Nagasaki. This chapter examines these effects in the order listed here.

Readers interested in analyses of the effects of nuclear weapons on people, animals, the environment, and various types of structures are urged to consult the exhaustive work by Glasstone and Dolan [1], which is the source of much of the material in this chapter.



6.1 Brightness and thermal radiation

If you have ever experienced a sunburn on a hot, clear summer day, you will have some sense of what weapons effects researchers refer to as ‘flash burns’.

Shortly before the Trinity test, Los Alamos physicists Hans Bethe and Robert Christy prepared a document titled Memorandum on the Immediate After Effects of the Gadget [2]. In this report, they estimated that at about 1/100 of a second after the explosion, the surrounding air would be transformed into fireball of radius about 400 feet (∼125 m) and temperature ∼15 000°. I take the latter to be in Kelvins, although it makes little difference what units they intended. We can use these numbers to estimate the brightness of the fireball for an observer at a specified distance.

Suppose that an observer is located at a distance of 2 km from the fireball, or a little more than a mile. The apparent size of the fireball against the sky can be estimated with simple trigonometry. The angular diameter of the fireball would be about (250 m/2000 m) = 0.125 radians, or about 7.2 degrees. The angular diameter of the Sun is about 0.5 degrees, so the fireball would appear about 14 times wider and cover an area of sky 142 ∼ 200 times that of the Sun!

To estimate brightness, we can use the Stefan–Boltzmann law, which says that the total radiant power output of an object of radius R and absolute temperature T is proportional to R2T4. ‘Brightness’ is the power received per unit area by an observer, which for somebody located at distance d is the power divided by the area of the sphere over which the energy has spread, 4π d2. The brightnesses of the fireball (F) and Sun (S) will then compare as
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The Sun has RS = 6.96 × 108 m, effective surface temperature TS ∼ 5770 K, and is about 1.5 × 1011 m from the Earth. For the 125 m radius fireball with TF = 15 000 K observed from a distance of 2000 m,
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This comparison is approximate as not all of the power is radiated in the visible part of the spectrum, but since the temperatures are not too dissimilar the relevant coefficients would at least somewhat cancel when computing the brightness ratio. In any case, this result testifies to the staggering brightness of what is now regarded as a modest-energy nuclear weapon. It has been computed that the Trinity fireball would have momentarily appeared at least thirty times brighter than Venus for an observer located on the Moon, and would have been visible from Mars. Warning: even if you are protected from the shock wave and fallout created by a nuclear explosion, do not look at it: the focusing effect of your eyes can lead to serious retinal burns even miles away.

The rate of delivery of radiant energy from a nuclear explosion is so prompt that combustible materials such as paper, wood, and clothing will be charred or burst into flame to great distances. Such materials can be ignited by the prompt delivery of 10 physical calories of radiant energy per square centimeter (1 physical calorie = 4.186 Joules); a 20 kt explosion delivers this much energy to a radius of about 6000 feet. At Trinity, some fir timbers were slightly scorched to this distance; such charring requires a temperature of about 400 °C. For human beings, moderate burns to unprotected skin can be produced by deposit of about 3 calories per square centimeter. For a 20 kt explosion, the radius for this effect is about 10 000 feet; at Nagasaki, skin burns were reported to 14 000 feet.

The effects of such flash burns on humans depends on unpredictable factors such as atmospheric conditions, exposure duration, color of clothing (reflective or absorptive), and skin pigmentation. The resulting burns are classified as first, second, or third degree. A bad sunburn is an example of a first-degree burn; a prompt exposure of 2–3 cal cm−2 will cause such burns for most people, although you will likely recover without any permanent scarring. Second-degree burns (∼4–5 cal cm−2) will develop scabs, but normally heal in a week or two unless an infection sets in. Third-degree burns (>∼6 cal cm−2) are the most damaging: burnt areas are so charred that they cannot transmit pain impulses, and so pain is felt only from surrounding areas. With such burns, skin grafts will be necessary to prevent scarring. To put these numbers in perspective, some 10–15 cal cm−2 are required to char trees; clothing and upholstery will typically ignite on exposure to 20–25 cal cm−2.

Bearing in mind the above contingencies, there is available an approximate expression for thermal exposure. As with the energy released in a nuclear reaction, the symbol used for this is Q, and the formula is [1]
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Here Y is the weapon yield in kilotons, and d the distance of the observer from the fireball in miles. The factor τ is known as the ‘transmittance’, and is a measure of the attenuating effects of the atmosphere. (This τ has nothing to do with the travel time between fissions in the analysis of criticality in chapter 3.) For explosions within a few miles of the Earth’s surface and distances within a few miles of the detonation, a reasonable value is τ ∼ 0.7.

For a 20 kt bomb at R = 2 miles and τ ∼ 0.7, equation (6.3) gives Q ∼ 4.2 cal cm−2, enough to cause a second-degree burn. It has been estimated that some two-thirds of those who died in the first day after the bombing of Hiroshima were badly burned. A 400 kiloton bomb at two miles will give Q ∼ 85 cal cm−2; you will literally be burnt alive.


Exercise

Verify the claim that a 20 kt bomb will give Q ∼ 10 cal cm−2 at a distance of 6000 feet. How far would you have to be from a 50 kt bomb to receive a 5 cal cm−2 second-degree burn exposure?

Answer

About 2.9 miles.






6.2 Shock wave

Most of the physical destruction caused by nuclear weapons is due to a high-pressure shock wave that propagates outward from the fireball. Normal atmospheric pressure is 14.7 pounds per square inch (psi). Weapons effects are usually stated in terms of the overpressure created, that is, the number of psi generated in excess of this ambient value. Seemingly small overpressures can have devastating effects. An overpressure of 1 psi is sufficient to break ordinary glass windows. Wood frame homes are destroyed under 5 psi overpressures, which is also about the threshold for human eardrum rupture. Eight to ten psi overpressure is sufficient to destroy brick houses and collapse factories and commercial buildings. Multistory buildings will sustain moderate damage at 6–7 psi overpressure, and will be demolished at 20 psi. Even if you are in no danger of being trapped within a collapsing structure, you are not necessarily safe: the threshold for human death from compressive effects sets in at about 40 psi.

As with brightness and thermal effects, blast effects are influenced by meteorological conditions, terrain, surrounding structures, and particularly the height of the explosion above the ground. Here I will consider what weapons designers refer to as an ‘optimum height air burst’, an above-ground explosion that is at an altitude such that the resulting fireball just reaches the ground when it is at its brightest. In their book, Glasstone and Dolan include a slide-rule like device for estimating pressure effects for unshielded locations at a given ‘slant distance’ of d miles to the explosion for a weapon yield Y kilotons (figure 6.1). Numbers generated by this device can be used to develop a simple approximate formula for the maximum overpressure experienced, in psi:
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Consider the Hiroshima Little Boy bomb, which is estimated to have yielded ∼13 kt and was detonated at an altitude of ∼1900 feet. A point on the ground one mile from ground zero would have a slant range of ∼1.06 miles, for which equation (6.4) predicts Pmax ∼ 4.6 psi. Indeed, essentially everything was destroyed out to this distance except for some heavily reinforced concrete buildings. At a slant range of 2 miles from a Fat Man-like 20 kt yield, Pmax ∼ 2.2 psi: your house will be damaged, but you will likely survive if you can avoid flying debris, fallout, and thermal burns. Nowadays, yields of several hundred kilotons are now not uncommon; at two miles, a 400 kiloton yield will give an overpressure of nearly 10 psi, ensuring widespread devastation.

Glasstone and Dolan offer the following approximate expression for the maximum radius of a fireball, in feet, for a weapon of yield Y kilotons:
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This expression is used in the following exercise.


Exercise

In a nuclear exchange with an adversary, you wish to subject an area within a ground distance s = 2 miles (figure 6.1) to an overpressure of at least 5 psi. Your policy is to detonate your weapons at a ‘burst height’ h equal to twice the fireball radius given by equation (6.5). What minimum weapon yield will you require to accomplish your mission?


[image: image]

Figure 6.1. Geometry of burst height, slant distance, and ground distance.



Answer

about 110 kt.






6.3 Neutron scattering

Like any high-energy particle, neutrons cause biological damage by ionizing and dissociating atoms and molecules in the body of an organism exposed to them. Charged particles like alphas and betas are stopped fairly readily in air as they lose energy by causing ionizations, but neutrons are uncharged and so this mechanism is much less effective for them; their only real energy loss results from collisions with nuclei of molecules in the air. In this section I estimate the distance to which neutrons might be expected to be dangerous. I break here with the pattern of preceding chapters and offer a brief derivation of this effect to illustrate how some basic principles of mechanics can be used to estimate a weapons effect.

The distance that a neutron will propagate through a medium depends on two factors: how many collisions are needed to reduce its kinetic energy to a level considered harmless, and how far it travels on average between collisions, that is, its mean free path. Look at figure 6.2. Suppose that a neutron with some initial speed v0 strikes an initially stationary nucleus, and scatters at some angle a; the nucleus recoils at angle b. Let the neutron have speed vn after the collision, and the nucleus speed V.
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Figure 6.2. Neutron–nucleus collision. The struck nucleus is initially stationary.



If the nucleus is of mass number A, we can take the neutron to be of mass 1. If the collision is elastic, that is, if both momentum and kinetic energy are conserved, it is possible to solve for the speed of the neutron after the collision:
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If you are familiar with Compton scattering, the derivation of this expression is very similar to that for the change in wavelength of the scattered photon in that phenomenon.

If the neutron barely grazes the nucleus and continues on its way, that is, if a ∼ 0, then [image: image] ∼ 1, and the neutron loses essentially no kinetic energy. The other extreme is a head-on collision and backwards recoil, that is, a = 180°. In this case [image: image] = (A − 1)/(A + 1), and the neutron loses some kinetic energy. Most collisions will be between these extremes. For sake of simplicity I will assume that the average neutron post-collision speed is given by the average of these extremes, [image: image] ∼ A/(A + 1). The ratio of post-collision to pre-collision kinetic energies will then on average be [image: image] ∼ [image: image]. If a neutron suffers ω successive collisions, then it follows that [image: image]. Now, the goal here is to get an expression for the number of collisions required to reduce the neutron’s kinetic energy to some specified value. We could just solve for ω, but a more compact result can be obtained by invoking some convenient approximations. First, take the logarithm of this result:
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The logarithm on the right side can be simplified as follows. Extract a factor of A from both numerator and denominator to give
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where a binomial expansion was performed in the second-last step, and the approximation ln (1 + x) ∼ x was applied in the last step. (This approximation is valid for −1 ⩽ x ⩽ 1.) With this, we have the desired result:
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Consider fission-liberated neutrons of Einitial ∼ 2 MeV traveling through air. Air is mostly (∼80%) diatomic nitrogen, which has an atomic weight of 28. At room-temperature conditions, particle kinetic energies are typically ∼1/25 eV (from 3kT/2), so I will assume that it is desired to slow neutrons to this energy in order to consider them harmless. Hence
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To estimate the distance traveled between collisions, we can invoke the mean-free-path concept that was used in the analysis of critical mass and tampering in chapter 3:
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For atomic nitrogen, the fission-spectrum-averaged scattering cross-section for neutrons is about 1.8 barns; I double this to account for molecular nitrogen. Air has a density of about 1.2 kg m−3, of which I assume that N2 comprises about 1 kg m−3. In combination with the molecular weight of 28 g mol−1, this gives n ∼ 2.15 × 1025 molecules m−3, and a mean free path of λ ∼ 130 m.

Neutrons will scatter from nitrogen molecules in all directions; to estimate how far they diffuse from the explosion, we can model their flight as a random-walk process. For ω collisions each of step length λ, the mathematics of random walks shows that average distance neutrons reach from their starting point is [image: image]. For the numbers above, d ∼ 2000 m, or a little over a mile. If you are in the vicinity of a nuclear explosion, your more immediate concerns are likely to be heat and blast, but the ‘invisible’ effects of neutron irradiation are not to be discounted.




6.4 A brief tutorial on radioactivity and radiation exposure units

Before discussing the amount of radioactivity released in nuclear explosions, a brief discussion of the units commonly used to quantify rates of radioactivity and its biological effects is in order. Readers familiar with units such as Curies, rads, rems, Biological Equivalent Dose, quality factors and Sieverts can skip this section.

Radioactivity is caused by nuclei undergoing decay processes such as alpha or beta decay or spontaneous fission. The rate of decay of a radioactive source depends on its mass and half-life. From equation (2.13), if you have a freshly-isolated sample of mass m grams of a radioactive material of mass number A and half-life t1/2 seconds, its decay rate, in decays per second, is given by
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The superscript ‘sec’ has been added to t1/2 as a reminder of the units; there will be various conversions involved in what follows.

Two main units of decay rate are in common use. Historically, rates were quoted in ‘Curies’ (Ci), where 1 Ci = 3.7 × 1010 decays per second; this was mentioned briefly in chapter 5. This is the radioactivity of 1 g of freshly-isolated radium-226, which has t1/2 = 1599 years = 5.04 × 1010 s; check the calculation for yourself. More common in current literature is the Becquerel (Bq), named after Henri Becquerel, the discoverer of radioactivity. One Becquerel is one decay per second. This is a very low rate of decay; it is more convenient to speak in terms of millions of Becquerels (MBq); 1 MBq = 106 decays per second. Hence, 1 Ci = 37 000 MBq.

For assessing biological damage, what is important is the amount of energy deposited into a victim by the decays involved. In the following development, it is supposed for simplicity that you have ingested a radioactive source and are thereby exposed to its entire activity; in this way we can avoid dealing with geometrical factors that would be involved with an external source.

Radiologists define the ‘absorbed dose’ (AD) to be the number of Joules of energy deposited per kilogram of body mass. The energy deposited will be the product of the decay rate in Becquerels, the exposure time in seconds, and the energy per decay in Joules. Decay energies, however, are usually quoted in MeVs, so if EMeV is the decay energy in MeVs, then that in Joules will be (1.602 × 10−13) EMeV. Also, exposure times are more likely to be on the order of hours rather than seconds, so, in obvious notation, let us put tsec = (3600)thr. If the decay rate in MBq is RMBq, we can likewise write RBq = 106 RMBq. Putting these various factors together and designating the body mass as Mkg, the absorbed dose can be written as
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The units of AD are formally Joules per kilogram, but in this context this unit is known as a ‘Gray’ (Gy). An older unit, the ‘rad’, was defined as an energy deposit of 100 ergs g−1; you should be able to verify that 1 Gray = 100 rads.

Different types of radiation can do more or less damage than others, even if they are of the same energy. Alpha particles, for example, are relatively heavy and can cause considerable ionization before they are slowed down, whereas beta particles (electrons) are less damaging. To account for this, radiologists have developed a scale of ‘quality factors’ or ‘damage factors’, dimensionless numbers which quantify relative damage levels. Table 6.1 lists some of these factors, which, unfortunately, are also commonly given the symbol Q even though they are not energies.


Table 6.1. Radiation damage factors.

	Radiation
	Damage factor Q
	Photons	1
	Beta particles (<30 keV)	2
	Beta particles (>30 keV)	1
	Protons (1–10 MeV)	10–20
	Neutrons (<0.02 MeV)	3–5
	Neutrons (1–10 MeV);Alpha particles	10–20
	Heavy ions	∼20



For assessing damage, the important number is the ‘Biological Equivalent Dose’ or BED, which is defined as the product of the absorbed dose and the damage factor:
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Here again the unit is strictly Joules per kilogram, but in this context one Joule per kilogram is defined to be one ‘Sievert’ (Sv), named after Rolf Sievert (1896–1966), a Swedish medical physicist.
A Sievert is a lot of exposure; if you are exposed to an acute dose of 5 Sv you will likely die if you are not treated. In everyday life, you should never have occasion to be exposed to even a small fraction of a Sievert. In view of this, a more convenient unit is the ‘rem’, an abbreviation of ‘radiation equivalent man’. One rem is defined to be 1/100 of a Sievert. (Financial analogy: if a rem is a cent, then a Sievert is a dollar.) Expressed in rems, equation (6.14) is

 

[image: image]

We are all exposed to background radioactivity all the time through sources such as cosmic rays, radioactive materials in soil, sea water, building materials, and even from long-lived radioactive potassium within our own bodies. For people living in the United States, the average annual exposure is about 0.5 rem, or about 5 milliSieverts (mSv), although this depends on factors such as the altitude at which you live. For people not working in the nuclear industry, the recommended annual exposure beyond this due to sources such as medical procedures is 0.1 rem; for adults who work with radioactive materials, the limit is 5 rems. It is advisable to limit your use of medical procedures such as CT scans, which can deliver a full rem of exposure. During the Chernobyl reactor accident in Ukraine in April, 1986, some workers were exposed to over 600 rems, and most died before the year was out. In contrast, the maximum estimated one-year exposure around the Fukushima site has been estimated at about 2 rems, but this was in a very localized area.

The body can tolerate a fairly substantial amount of exposure without dire effects, as indicated in table 6.2. It has been estimated that the roughly 100 000 survivors of Hiroshima and Nagasaki received average radiation doses of 20 rems. This would be harmless for most healthy people, but does incur a small increased risk of developing a long-term cancer.


Exercise

Suppose that you ingest 1 g of Pu-239, which would be a very ill-advised meal. Pu-239 is an alpha-decayer (Q = 15) with a half-life of 24 100 years and EMeV = 5.1. If you have a mass of 75 kg and the Pu remains in your body for one hour, what is your BED?

Answer

135 rems.




Table 6.2. Effects of acute radiation exposure. After Glasstone [1] and Sartori [3].




	Dose (rems)
	Symptoms, treatments, prognosis





	0–100
	Few or no visible symptoms. No treatment required; excellent prognosis.



	100–200
	Vomiting, headache, dizziness; some loss of white blood cells. No hospitalization required; full recovery in a few weeks.



	200–600
	Severe loss of white blood cells, internal bleeding, ulceration, hemorrhage, hair loss at ∼300 rems, danger of infection. Treat with blood transfusions and antibiotics. Guarded prognosis at low end of dose range, but probability of death ∼90% at high end of dose range. Cause of death: hemorrhage, infection.



	600–1000
	As 200–600 but more severe. Treatment via bone marrow transplant, but probability of death 90–100%.



	1000–5000
	Diarrhea, fever. Treat to maintain electrolyte balance; death in 2 days–2 weeks due to circulatory collapse.



	>5000
	Immediate onset convulsions and tremors. Treat with sedatives. Death in no more than 1–2 days due to respiratory failure and brain tissue swelling.










6.5 Prompt radioactivity from a nuclear weapon

In addition to their gamma-ray and neutron emissions, nuclear weapons generate enormous amounts of radioactivity. The most damaging prompt radiations are neutrons and gamma rays emitted directly by the explosion and as a consequence of neutron-capture by nitrogen molecules in the surrounding air, which creates more gamma-rays as the excited nuclei shed excess energy. From graphs appearing in chapter 8 of Glasstone and Dolan, it can be estimated that gamma-rays emitted in a 100 kt explosion will deliver a dose of about 100 rems to a slant distance of about 2500 yards; for neutrons from the same explosion, the 100 rem distance is about 2000 yards. Neutrons, however, are more difficult to shield against than gamma-rays; they have to be stopped by collisions—which tends to give rise to more gamma-rays. Beyond these sources, considerable exposure is caused by decaying fission products. Fortunately, many of these products have very short half-lives and so decay quickly, although some have half lives of many years. Also, since alpha and beta particles are strongly attenuated as they pass through air, radiation exposure from these causes falls off much more rapidly with distance than do thermal and shock effects. In general, if you are near enough to a nuclear explosion to suffer acute radiation exposure, you have probably been blasted or burnt to death before the consequences of that exposure will have time to manifest themselves. Despite this, radiation exposure may well be the most feared consequence of a nuclear explosion, perhaps because it is not immediately apparent.

Weapons analysts divide radiation effects into two categories: initial, or ‘prompt’ exposure, and long-term or ‘residual’ exposure. There is no strict distinction between the two, but one minute after the explosion is often taken as a working definition.

‘Prompt’ amounts of radioactivity released in nuclear explosions are fantastic. In another publication, this author has estimated the immediate energy release from the Trinity test to be on the order of 14 trillion Curies from fission products alone [4]. Glasstone and Dolan (p 390) estimate the radioactivity of fission products per kiloton of energy release to be on the order of 30 billion Curies one minute after the explosion, with the mix of half-lives giving a subsequent overall decay with time proportional to time to the power −1.2. That is, if the activity at one minute after the explosion is I1, then the activity at t minutes after the explosion will be I = I1/t1.2.

As with blast and thermal effects, an individual’s exposure to (and reaction to) radioactivity is dependent on factors such as weather conditions and shielding offered by surrounding structures. While an approximate formula for prompt radiation exposure for unprotected individuals has been developed (below), it is essentially impossible to do so for the longer-term effects as they depend on many contingencies: have winds transported much of the fallout to distant locations? Can uncontaminated food and water be provided? Is medical care available? Can people be evacuated from affected areas? In what follows I will look at the prompt dose issue, and the question of the probability of developing a long-term cancer from a dose that is not acutely lethal.

For an unprotected person a distance d miles from a warhead of yield Y kilotons, the prompt dose received, in rems, can be estimated very roughly with the expression [5]
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This expression probably overestimates the exposure in that it derives from an expression valid for hydrogen bombs, for which only about 50% of the energy released is from fission reactions. For a 20 kiloton bomb at 2 miles, Dprompt ∼ 0.6 rems, an almost harmless amount (table 6.2). To receive a 500 rem dose from such a weapon one would have to be at a distance of about 0.83 miles, for which equation (6.4) predicts a shock overpressure of over 8 psi. For a 100 kt yield at d = 2000 yards = 1.14 miles, equation (6.16) predicts ∼ 220 rems, in line with the sum of the gamma and neutron exposures read from the Glasstone and Dolan graphs mentioned above; the overpressure in this case would exceed 10 psi.

Even if you do not receive an immediately harmful dose of radiation, there is a statistical chance that you will eventually die from a radiation-induced cancer. In medical parlance, this would be counted as an excess cancer death. This terminology reflects the statistic that some 20% of the population will die of cancer even if they have never been exposed to any excessive human-caused radiation. (The percentage varies by location and sub-populations, but a blanket average of 20% will serve for making estimates.) Thus, of a group of 100 000 people, we can expect that some 20 000 will die of cancer in the normal course of events. What, then, is an individual’s excess probability of dying by cancer if they have been exposed to some man-made radiation? The effects of ionizing radiation on humans and animals have been extensively studied, and a definitive publication in this regard, The Biological Effects of Ionizing Radiation, has been prepared by the United States National Academy of Sciences. While there is some ‘noise’ in the statistics and one might find slightly different numbers from different sources, the overall result can be summarized with a simple rule: for every 100 rems worth of radiation dosage, your chance of dying by cancer increases to about 24%. If a population of 100 000 acquired 100 rem exposures (a lot of exposure), then some 24 000 would be expected to die of cancer, that is, there would be 4000 excess deaths. This can be expressed as
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For a 1 rem dose, this model predicts 40 excess deaths for a population of 100 000. Of course, it would be impossible to tease out which individual deaths of the (nominal) 20 040 were actually caused by the exposure. Also, these calculations exclude any other causes of death such as accidents, murders, and other medical conditions. By this model, the statistic quoted above that some 100 000 survivors of Hiroshima and Nagasaki received average radiation doses of 20 rem implies some 800 excess deaths in comparison to the estimated 100 000 killed by blast, burns, and acute radiation (chapter 5).

While most fission products decay relatively rapidly, longer-lived ones can present hazards far from the site of a nuclear explosion if they are borne by winds and settle out over agricultural and animal-feeding areas and thus eventually enter the food chain. Of particular concern in this regard is cesium-137, which has a 30 year half-life. The chemistry of cesium is similar to that of potassium, which is readily absorbed by the human body.

It was remarked above that federal regulations in the United States recommend an annual dosage limit of 0.1 rems above background sources. By the above excess-deaths model, exposing the entire country of 320 million people to 0.1 rems would be expected to lead to some 12 800 excess deaths on an annual basis. In comparison, about 30 000 people die in traffic accidents annually, plus about the same number from gunshot wounds.

These calculations may seem rather abstract if you are not in the vicinity of a radiation hazard. But they could be of very real interest to civil officials who might have to decide if, say, a reactor accident warrants an evacuation. A mass evacuation will inevitably lead to some deaths by traffic accidents and psychological stress. Will the nominal number of excess deaths prevented by an evacuation be worth the ones that will be immediate and obvious?
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Chapter 7
                 
Legacy
                                      
By the time of the bombings of Hiroshima and Nagasaki, the Manhattan Engineer District had consumed about $1.9 billion in funding, and had employed nearly a half-million people in constructing and operating its various factories and laboratories. Decades later, the scale and dramatic success of the MED make it easy to forget that it was in many ways a very close call: the Project might equally well have made no contribution to ending the war. Even a few weeks delay in producing bombs beyond when they were ready might have led to very different post-war circumstances had the Japanese surrendered before an invasion by either or both of America and Russia was underway. If an invasion had happened and then bombs had become available, perhaps several might have been used in tactical as opposed to strategic roles. But these speculations are counterfactual and their answers unknowable; we cannot rewind and replay history. In the end, the Project succeeded in producing bombs which had roles in ending the war—and which have left enormous legacies.

These legacies will be with us for decades to come. They include America’s postwar military power and political influence, the enormously expensive Cold War, the thousands of nuclear weapons still extant today, ongoing weapons development programs in potentially unstable countries, the threat of nuclear terrorism, costs of remediating environmental damage at weapons-production and testing sites, and public apprehension with nuclear energy. No other twentieth-century scientific/technological development has had such a profound impact on human affairs. In this section I briefly examine some of these legacies.


                      
7.1 Postwar proliferation, tests, and deployments

In post-war years, advances in weapons design led to the development of both smaller-yield ‘tactical’ (battlefield-scale) warheads and larger-yield ‘strategic’ warheads which could be mounted on a wide variety of delivery vehicles, including bombers, land-, sea-, and submarine-based missiles, landmines, artillery projectiles, terrain-following cruise missiles, torpedoes, and air-to-air, air-to-ground, and earth-penetrating missiles carried by aircraft. In the early 1950s, weapon yields took a quantum leap with the development of fusion-based ‘hydrogen bombs’, which used fission bombs as their triggers.

The physics involved with these improved designs is beyond the scope of this book; some details are given in Atomic Bomb [1]. But a sense of the enormous legacy of the Manhattan project can be gleaned by examining some statistics regarding the growth of nuclear arsenals worldwide since 1945. In the discussion which follows, bear in mind that many countries do not readily divulge information on their nuclear forces; these numbers are best estimates by knowledgeable observers of nuclear affairs. The graphs and tables herein are adopted from Atomic Bomb with some updates as appropriate.

No country that perceived itself as a world power could be without its own nuclear deterrent. The Soviet Union (now Russia) detonated its first atomic bomb, essentially a copy of Fat Man based on information transmitted from agents at Los Alamos, on August 29, 1949. Subsequently, the United Kingdom, France and China developed their own nuclear weapons (1952, 1960, 1964). The United States, Russia, the United Kingdom, France, and China are now known as the ‘primary five’, or ‘P5’ nuclear weapons states; table 7.1 summarizes some P5 nuclear milestones. The British first tested a full-scale fusion weapon in 1957; the Chinese followed in 1967, and the French in 1968.

                                              
Table 7.1. Some nuclear milestones for the P5 nuclear states. (Source [2, 3].) See also table 7.2.
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Table 7.2. Estimated worldwide nuclear warheads, 2013–2016. All numbers should be rergarded as approximate. Data from [5, 8–14]. Note: In [9] the authors estimated a United States stockpile of 4670 warheads. This estimate was prepared before the Defense Department release cited in the text; the authors attribute their overestimate to more warheads having been retired than they had predicted based on preceding average retirement rates.
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In addition to the P5 countries, four other nations are also recognized as nuclear powers: India tested its first weapon in 1974, Pakistan in 1998, and North Korea in 2006. Israel is widely regarded as having acquired nuclear weapons in the 1960s and to possess a stockpile on the order of 80 devices, but maintains a policy of official ambiguity by never having formally declared itself as a nuclear power. Other countries such as Iraq, South Africa, Iran, and Libya had nuclear weapons programs but have abandoned them.

An excellent source of information on nuclear weapons deployments is the bimonthly magazine Bulletin of the Atomic Scientists, which features a regular series of articles under the title Nuclear Notebook prepared by Hans Kristensen and Robert S Norris. In a 2009 article [4], these authors estimated that the United States produced over 66 500 nuclear warheads of 100 different basic types and variants of types between 1945 and 2009. The bomb type of which the most were built was the W68 warhead (yield 40–50 kilotons); over 5200 were deployed on submarines between 1970 and 1991. Some tactical warheads were small enough to be carried by a single person. In the current United States arsenal, the highest-yield warhead is the 455 kiloton W88, which is mounted on submarine-launched ballistic missiles (SLBMs). On the Russian side, the highest-yield weapons are carried by Inter-Continental Ballistic Missiles (ICBMs), and are rated at 800 kt. Figure 7.1 shows the post-war growth of deployed numbers of weapons, that is, those readily available for use. The number peaked in 1986 at about 69 000, but has since been considerably reduced due to the effects of various arms-control treaties between the United States and Russia.
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Figure 7.1. Estimated global nuclear weapons inventories, from [5]. Included in the Total curve are ‘smaller’ nuclear powers (United Kingdom, France, China, Israel, India, Pakistan), which in 2013 were estimated to hold a total of about 1100 weapons. Data for the US and Russia do not include a total of ∼5000 ‘retired’ warheads awaiting dismantlement (table 7.2).


                                                         
Such a spectrum of designs and possible missions naturally demanded an extensive testing program. Between 1945 and 1992, the United States conducted 1030 nuclear tests, plus an additional 24 in conjunction with the United Kingdom. Some tests involved multiple warheads; the total number of detonations involved was 1149. As illustrated in figures 7.2 and 7.3, the United States conducted the most tests.
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Figure 7.2. Distribution of 2056 nuclear tests worldwide by year. The totals for 1958 and 1962 are 116 and 178 tests. For 1958, (US, USSR, UK) = (77, 34, 5); for 1962, (US, USSR, France, UK) = (96, 79, 1, 2). The scale is set to a maximum of 80 to make visible the small numbers of tests in some years. The Soviet Union has not tested since 1990, nor the United States since 1992. The Hiroshima and Nagasaki bombs are not included here as they are considered to be combat weapons, not tests. Individual country scores as of 2017: (US, USSR, France, UK, China, India, Pakistan, North Korea) = (1030, 715, 210, 45, 45, 4, 2, 5). Data from Natural Resources Defense Council; see also [6].
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Figure 7.3. Distribution of 2045 P5 nuclear tests 1945–1996. (US, USSR, France, UK, China) = (1030, 715, 210, 45, 45). The UK figure includes 24 tests conducted underground in the United States. Not included here are one Indian test in 1974, three Indian tests in 1998 comprising five claimed detonantions, two Pakistani tests in 1998, and five North Korean tests in 2006, 2009, 2013, 2016 (2 tests).


                                                         
Tables 7.2 and 7.3 list current estimated warhead deployments and types of delivery systems. In table 7.2, ‘Deployed’ warheads are defined as those on missiles or at bases with operational launchers, whereas the ‘stockpiled’ column includes both deployed and reserve units. ‘Total Inventory’ figures are the sum of stockpiled plus retired weapons. Figures made public by the Department of Defense in early 2016 indicated that the United States’ stockpile of deployed weapons as of the end of fiscal year 2015 (September 30, 2015) was 4571; see [7].

                                              
Table 7.3. Current distribution of warheads by delivery platform. Data from [5, 8–14].
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This number is rounded to 4570 in table 7.2; the release did not address how many warheads are retired and awaiting dismantlement. The United States figure of 2070 deployed weapons includes some 180 non-strategic bombs deployed in Europe. The stockpile figure for Russia includes ∼1850 non-strategic weapons. Of the 160 deployed United Kingdom weapons, 48 are normally deployed on submarines at sea, and of the 290 deployed French weapons, about 80 are normally deployed on one or two submarines at sea.
The decrease in the number of nuclear tests beginning in the early 1960s and the dramatic drop in the number of deployed warheads beginning in the latter half of the 1980s is attributable to the effects of various test-ban and arms-reduction treaties. Some of these are described in the following section.

7.2 Nuclear arms treaties and the baggage of the Cold War
In the 1950s, public concern with atmospheric nuclear tests began to mount with the measureable presence of radioactive fallout that was entering the food chain. In August, 1957, President Dwight Eisenhower announced that the United States would suspend nuclear testing for up to two years if the Soviet Union agreed to a cessation of production of fissionable materials for weapons and the installation of an inspection system to ensure compliance. No agreement was (or has yet been) reached on limiting fissile materials production, but the Soviets responded that they would unilaterally halt all nuclear tests, provided Western nations (the United States and Britain) also stopped testing. In the meantime, technical experts convened in Geneva through the spring and summer of 1958 to consider issues involved in a test ban, concluding that a ban could be verified through a worldwide network of monitoring stations. On October 31 of that year, the then nuclear powers of the world, the United States, Britain, and the Soviet Union, began negotiations on a comprehensive nuclear test ban. All three countries also began a one-year testing moratorium, which explains the gap in figure 7.2 at this time.
In August, 1959, as negotiations continued, President Eisenhower extended the United States moratorium to the end of that year; the Soviets announced that they would not resume testing so long as the Western powers continued to observe a moratorium. The American self-moratorium expired on December 31, at which time Eisenhower announced that America felt free to resume testing, but would not do so without advance notice. A few weeks later, however, the French carried out their first test. International tensions began rising with the construction of the Berlin wall in August, 1961, and the Soviets resumed atmospheric testing on September 1 of that year. The Soviets carried out 59 tests over the remainder of that year; the United States responded with a series of underground tests beginning on September 15, and resumed atmospheric testing in the spring of 1962.
Despite these setbacks, progress was made on a proposal to ban atmospheric testing. The result of these negotiations was the Limited Test Ban Treaty (LTBT). This treaty prohibits nuclear weapons tests or any other nuclear explosions in the atmosphere, in outer space, under water, and in any other environment if such explosion causes radioactive debris to be present outside the territorial limits of the country under whose jurisdiction or control such an explosion is conducted; it does not prohibit underground tests. The LTBT came into force on October 10, 1963. At present, it has been ratified by 126 nations (‘states’, in UN legal parlance), with 10 others having signed but not yet ratified. A number of smaller counties have not signed the LTBT, but two notable large non-signatories are France and China.
Perhaps the most significant nuclear agreement is the 1970 Treaty on the Non-Proliferation of Nuclear Weapons, which is known as the NPT. The NPT recognizes two classes of countries: Nuclear Weapons States (NWS), which in 1970 comprised the P5 countries, and Non-Nuclear Weapons States (NNWS). A total of 190 nations are party to the NPT, but four nuclear powers are not: India, Israel, Pakistan and North Korea. (North Korea acceded to the NPT, but later withdrew; the treaty gives signatories the right to withdraw upon 3 months notice.) Under the terms of this treaty, the P5 states agree to not transfer ‘nuclear weapons or other nuclear explosive devices’ and ‘not in any way to assist, encourage, or induce NNWS to acquire nuclear weapons’. For their parts, NNWS states agree not to ‘receive, manufacture or acquire’ nuclear weapons or to ‘seek or receive any assistance in the manufacture of nuclear weapons’. They must also accept safeguards mandated by the International Atomic Energy Agency to verify that they are not diverting nuclear research from peaceful uses to nuclear weapons programs. The treaty allows for transfer of nuclear technology and materials to signatory countries for the development of civilian nuclear energy programs, so long as they can demonstrate that those programs are not being used for the development of nuclear weapons. While the treaty also imposes a vague, non-binding, obligation on all signatories to move in the general direction of nuclear and total disarmament, the NPT imposed no restrictions on the number of warheads that NWS could possess. The United States and Russia have negotiated separate warheads-numbers pacts (below), but at present there is concern in the arms-control community that a lack of ongoing negotiations could threaten the future viability of the NPT.
The most ambitious effort to halt nuclear testing altogether is the Comprehensive Nuclear-Test-Ban Treaty (CTBT), which would ban all nuclear explosions in all environments for any purposes. It was adopted by the United Nations in September, 1996, but it has not yet entered into legal force as five signatories (China, Egypt, Iran, Israel, and the United States) have not yet ratified it; India, Pakistan, and North Korea have not signed the treaty. The US Senate rejected ratification of the CTBT in October, 1999, over concerns that other countries could easily cheat. However, the argument that violations could go undetected is no longer sustainable. The Preparatory Commission for the Comprehensive Test Ban Treaty Organization, which is headquartered in Vienna, was created to build a verification system comprising a worldwide network of detection and analysis facilities which include seismological, hydroacoustical, infrasound, and radionuclide sensors. The sensitivity of the system is evidenced by the fact that fission products from the low-yield underground North Korean test of 2006 were readily detected at a monitoring station in northern Canada. A cheater might conceivably get away with a very low-yield nuclear explosion, but such a weapon would be of little practical value.
Even though the United States has not ratified the CTBT, it has abided by its provisions, and has not conducted a nuclear test since 1992. This, however, raises an important issue: if weapons cannot be tested, how confident can one remain of their safety and reliability as they age? In response to this, the National Nuclear Security Administration has established the Science-Based Stockpile Stewardship program. In this program, weapons components are routinely subject to analyses to monitor their aging processes, and they can be refurbished or replaced as needed. At least one new weapon in the current US arsenal, the Earth-penetrating B61 Mod-11 bomb, was deployed without testing in 1996.
Other treaties limit numbers of warheads. The first such effort was the 1991 Strategic Arms Reduction Treaty (START) between the US and the USSR, which limited these countries to deploying no more than 6000 warheads atop a total of 1600 ICBMs, SLBMs, and bombers. By late 2001, this had resulted in the removal of about 80% of all strategic nuclear weapons then in existence. START was succeeded by the Strategic Offensive Reductions Treaty (SORT) of November 2001, which called for both sides to reduce operationally deployed strategic warheads to 1700–2200 by 2012. The most recent agreement is the ‘New START’ treaty, which was signed by the US and Russia in April, 2010. This treaty requires these two countries to reduce their arsenals to 700 deployed ICBMs, SLBMs, and heavy bombers, with a total of 1550 warheads on deployed ICBMs, SLBMs, and ‘warheads counted’ for heavy bombers. The total number of deployed and non-deployed ICBM launchers, deployed and non-deployed SLBM launchers, and deployed and non-deployed bombers is separately limited to 800. Table 7.4 shows some estimated eventual warhead numbers. The New START numbers for the US are based on assuming 420 Minuteman III missiles, with each carrying a single warhead; 240 SLBMs, each of which carries four warheads; and 60 bombers. According to the treaty’s counting rules, each bomber is counted as carrying only one warhead even if it is physically capable of carrying more; although the United States would have 1440 ‘accounted’ warheads in this scheme, the actual number could be up to about 1800. These limits are to be accomplished within seven years after the treaty enters into force, which occurred in February, 2011. At the time of writing, less than a year remains until these limits are to be reached. While there is no reason to believe that this will not be the case, the recent rise in east/west tensions has so far precluded any follow-on negotiations.
Table 7.4. Estimated nuclear arsenals in 2010 and after the New START reductions. Numbers are deployed warheads under New START counting rules. Data from [15].
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The numbers in table 7.4 appear to give the United States an advantage, but they do not account for Russia’s significant advantage in numbers of tactical weapons, which no treaty has yet addressed.

As the numbers of American and Russian weapons continues to decline, other complications will come into play. At what point do other countries need to be brought into the negotiations, and with whom will America and Russia accept parity? Will countries be willing to accept more intrusive inspections designed to prevent cheating? What do military strategists see as the role of nuclear weapons in a world more concerned with rogue terrorism than the possibility of large-scale wars? Even high-level officers have acknowledged the declining importance of nuclear forces in the post-Cold-War world. In May, 2012, General James E Cartwright, a former Vice-Chairman of the Joint Chiefs of Staff and commander of the United States Nuclear Forces, remarked in the New York Times that the United States’ nuclear deterrence could be guaranteed with a total arsenal of 900 warheads, with only half of them deployed at any one time. As Cartwright wrote, ‘The world has changed, but the current arsenal carries the baggage of the cold war. There is the baggage of significant numbers in reserve. There is the baggage of a nuclear stockpile beyond our needs. What is it we’re really trying to deter? Our current arsenal does not address the threats of the 21st century’. For students interested in arms-control and non-proliferation policies, plenty of work remains to be done.




7.3 Final thoughts

The world’s arsenals of nuclear weapons are the most obvious legacy of the Manhattan Project, but there are many others. It is no exaggeration to say that the Project turned the course of history, and completely changed the relationship between science and society. Before World War II, annual federal funding for research in the United States was measured in the millions of dollars; it now runs into the tens of billions of dollars to support organizations such as the Office of Naval Research, the National Science Foundation, NASA, the Environmental Protection Agency, the Defense Advanced Research Projects Agency, and numerous national laboratories such as Los Alamos. Many of the scientists who were involved in the Manhattan Project went on to distinguished careers, mentoring numerous students and developing technological innovations that underlie modern electronic devices, computers, defense technologies, and medical treatments.

Nuclear weapons will be with us for decades to come; they cannot be un-invented. They have immense political influence. Military budgets, defense strategies, force deployments, bureaucracies, defense pacts between nations, and thousands of government and contractor employees are involved. Once established, such systems take on lives of their own, and can persist for decades even after events have rendered their original missions irrelevant. Bureaucratic inertia can be just as powerful as nuclear energy.

Fortunately, significant efforts are now being made to preserve some sites and structures associated with the Manhattan Project. In 2003, Congress requested the Department of Energy (DoE) to develop a plan for preserving Project sites. Under an agreement with DoE, the Atomic Heritage Foundation of Washington, DC, took on this task. In 2004, the AHF released a report recommending a Manhattan Project National Historical Park comprising properties located at Los Alamos, Oak Ridge, and Hanford. In September, 2004, Congress passed the Manhattan Project National Historical Park Study Act, which authorized the National Park Service (NPS) to study whether to create such a park. In July, 2011, the NPS and the DoE submitted joint recommendations to Congress for a park with units at the sites indicated above. The Manhattan Project National Historical Park Act (MPNHPA) was introduced in Congress in 2012, and on June 14, 2013, the House of Representatives voted to include it as an amendment to the 2014 National Defense Authorization Act (NDAA). The Senate dropped this amendment, but it was reintroduced in the Fiscal Year 2015 NDAA put forth in April, 2014. The House of Representatives passed this bill on December 5, 2014, by a vote of 300–119; the Senate followed one week later by a vote of 89–11, and President Barack Obama signed it into law one week after that [16].

The national park designation brings the force of federal law into insuring that Project sites will be preserved and accessible to the public. In all, over 40 properties are officially designated as part of the park, with provision for adding others later; those already designated include the B Reactor at Hanford, Y-12 Calutron buildings at Oak Ridge, buildings at Los Alamos where the first bombs were assembled, and Oppenheimer’s house at Los Alamos. Going forward, the Departments of Energy and Interior will develop protocols for ensuring safe public access, preservation, and interpretive materials. Future generations will have the privilege of visiting places and artifacts from one of the most remarkable undertakings in human history.
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	This website is maintained by this author, and makes freely available a number of spreadsheets and programs for performing physics calculations like those in my book The Physics of the Manhattan Project. Also available are a Manhattan project timeline and copies of the Resource Letter papers listed above <http://manhattanphysics.com>



	Nuclear Secrecy
	Historian of science Alex Wellerstein maintains a blog about nuclear secrecy; particularly interesting is an interactive nukemap application that allows users to see the effect of detonating a nuclear weapon of a given yield at a given location <http://blog.nuclearsecrecy.com>



	Nuclear Weapon Archive
	This extensive website includes material on wartime, postwar, and current nuclear weapons issues, and links to other interesting sites <http://nuclearweaponarchive.org/>



	Trinity
	The official Los Alamos report on the Trinity test <http://library.lanl.gov/cgi-bin/getfile?00317133.pdf>An article published by Los Alamos on the twentieth anniversary of the test Reach to the Unknown <library.lanl.gov/cgi-bin/getfile?00847093.pdf>Photographs, documents, maps, videos, transcripts of personal reminiscences, and bibliographies of printed and online sources regarding the test <www.trinityremembered.com>A number of photographs of nuclear weapons tests <http://www.abomb1.org/lanltech/index.html>
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Glossary of Symbols




Some symbols are used to represent more than one quantity. In some cases, section numbers where a symbol is introduced or prominently used are indicated in [square brackets].



	Symbol
	Meaning and comments



	A
	Atomic weight (g mol−1); mass number



	AD
	Absorbed dose in analysis of radioactivity exposure [6.4]



	Afissile
	Atomic weight (g mol−1) of fissile material in analysis of (α, n) reactions [2.6]



	Aimpurity
	Atomic weight (g mol−1) of impurity material in analysis of (α, n) reactions [2.6]



	B
	Magnetic field strength an analysis of isotope separation [4.1]



	BED
	Biological Equivalent Dose in analysis of radioactivity exposure [6.4]



	Ci
	Curie; rate of radioactive decays. 1 Ci = 3.7 × 1010 s−1



	E
	Energy



	Ebarr
	Fission barrier energy [2.5]



	Ef
	Energy per fission (MeV)



	EMeV
	Decay energy in MeV in analysis of radioactivity exposure [6.4]



	F
	Enrichment of feed fuel in a reactor [4.3]



	G
	Number of fission generations [2.2]



	Mbare
	‘Untamped’ critical mass corresponding to critical radius Rbare (below)



	Mcore
	Mass of bomb core



	N
	Number of nuclei [2.2]; number of neutrons in nucleus [2.5]; density of neutrons in detonating core [3.4]



	NA
	Avogadro’s number



	[image: image]
	Rate of neutron emission from background sources [5.1]



	P
	Pressure; power in analysis of plutonium production in a reactor [4.3]



	Pno-pre
	Probability that core will not pre-detonate



	P0
	Initial gas pressure in adiabatic expansion of gun-bomb triggering [5.2]



	Q
	General symbol for energy released in a reaction, usually in MeV; radiation damage factor [6.4]



	R
	Decay rate [2.6]; general radius of bomb core during explosion [3.3]



	Rbare
	Threshold critical radius of untamped bomb core



	Rcore
	Initial radius of bomb core



	RMBq
	Decay rate in millions of Becquerels in analysis of radioactivity exposure [6.4]



	Rshut
	Radius of core at second criticality



	Rtamp
	Outer radius of tamper



	Rα
	Rate of alpha-decays



	Rn
	Rate of emission of neutrons from (α, n) reactions [2.6]



	S
	Number of stages in gaseous diffusion analysis [4.2]



	T
	Temperature



	U
	Energy density



	Vacc
	Accelerating potential in analysis of electromagnetic enrichment [4.1]



	Vf
	Final gas volume in adiabatic expansion of gun-bomb triggering [5.2]



	V0
	Initial gas volume in adiabatic expansion of gun-bomb triggering [5.2]



	Y
	Weapon yield or fractional yield



	Z
	Atomic number



	a
	Angle in analysis of neutron scattering [6.3]



	aC
	Coulomb energy parameter [2.1]



	aS
	Surface area energy parameter [2.1]



	b
	Brightness in analysis of bomb fireball with subscripts F for fireball and S for Sun [6.1]; angle in analysis of neutron scattering [6.3];



	d
	Distance; characteristic core dimension [3.1]



	k
	Boltzmann’s constant



	kt
	Kiloton (4.2 × 1012 J)



	mheavy
	Mass of heavy-isotope species in gaseous diffusion analysis [4.2]



	mlight
	Mass of light-isotope species in gaseous diffusion analysis [4.2]



	n
	Nuclear number density of core material [3.1]



	nfissile
	Nuclear number density of fissile material in analysis of (α, n) reactions [2.6]



	nheavy
	Number density of heavy isotope in gaseous diffusion analysis [4.2]



	nimpurity
	Nuclear number density of impurity material in analysis of (α, n) reactions [2.6]



	nlight
	Number density of light isotope in gaseous diffusion analysis [4.2]



	t
	Time



	tcore
	Time to complete core assembly following first criticality



	thr
	Exposure time in hours in analysis of radioactivity exposure [6.4]



	tsec
	Exposure time in seconds in analysis of radioactivity exposure [6.4]



	t1/2
	Half-life



	y
	Reaction yield; usually in sense of (α, n) reaction [2.6]



	vneut
	Average neutron speed



	α
	Parameter in analysis of fission energy [2.1]; parameter in analysis of efficiency [3.4] and pre-detonation probability [5.1]



	β
	Parameter in analysis of fission energy [2.1]



	ε
	Parameter in analysis of tamped criticality [3.3]



	γ
	Adiabatic index in gun-bomb triggering [5.2]



	η
	Parameter in criticality analysis [3.1]



	Δ
	Mass excess [2.1]



	λ
	[image: image] in analysis of tamped criticality [3.3]



	λfiss
	Mean free path for neutron fission



	λtrans
	Also [image: image]. Transport mean free path for neutrons in fissile material



	[image: image]
	Transport mean free path for neutrons in tamper material



	σelas
	Elastic scattering cross-section



	σfiss
	Fission cross-section



	σtrans
	Neutron transport cross-section



	v
	Number of secondary neutrons per fission



	ρ
	Mass density



	ρ0
	Initial mass density of bomb core; usually the ‘normal’ density of the fissile material



	τ
	Travel time for neutron to cause fission; atmospheric transmittance in analysis of radiant energy in a nuclear explosion [6.1]



	ω
	Number of collisions sustained by neutron to be slowed to a specific energy [6.3]
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