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Author’s Note

An Inside Joke




The word atomic in the title of this book is an antique term that will not go away. It has a certain charm, and its occasional use in discussions of nuclear topics is an echo of an old and largely forgotten bit of literature.

In 1909 Frederick Soddy, a chemist who worked with the great physicist Ernest Rutherford in Canada, published a book detailing recent discoveries in elemental radiation sources, Interpretation of Radium. He and Rutherford had confirmed the existence of energetic rays coming from the recently discovered metal, radium, by a process of the metal’s disintegration into a lesser element. Marie Curie, who discovered radium, named this new type of energy radiation, and speculation as to its possible application began immediately. Rutherford playfully suggested that if one could find the proper detonator, it might be possible to set off a wave of disintegrations through a solid piece of radioactive metal, which would “make this old world vanish in smoke.” Soddy agreed, but he was not concerned about it due to the simple logic that this particular advancement was still in the realm of fantasy.

Soddy’s book was picked up by a famous science fiction writer named H. G. Wells. Wells was by then a well known and successful author, having published The Time Machine in 1895, The Invisible Man in 1897, The War of the Worlds in 1898, and The First Men in the Moon in 1901. He had re-invented the science fiction genre, or at least had given it new life after Jules Verne. Interpretation of Radium gave him an idea for a new novel, and in 1914 he published The World Set Free.

The book was not Wells’ most popular work, and it can be hard to find, but it may well have been his most important. In The World Set Free Wells predicts a world war in which unusually powerful bombs are dropped. The bombs use radioactive decay as the explosive component, and only one can destroy an entire city. He named these destructive devices “atomic bombs.”

Technically, Wells’ description of the technology in these weapons was puzzling at best. He gave the following explanation of the mechanism:


Those used by the Allies were lumps of pure Carolinum, painted on the outside with unoxidized cydonator inducive enclosed hermetically in a case of membranium. A little celluloid stud between the handles by which the bomb was lifted was arranged so as to be easily torn off and admit air to the inducive, which at once became active and set up radio-activity in the outer layer of the Carolinum sphere. This liberated fresh inducive, and in a few minutes the whole bomb was a blazing continual explosive.



Although the scientific descriptions made no sense, the book was popular at least among socially challenged technologists, and it was widely read in the small community of nuclear scientists. Predictions in the book were amazingly accurate, saying that the problem of artificially induced radioactivity would be solved by 1933. Leó Szilárd, a brilliant physicist from Hungary, read the book in 1932 and was inspired to think of ways to accomplish the radiation release. In 1933 he solved the problem of self-sustained nuclear fission, and in 1934 he filed a patent for the nuclear reactor.

By World War II the term atomic had vanished over the hill, as the nucleus had been discovered by Rutherford in 1911 and radiation was known to originate in nuclear decay or splitting, and not by any atomic process. Atomic processes, such as chemical reactions, involve the relatively weak electron cloud surrounding the nucleus. It is the powerful nuclear binding forces that proved to be the greater energy source, the source of radiation. In the highly secretive world of nuclear research during the war, descriptive titles or terms were discouraged, and everything had to be given a cute name. The test bomb in New Mexico was called the Gadget. The bomb dropped on Hiroshima was called Little Boy, and the one dropped on Nagasaki was Fat Man. They called the class of nuclear weapons developed during the war the atomic bomb, straight out of H. G. Wells’ absurd description of his highly destructive device, with a wink. It was an inside joke.

Immediately after the war, the world was informed of the secret nuclear work, and the term atomic bomb from H. G. Wells’ inspirational novel spilled into the public view. From that point it was hard to stop, and the term became official in 1946, when the Congress of the United States established the Atomic Energy Commission. It was an uncomfortably obsolete name for a serious government agency, and it was finally killed in 1974, when the AEC was replaced by the more dignified-sounding United States Nuclear Regulatory Commission. The term continues on in the names of the Japanese Atomic Energy Commission, the Pakistan Atomic Energy Commission, the Atomic Energy Commission of India, the Commissariat á l`Énergie Atomique of France, and in an occasional book title.








Introduction

The Paradox Inside a Puzzle Inside a Fantasy




The purpose of this book is not to sell nuclear power. The advantages of nuclear power have been sprayed liberally on the public since before there was any such thing. Some of the first inklings of this new source of energy came in 1939, when the common perception of a looming energy crisis seemed unusually acute. Douglas W. F. Meyer wrote a piece for Discovery magazine, titled Energy from Matter.1 His article began:


The possibility of making use of the latent energy of the atom is one that has fascinated technicians ever since it was first realized that natural sources of power are limited. Although we are not yet able to say that atomic power is “just around the corner,” there are indications that a step towards attaining it has been made during the last few months. Already, in New York, atomic power has been used to start chemical reactions, whilst in France, scientists engaged in research on this topic are getting worried at the thought of liberating energy in sufficiently vast and sudden quantities to blow themselves and their apparatus out of existence.



The timing of Meyer’s article could not have been more relevant.

World War II had begun in Europe only a few weeks after this article appeared, and suddenly talk of latent energy from the atom stopped cold, while military uses were pursued vigorously and a wall of secrecy was erected to cut off any information flow. Six short years later, in August 1945 two atomic bombs were dropped on Japan, and two weeks later an official account of what had transpired behind the wall was published: Atomic Energy for Military Purposes: The Official Report on the Development of the Atomic Bomb under the Auspices of the United States Government, 1940–1945, by Henry DeWolf Smyth, the chairman of the Department of Physics at Princeton University.2 With the publication of this book, the public imagination was re-ignited and the subject of limited natural sources of energy was once more a serious consideration. The battle for hearts and minds began on an industrial scale, as key aspects of the wartime nuclear research were declassified for use in building a civilian-controlled nuclear source for electrical power.

It was not an easy sell. Nuclear power had two conflicting characteristics. On one side was the horrible super-bomb that could obliterate civilization both instantly and with a lingering death by radioactive fallout for any survivors. The super-bomb remained in development for decades, and it did not become gentler or less threatening. When the predicted diameter of the bomb-crater started to exceed five miles, estimates of damage became abstract and meaningless. The public was advised to save itself from nuclear weapons by digging a deep hole in the back yard. There were government pamphlets offering plans for the hole, and elementary schools ran “bomb drills.” This was not creating a favorable atmosphere for nuclear topics.

On the opposite side was the promise of clean, abundant power, without the need to import burnable hydrocarbons from other countries. The United States could achieve energy self-reliance without polluting the atmosphere with soot or needing anything from anybody outside its borders. The public had to be convinced that nuclear bombs and nuclear power were two completely different technologies, and one should not think of vaporization and sterilized craters when thinking of nuclear power. That was true, of course, but there was still an intersection of the two concepts on the subject of radioactive debris left over from nuclear fission, which was the common power-source for both the bombs and the electrical plants. This intersection remains a problem with the public perception of nuclear technology to this day.

In retrospect at least, the post World War II years were wildly optimistic and forward-looking, and it was an optimum time to explore radical new ideas for energy production. In a speech to the National Association of Science Writers on September 16, 1954, Lewis L. Strauss, Chairman of the Atomic Energy Commission, is quoted as saying, “It is not too much to expect that our children will enjoy in their homes electrical energy too cheap to meter…”3

It was a wonderful speech, but the “energy too cheap to meter” statement was optimism shot out-of-range, and it comes back to haunt nuclear engineering on a regular basis. It would have been more predictive for Strauss to have said, “It is not too much to expect that our children will enjoy in their homes electrical energy that is more expensive than coal, but it will never be blamed for global warming.” Strauss’s Atomic Energy Commission, or AEC, had the schizophrenic tasks of publicly promoting civilian nuclear power projects with a positive outlook, saving the public from worrisome details of possible problems in nuclear technology, and controlling the nuclear arsenal. In governmental fashion, clumsy denials and unnecessary levels of secrecy only degraded the public trust as the age of optimism became the age of skepticism near the end of the 1960’s.

By the 1970’s the United States had made it through the experimental phase of nuclear energy without any show-stopping problems and was trying to do a nation-wide conversion, but environmental and public-safety factions had begun serious campaigns to stop the progress and send the country back to pre-atomic-power levels. Nuclear engineering, under withering attack, was somewhat bewildered by the attention and circled the wagons. Under fire, nuclear engineering is to engineering as modern Islam is to religion. It became more conservative and fundamentalist. Criticism from outside was so severe that internal criticism became more than the system could tolerate. Designs of nuclear reactors, plants, auxiliary mechanisms, and associated facilities, such as waste-disposal systems or fuel-handling strategies all became more conservative, with less engineering risk or innovation.

Under this cloudy atmosphere in March 1979, the number two reactor unit at the Three Mile Island, or TMI, nuclear plant in Harrisburg, Pennsylvania, lost the water-cover over its core and melted due to a series of operator errors. Public hysteria and the capital losses for the General Public Utilities Corporation were strikes against the expansion of nuclear power in the United States.

It is often said that the loss of TMI Unit 2 caused the death of nuclear power expansion in the United States. This is not true. The nuclear power expansion was already dead years before the TMI disaster. TMI was merely the “last nail in the coffin.” It was not the fear that plants were going to go up in mushroom clouds or that cities risked being evacuated, it was the fundamental cost of the expansion. The words of Lewis Strauss were still ringing, and civilization had not reached the point of maturity at which it could realize that we had, for as long as we could remember, been using the lowest bidder for our energy needs. Coal was not being burned because it was the cleanest way to derive electricity, or even the most convenient. Coal was being burned because it was the cheapest.

Strauss had been at least partially correct when he said that nuclear power would be “too cheap to meter.” The cost of the fuel to burn, including its mining, processing, storage, and transportation, was practically zero. A great deal of power comes from a tiny amount of nuclear fuel. The problem is the up-front capital cost of the plant itself. A coal plant is cheap to build and expensive to run. A nuclear plant is cheap to run and expensive to build. From a total expense standpoint, it is a lot better to have the expense spread out over the life of the plant as fuel costs than to pay interest on the initial build for the life of the plant. Economics is what killed the expansion, and not the TMI-2 meltdown.

With the expansion stopped in 1977 due to economic realities, nuclear power went into a coma. Requests for building permits stopped. Orders for reactor units stopped. Some plants for which construction was already in progress continued to be built, but some nuclear plant building projects were abandoned, and some designs were converted to coal. Electrical power delivered in the United States by nuclear reactions stopped at 20 percent, where it has remained ever since. Nuclear power is the walking dead of energy production, neither progressing nor falling away.

In April 1986, an aging graphite reactor at Chernobyl in the Ukraine, Soviet Union, exploded and melted, evacuating the city of Prypiat, destroying a power plant, sending a cloud of radioactivity over Northern Europe, and damaging Russia’s reputation as a technical force. The effect in the United States nuclear community was not felt, for nuclear technology in America was already dead.

The reason why it is not the purpose of this book to sell nuclear power is because there is no longer a reason to sell it. Nuclear power, waiting quietly in its coma, has now become inevitable. That is, the ultimate need for nuclear power has finally caught up with its mad dash to develop. Whether you like it or not, the industrial world no longer has a choice. The age of burning coal and gasoline is over, as atmospheric chemistry and general environmental pollution have approached states of crisis, and hydrocarbons are becoming too expensive to burn. We need wind power, solar power, geothermal, hydro, and anything else we can think of, but the base power-source must be constant-running, high-output nuclear stations. The expansion of nuclear power is awakening as you read.

You, dear reader, have already formed an opinion concerning nuclear power, positive or negative, and either position is likely formed for the wrong reasons. For the past 30 years, ever since nuclear technology was put in hibernation, public education on nuclear technology has nearly ceased. Nuclear engineering programs in technical institutes have dried up, research reactors have been decommissioned and torn down, reactor and auxiliary systems manufacturers have gone out of business or been sold to foreign interests, and nuclear engineers have become authors. You may not fully understand what you are opposed to or what you are in favor of simply because nuclear science education, from elementary through graduate school, has been under-represented for the past three decades.

The purpose of this book is to start over from the beginning and give you a clean view of the history of nuclear power. This is not an AEC-approved look at the triumphs of nuclear technology, nor is it a scathing condemnation of everything nuclear. It is an attempt to tell you the fascinating story, which began with a fantasy of things which cannot be seen, touched, smelled, tasted, or heard, and how the awakening of this fantasy will become the reality of our future.

If you happen to have ever worked in scientific research, then you were or you remember a certain type of researcher. This type is the orthodox, inerrant atheist, who gives no quarter to a thought of anything supernatural, or anything that is not specifically allowed in the present physical model of the universe. These researchers keep you thinking straight, and prevent you from wandering off the path and down some rabbit-hole, and as such they are invaluable. They prevent much wasted time, unproductive effort, and silliness, and science would get lost without them. However, they are worthless if you want to discover something. They make fabulous lab-assistants, but if you want to do some research out on the edge, they will only hold you back. If our present physical model of everything is absolutely correct, then there is simply nothing else to discover, and anything that would question the model’s correctness is not allowed. To push the model forward you must be able to think that the impossible may be possible.

Consider Sir Isaac Newton, the man who invented the calculus, formulated the laws of motion, and founded the science known as physics. He was a prolific writer, and three quarters of everything he wrote concerned spiritualism and the occult.4 Dr. Albert Einstein, world famous for his theories of relativity and the photoelectric effect, shook physics to its core and changed it for all time. He spent the last decades of his life pursuing the unified field theory, which was so mathematically abstract it seemed closer to a religion than physics, and at the same time he also wrote papers on theology. These are extreme examples of genius, to be sure, but the point is that without at least a slight allowance for an awe of the supernatural, the known laws of physics would have likely remained primitive.

Such was the situation around the end of the nineteenth century. Through an unprecedented hundred years of technical achievement and innovation, the world had reached what seemed a pinnacle of scientific knowledge. Steam engines of great power and efficiency drove the mechanisms of civilization. Turbines and internal-combustion engines had been built, electric lighting was in use, and telegraphy linked the new and old worlds together in nearly instant communication. The light from the Sun and stars was understood to be a result of frictional heating, as particles of debris in the void of space collided with each other as they were drawn together by Newtonian gravity. There was no worry of the Sun’s dimming out, because scientific calculations showed that there was enough friction to keep it going for another couple of hundred years. One of the often-repeated tenets of physics was in full force: If you cannot detect or measure something, then it does not exist.

Into this supremely confident atmosphere dropped, suddenly and without warning, a new, disturbing observation concerning a curious substance called uranium. An inert lump of uranium was able to influence a photographic plate, at a distance and with indifference to light-shielding. This newly found influence was naturally occurring radiation. Although radiation was indisputably a physical phenomenon, and it followed the cannot-detect-or-measure rule, the discovery still overturned several tables. Further measurements confirmed that, although we had never realized it, the human race had been subjected to bombardments by radiations of many types since the very beginning, whenever that may have been.

To the scientific confederacy of lab assistants, the idea of radioactivity seemed, at first, supernatural. It was a fantasy. To the common mob, largely unwashed by the fire-hose of knowledge, the radiation hypothesis was not so difficult to believe. They mostly, after all, believed in ghosts and faeries, and another fantasy on the pile was not a stretch. Once this door was cracked opened, discoveries began appearing on a daily basis, and physics was headed down a road of no return, finding that the very nature of matter was intertwined with this invisible radiation. Fantasies compounded on fantasies, as theories began to interlock. The structure of the atom was discovered, and then the structure of the nucleus of the atom was discovered. These were things that could not be seen or touched, and were apparent only through oblique experimentation. Atop this were thrown the theories of relativity, making the universe large and incomprehensible, and added to that were the theories of quantum mechanics, as if relativity wasn’t enough to test our ability to believe.

As the great Danish theoretician Dr. Niels Bohr once said, “If quantum mechanics hasn’t profoundly shocked you, you haven’t understood it yet.”5 The ever complicating theoretical landscape of the 1930’s made ghost and faerie stories seem plausible, in comparison. In theory, mass and energy were interchangeable. Inside the immense fantasy of nuclear physics was discovered the Great Puzzle. You could change matter directly into energy. But how, exactly?

Into this supremely theoretical atmosphere dropped World War II. The United States, being a free and open society beyond the bomber-range of Nazi Germany, found itself the gathering point for the great, expatriated nuclear physicists of Europe, Einstein among them. This was an ideal situation. There was worry that the scientific residue left in Germany could build a weapon using the mass-to-energy principle. If so, they could wipe out the entire Western Civilization, in theory. The United States had become the center of the nuclear physics world. Unmolested by bombing raids or a lack of supplies, and having the formidable American industrial capability, we quickly solved the puzzle. The turning point was a single experiment, designed by an Italian, and performed at the University of Chicago, on a day in December 1942. The experiment was flawless, conforming exactly to the predictive mathematics, and running without a hitch. It was the first nuclear reactor, and the experiment proved that a self-sustaining chain-reaction of uranium disintegration was possible, producing energy directly from mass-conversion. Ninety days later the world’s first set of power-producing nuclear reactors was designed and built. The transition from theoretical fantasy to an industrial process was astonishingly fast and direct, and has never been equaled.

Unfortunately, all of this exciting work and discovery was kept in the highest secrecy for military reasons. The public’s first knowledge of nuclear energy was the dropping of two atomic bombs on Japan. Death from the radiation of an unshielded, uncontrolled nuclear reaction, buildings flattened by shockwaves, blistering heat, fire, radioactive fallout, and lingering contamination was our introduction to nuclear power.

Fully opening the puzzle after the war revealed within it a head-spinning paradox. Nuclear power had the characteristics of an ideal solution to mankind’s growing problems with energy production. Unlike other practical sources of power, such as burning coal, oil, or even wood, nuclear power converts matter directly to energy without burning, using an otherwise worthless mineral component, uranium. Nuclear power produces no atmospheric gases and uses up no expensive organic chemicals, and there is no practical limit to the amount of uranium available. The paradox is that this seemingly perfect form of energy production is dangerous in ways that mankind has never seen, as was obvious from its first industrial application as a city-destroying weapon.

Even the deadly aspects of the puzzle in the fantasy were stranger than normal. All you had to do to get killed was bring two pieces of pure uranium close together, with your bare hands. The inert pieces of metal would “go critical,” suddenly generating serious power atop a lab-bench, and blasting you with many types of radiation in hyper-deadly quantities. It glowed, but it would not even glow red, as one would expect from the pre-fantasy days of steam-technology, but with an unworldly greenish-blue. The radiation alone would drop you where you stood, fried to a golden tan, from the inside out, dead as a fish-stick in the toaster-oven. It seemed cosmically unfair that such a perfect, ideal power-source could turn on you so quickly.

That description is, of course, the most extreme case of death-by-nuclear. It has been over 60 years since anyone died in a criticality accident. There are other death-modes. Radiation burns or radiation sickness are not really a great concern, because they are so rare and not even necessarily fatal. The real hazard, the one that has dogged nuclear technology since the world war and the heart of the nuclear paradox, is probabilistic cancer from low-level radiation.

A sub-paradox within the paradox is that radiation can give cancer and it can take it away. Most cancer treatments now include radiation, at levels sufficient to induce cancer. While normal nuclear power activities, including radioactive waste transportation and storage, don’t release radiation at levels anywhere near the cancer-treatment or even the level of a dental x-ray, the concern of it doing so is real, and this fear is part of the paradoxical reason why only 20% of the power in the United States is non-polluting nuclear.

There is hope, and there is a mirror-paradox opposing the one that sprung from the Great Puzzle. That is, nuclear power operations have become the world’s safest occupation. You have more chance of getting killed or injured on the job if you are a real estate agent or a stock broker than if you are a nuclear plant worker, and yes, that includes death by cancer. The following chapters will step you through the development and awakening of this power source, unraveling the knotted paradox, inside the puzzle, inside the fantasy.








PART ONE

THE FANTASY











 




In France, where the nuclear power industry currently delivers 87.5% of the electricity, the handling and processing of uranium fuel is efficient, serious, and business-like. Most uranium is imported from the highly productive pitchblende mines in Central Africa. At COMURHEX Malvési in the Narbonne region of south-west France, it is milled, refined, and converted to uranium-tetrafluoride. It is a fine, yellow powder, and in the United States we call it “yellow-cake” because it so closely resembles a certain pastry mix from Betty Crocker. In France they just call it “uranium-tetrafluoride.”

From Malvési the powdered uranium compound is shipped to COMURHEX Pierrelatte on the Tricastin nuclear site, in the Rhône valley between Drôme and Vaucluse. Here the powder is further fluorinated into uranium-hexafluoride, or “hex,” feeding into the enormous gaseous diffusion plant on site owned by Eurodif, a European multinational subsidiary of COGEMA. A third of all the hex in the world, some 14,000 metric tons, goes through this plant every year. It is the second largest commercial uranium-diffusion operation in the World, after Russia’s Minatom.

The purpose of the diffusion process is to take naturally mined uranium, which is 0.7202% uranium-235, or U-235, and make it into 20.0% U-235 for energy production.6 U-235 is the special variety of uranium that produces power in a nuclear reactor, and the rest, almost entirely U-238 with a touch of U-234, is just inert filler. The highly corrosive hexafluoride gas with enhanced U-235 content is then de-fluorinated and converted to uranium oxide, a chemically stable, hard, black solid, for use as fuel in nuclear plants.

Ever vigilant against the diversion of U-235 for clandestine use, the French monitor each gram of their 14,000 metric-tons-per-year hex for its isotope content, using mass spectroscopy. One day in May 1972, the alarms went off in the Pierrelatte facility. The U-235 concentration in a batch of hex was only 0.7171%, showing a significant deficit of 0.0031%. Such a discrepancy required explanation, so an investigation was launched immediately by the Commissariat á l’Énergie Atomique, or CEA. The uranium ore from a particular shaft at the Oklo Mine in Gabon, Africa, seemed short of U-235. Further probing found samples with deficits as high as 0.440%. French physicist Francis Perrin was charged with finding what had happened to the missing U-235. Theft for weapons production was feared.

All the uranium in the earth has been locked in geologic structures since the formation of the planet, with no external uranium introduced, so it is all the same age. Uranium is the heaviest of the 92 natural elements, and it was the last material created, almost as an afterthought, by the super-nova destruction of a distressed star several billion years ago. Uranium is naturally unstable, and it deteriorates into lesser elements. The gradual transformation of uranium begins with a decay into the element thorium and ends, after 17 stumbles into transient atoms, with the formation of non-radioactive lead. It takes tens of millions of years. Of the two important types of uranium, U-235 and U-238, U-235 decays faster. With each passing year, there is less uranium in the earth and more lead, and the concentration of U-235 in the mix drops down, slowly. After over 4 billion years on earth, most of the uranium has turned into lead, but of what is left, the percentage of U-235 in 1972 should have been precisely 0.7202 in every uranium mine on the planet.

The U-235 had not been extracted surreptitiously in any step of the transportation or processing. The uranium deficit must have originated in the ore in the mine. How was this possible?

There was only one explanation for the missing U-235. It had fissioned away, and for that to have happened it must have been in a working, power-producing nuclear reactor. Further sampling of minerals at the site and some calculations confirmed it. The now stable remains of fission products were trapped in the rock formations with the uranium ore. At three locations in the Oklo mines in Gabon, Central Africa, there were 16 naturally occurring nuclear reactors, formed in the veins of high-quality uranium ore. On September 25, 1972, the CEA announced that self-sustaining nuclear chain reactions had occurred in the Oklo mines about 1.5 billion years ago.7

At the time the reactions started, the U-235 content in the natural uranium was 3%, which is the concentration used today in some power reactors, achieved artificially by gaseous diffusion. The uranium had been sitting there for billions of years when something changed and groundwater started leaking into the underground deposit. The water acted as a moderator, slowing neutrons down to fission-producing energies, and the reactors fired up. The reactors operated in pulse mode, with the water being heated to a few hundred degrees Celsius, boiling away, and temporarily shutting down for cool-off. The operating interval was about 2 hours and 30 minutes. The power production continued for a few hundred thousand years, which, needless to say, is an admirable and unprecedented working life for a nuclear machine. They produced power at a rate of 100 kilowatts in the form of heat, made 11,907 pounds of radioactive waste, and 3,307 pounds of plutonium.

The water-logged, sandstone/shale structure of the Oklo mines is hardly an ideal geologic depository for nuclear waste. We would never consider using such a place for long-term storage of radioactive fission by-products. Yet, in 1.5 billion years the toxic remnants of the Oklo reactor operations had barely migrated a few centimeters. Nothing poisonous had made its way into the ground-water, there was no evidence of biological harm, and the highly radioactive fission products had remained in place until they decayed into stable end-products. Mother Nature had effectively built a power-reactor cluster, pulled the controls, and ran the thing for a long time without causing any harm. For a technical community with plans to run the earth on nuclear power, this ancient reactor site provided three findings: It was a good idea to put radioactive waste in clay to stabilize it, designing a reactor was not as difficult as nuclear engineers would have you believe, and the first working chain-reaction was not in Chicago in 1942, but was in Africa beneath the surface of the Earth.

The Oklo reactors were a fascinating occurrence, but although they were very early examples of nuclear power, they were not the first. In fact, all of the energy we have ever used on Earth originated in nuclear reactions, mostly from the big fusion reactor, the Sun. It takes small atoms, such as hydrogen, and fuses them into larger atoms, all the way up to carbon. The small atoms individually weigh more than the combination of two, and the weight difference expresses itself as radiant energy. It is a direct mass-to-energy conversion, spraying the universe with radiant energy. The Earth is close enough to benefit from it, without being close enough to be over-exposed.

Engineered solar power is, of course, from the Sun, but so is wind power, as it is the Sun’s heat that causes cold air to try to get under warm air, causing air currents. Hydro power is solar, as water is lifted into the clouds by evaporation, and it rains down into reservoirs. Petroleum and coal are solar power in long-term underground storage, as they were once biological material that grew and stored energy at least indirectly because of sunlight. The energy of a great tree shaking the ground as it topples over traces back to the Sun, building cellulose structures using photosynthesis, as is the warmth of a wood fire or any newly developed bio-fuel.

In a technical sense, even fission power from U-235 is ultimately solar in nature, but it was not our Sun that produced it. Fission power is another stored-energy mode from geologic deposits, such as petroleum, only it was not created on Earth. The energy locked up in uranium is millions of times more intense than the energy stored in coal or oil, and it was put there when a monstrously large star reached the end of its useful life and exploded. In the extreme energy environment of a super-nova, heavy elements are assembled on a different scale than the daily fusion events in the Sun. When the heavy elements experience inverse-fusion, coming apart and reverting to smaller atoms, they radiate power. The weights of the smaller fragments do not add up to the weight of the original element, and the deficit becomes radiant energy. With the Oklo mine discovery in 1972, we learned that without our help the Earth has experienced energy production, storage, and conversion on both ends of the nuclear binding-energy spectrum, from fusion to fission. Until the late 19th century, energy production in this manner was not understood. It was not even up to fantasy levels at this early point.








Chapter One

Invisible Demons




In the 1890’s, the Machine Age was in full flower. Diesel and gasoline engines were being developed for small-scale power applications, electrical lighting was being installed worldwide, and steam technology was mature. Turbines, heat-exchangers, condensers, feed pumps, boilers, and electric dynamos were well developed. In fact, just about everything needed for building a nuclear power plant existed in the Gay Nineties except the power source. By that time, industry had managed to separate itself from location-sensitive power, such as water wheels or windmills, and had adopted re-locatable power. A power-hungry industry could be built in a convenient place, and burnable fuel could be brought to the industry to consume on-site, sending carbon dioxide and soot up the smokestacks. It was a workable, interim mode of operation, at least on the fairly small scale of consumption in the 19th century, and it would remain in effect for a hundred years. Global warming was not seen as a problem, but major cities around the world gradually turned black, as the carbon soot from factories, locomotives, and home heating descended out of the gray air and got onto every surface and into every crevice in the infrastructure, and so people started searching for a new source of power.

Replacing this inefficient power source with compact, non-combusting energy would require as much genius as the world could produce, an enhanced appreciation for scientific research, and some pure, serendipitous chance. There would be a long lead-in before anything useful became evident. To find and apply this ultimate energy would first demand an understanding of the structure of matter, down to an unimaginable level of detail.

Since the beginnings of civilization, when humans adopted fixed agriculture and housing construction, there has been a need to analyze materials into more elementary components. A solid, working theory that seems to have arisen independently in many places was that everything is composed of various combinations of four elements: earth, air, fire, and water. Mud, for example, is obviously earth and water. Heat up the mud to drive off the water, and you’ve got a brick. Steam coming out of the heated mud is water mixed with air as it escapes. Fire transferred to the steam from the heating process makes it hot. Something as complex as a stick of wood or a sheep is made of delicately proportioned measures of all four elements. Set either item alight, and the fire escapes as it burns. The air and water boil off in the heat, leaving a pile of ashes, or pure, black earth. Simple enough, at least for a while.

Science and technology progressed slowly, if at all, in ancient times, but on occasion there was a flash of insight. The first inkling of an atomic theory committed to writing may have been about 550 B.C.E, in India. The schools of Nyaya and Vaisheshika described how elementary particles of matter combine, first in pairs, then progress to trios of pairs, to produce complex materials. A slightly better theory was referenced in Greece, 100 years later, by a teacher named Leucippus. His scheme had matter composed of invisibly small pieces, and the smallest particles could not be broken into smaller components. He named these particles atomos, meaning “uncuttable,” and his views were systematized and recorded in 430 B.C.E. by a student named Democritus. The Greek term was shortened to atom, and it remains the expression for the smallest component of an element.

These were fine theories, but there was no experimental evidence to reinforce them. They were considered philosophy at best, and had no practical application. Even in the ancient world of 2,000 years ago there was an unfilled need for a better understanding of materials. Before there was an “industrial revolution” there had to be industry, and before there was chemistry there was chemical engineering. Industries in ancient times produced everything from soap to stone-cutting tools, requiring at least an empirical knowledge of chemical combinations and metal alloying. The inadequacy of the earth-air-fire-water theory became clear, as there was no systematic method of analysis. The elemental composition of a substance was simply an opinion. It was obvious that metals, such as gold and copper, were earth, but the subtle differences in composition that determined color, density, hardness, and melting point were not obvious.

Alchemy, or the spagyric art, was for some 2,500 years the fountain of knowledge concerning chemistry and metallurgy. Its ultimate, sometimes hidden purpose remained constant over the millennia, to find a process that would manufacture gold from less expensive materials. Collateral developments, such as the perfection of distillation techniques and the discovery of acids and bases, were secondary. Alchemy started in Mesopotamia or Ancient Egypt, and was practiced in Persia, India, Japan, Korea, and China. It flourished in Classical Greece and in the Roman Empire. It was further developed in Arabia, and was taken to Europe as a spoil of the Crusades. It was a confusing amalgam of spiritualism, mysticism, astrology, semiotics, and art, with enough chemistry and physics melted in to color public opinion of science and its discoveries for hundreds of years after it disappeared. It was more of a mystery religion than a science, which is what characterizes the term “alchemy” to the modern ear, but at least the spagyrists, as they were known at the time, were highly critical of the old four-element model of the elements. In alchemy there were only three. Solid matter was a combination of salt, sulfur, and mercury. It was difficult to prove, and more work and funding were always needed.

Into this world of pseudo-science was born, on January 25, 1627, Robert Boyle, in Lismore Castle, in Munster, Ireland. He was the fourteenth child of the 1st Earl of Cork, who owned a measurable percentage of the island of Ireland, and Robert would grow up wanting for nothing material. As a child Robert learned Latin, Greek, and French, and at the early age of 8 years and 9 months he was sent to attend Eton College in England. After nearly four years of intense study, he toured the continent of Europe with a French tutor, spending the winter of 1641 in Florence, Italy, studying recent astronomical discoveries of Galileo Galilei. Upon his return to England in 1645 he found that his father had left him the Stalbridge manor in Dorset and a number of estates in Ireland. With independent wealth and a fine education, Boyle was able to devote his attentions to science. There was nothing in science for which civilization would care to pay, so it was just as well that Boyle and his contemporaries required no salary.

Boyle’s most famous work involved a self-devised air-compressor, as he explored the relationships between gas pressure and volume, and he is well known for Boyle’s Law of Gases. This work is considered a foundational beginning to formal science, but to the nuclear scientists his best work was a scathing tear-down of alchemy, published as a book in 1661, with the wonderfully verbose title, THE SKEPTICAL CHYMIST: OR CHYMICO-PHYSICAL Doubts & Paradoxes, Touching the SPAGYRIST’S PRINCIPLES Commonly call’d HYPOSTATICAL, As they are wont to be Propos’d and Defended by the Generality of ALCHYMISTS.8 Not only did he systematically disassemble alchemy, he went on to describe the process of chemical analysis, he described the differences between chemical compounds and mixtures, and he re-introduced the concept of matter being composed of fundamental substances, which are collections of undecomposable atoms.

Boyle’s work sent science into a new, well defined direction, and an important distinction between the new science and the old alchemy was a shift in end-products and agenda. Science shed the ancient and accepted goal of ultimate wealth, purposefully rendering it and its followers powerless and humble, and reducing its agendum to a single, non-profitable objective, simply to advance knowledge. It was an easy step, for one as embarrassingly wealthy as Boyle, but it would prove to be a necessary shift, as there was a lot of unprofitable ground to be covered before anything nuclear would appear on the horizon. It would be over a hundred years before Boyle’s atomic theory would be incremented forward. It would happen across the Channel, in France, with another rich-boy playing scientist.

Antoine-Laurent de Lavoisier was born to a wealthy family in Paris, on August 26, 1743, and inherited a large fortune at the age of five. He entered the College Mazarin at age eleven and studied chemistry, botany, mathematics, and astronomy for seven years, before earning a Bachelor of Law at the University of Paris in 1763. Being a man of independent means, he was able to pursue chemistry research with a passion unclouded by economic stresses. He managed to introduce the metric system of measurement and formulate the Law of Conservation of Mass, in which matter can be neither created nor destroyed, but can be changed only in form. Lavoisier was the first one to use the term elements in 1783, referring to oxygen and hydrogen, which he claimed could not be chemically broken into more elementary substances. He compiled the first table of the elements, and at the age of 50 was guillotined by the French Revolutionists on tragically dubious charges.9 The French regret the error, and have named a street in Paris for him. His law of mass conservation would be symbolically guillotined by none other than Albert Einstein 111 years later.

Although progress seemed slow, atomic science in the late 1700’s had at least distanced itself from the Kabbalah-like mysticism of alchemy, Rosicrucianism, and other para-Masonic groups striving for a basic understanding of the material world, with particular emphasis on gold. Staying this way was no easy feat. Hope for science and its constructive philosophy was sustained by the birth of John Dalton on September 6, 1766 at Englesfield, in Cambria, England.

John was born to modest means, the son of a Quaker weaver, and he owed his knowledge of science to a blind philosopher and polymath named John Gough, who instructed him informally. Being a Quaker and dissenting military service, he was barred from English universities as a student or a teacher, but he joined a new dissenting academy in Manchester as a mathematics and natural philosophy instructor. He resigned his position in 1800 for lack of a salary and became a private tutor for math and science. His papers and research were profoundly important, starting with an investigation of his own color blindness, rain, the color of the sky, steam, auxiliary verbs, participles, and the reflection of light. His greatest contribution was the publication of the first volume of his New System of Chemical Philosophy, containing his Atomic Theory in 1808. The pronunciations of his theory now seem obvious:


	Elements are composed of indivisible particles called atoms.

	All atoms of a given element are identical.

	The atoms of a given element are different from those of any other element.

	Atoms of one element may combine with the atoms of other elements to form compounds.

	Atoms may not be broken into smaller particles, destroyed, or created from combinations of smaller particles by chemical action.



Dalton’s atomic theory bolstered the work of Lavoisier and Boyle, and would affect science for the next 200 years. His concept of indestructible atoms would remain in effect until experiments in nuclear physics began ripping atoms to pieces in the 20th century.

The next jump in our understanding of atomic science came not from a chemist, physicist, or mathematician, but from a botanist, Robert Brown, born on December 21, 1773 in Montrose, Scotland. A somewhat dour-looking fellow, Brown studied medicine at the University of Edinburgh and joined the English army as a surgeon in 1795. Accepting an offer he could not refuse in 1800, he signed on board the ship The Investigator as naturalist for an expedition to Australia for coast charting. He found himself in Western Australia in December 1801, and he proceeded to study the local botany for three and a half years, discovering 2,000 previously unknown species. It would have been hard not to discover thousands of new species in an uninvestigated, evolutionarily isolated continent on the other side of the world, but Brown’s work was considered top-drawer. In 1827, back in England, he was appointed Keeper of the Banksian Botanical Collection in the London-based British Museum.

It was here that Brown made a discovery that would eventually prove important for nuclear science. He found, while examining pollen grains and spores from certain mosses floating in water under a microscope, that the tiny particles seemed to exhibit a curious jittery motion. Even the tiniest particles, within the vacuoles in a pollen grain, were bouncing around and crashing into things. Were they…alive? It was an intriguing thought, but substituting common shelf dust for the botanical specimens dashed hope. The substitution proved that anything, if it were small enough, would move in jerky steps so small you had to use a microscope to see it. Although Robert Brown had no idea why the motion exists, it was named for him, Brownian motion, and it would in the next century be used to explain the drunken-walk motions of neutrons and other subatomic particles. The existence of Brownian motion was not explained until 1905, by a Swiss patents-examiner named Albert Einstein.

Meanwhile, physics, having divorced itself from perfectly logical explanations of natural phenomena involving divine interventions, was becoming more strange and fantastic. The odd coming attractions would make witchcraft seem logical. A new and divergent field of magnetism and its relationship to electricity would be broken open by Michael Faraday, a self-made chemist and physicist of humble beginnings.

Faraday was born on September 22, 1791, in Newington Butts, a suburb of London. His father, a Sandemainian Christian, had been a village blacksmith before he moved closer to town, and the family was financially challenged. Young Michael was home-schooled, and at the age of fourteen he became an apprentice at a book bindery, where there was much opportunity to read new books, right off the press. He was particularly impressed by Isaac Watts’ The Improvement of the Mind and Jane Marcet’s Conversations in Chemistry.

Faraday was freed from his apprenticeship by the age of 20, and he scored some tickets to lectures at the Royal Institution and the Royal Society. Enthralled by talks from the eminent English chemist Sir Humphry Davy, he took copious notes, bound together 300 pages of them, and sent them to Davy. Sir Humphry was impressed, particularly by the binding, and he needed a secretary, as he had burned out his corneas in an unfortunate incident involving nitrogen tri-chloride, and he needed someone who could take and read notes. He hired Faraday, who was later appointed Chemical Assistant at the Royal Institution, showing that career-busting class distinctions could be overcome. His sponsor was John “Mad Jack” Fuller, creator of the famed Fullerian Professorship at the Institution.

Learning quickly, Faraday did impressive work in chemistry, was elected a member of the Royal Society in 1824, and was appointed director of the laboratory in 1825. He birthed nanoscience, discovered benzene, liquefied chlorine, decomposed magnesium sulfate with electrolysis, formulated optical glass, and invented the wrongly named Bunsen burner. His most important work, however, was in electromagnetics. Faraday fell across some momentous discoveries while fooling around with wires, magnets, and coils in the lab.

For example, he found that a changing or a moving magnetic field induces electricity in a nearby coil of wire. Conversely, an electrical current in a coil produces a magnetic field, just as exists in a piece of magnetized iron. Furthermore, he could conduct a current in one coil, and the resulting magnetism would jump to an adjacent coil, producing an analogous electrical pulse. Using some simple equipment on a table-top, he had invented the electric generator and the transformer, both of which would be useful throughout the next century, when nuclear and other power sources would need to produce and transmit electricity. Faraday went a step further. He proposed that electromagnetic forces, undetectable to human senses, extended into the empty space surrounding one of his electromagnetic coils. His fellow scientists, while impressed with his experimental results, found this observation too weird, and soundly rejected it. Scientific musings can only go so far before they get out of hand, after all.

Faraday lived to see his theories concerning the electromagnetic fields resoundingly vindicated. He died in 1867 at his house at Hampton Court, after a man named James Clerk Maxwell had presented Faraday’s theories as a set of 20 partial differential equations, in 20 variables, at the Royal Institution in 1864. Faraday had been weak in algebra, and he couldn’t fit three symbols together into a descriptive equation, but Maxwell was a genius at mathematics, and he took Faraday’s accurate observations and turned them into a beautiful, complex, mathematical analogy. Maxwell’s equations, formally referred to as “Maxwell’s Wonderful Equations” in physics circles, would vault the fantasy of science into new, thoroughly abstract territory. Maxwell showed that electromagnetic fields not only exist in empty space, but they travel and propagate as vibrating waves. What’s more, Maxwell’s prophesied waves travel at precisely the speed of light, and it is a perfect explanation for illumination. For the first time, Maxwell had predicted the existence of phenomena that had yet to be discovered by physical laboratory work using pure mathematics instead. It was deeply impressive work, and it would affect theoretical physics well into the 20th century.

James Clerk Maxwell was born on June 13, 1831, in Edinburgh, Scotland, and he grew up on his father’s estate in the Scottish countryside and took his early education at home. Young James showed great curiosity and some promise as a scholar. He was sent to study at the Edinburgh Academy, and then to the University of Edinburgh. His career goal was to be a scientist, a field in which jobs existed only in theory.

In 1850 Maxwell left, with some trepidation, for Cambridge University in England, to study mathematics. He graduated in 1854 with the second wrangler in mathematics degree from Trinity College at Cambridge. His tutor had been William “The Wrangler Maker” Hopkins, and he was known to be laboring over his electromagnetics equations while pursuing his undergraduate degree. His thought process could be seen in an elaborate paper he wrote at the time, On Faraday’s Lines of Force.

Maxwell’s work as a scientist, working in an academic environment, was far ranging and influential. He researched thermodynamics, color, and color blindness, and he took the world’s first permanent color photograph in 1861, of a Scottish tartan. His paper, On the Stability of Saturn’s Rings, won him the Adams prize at Cambridge in 1859, in which he concluded that the rings of the planet Saturn are composed not of completely solid material nor of gas nor of a liquid, but are made of flying “brickbats,” or loose particles. Even this little paper, dwarfed by his magnificent set of electromagnetics equations, would come back to haunt nuclear physics in the next century.

By 1887, science had become recognizable for what it is today, and physics was now an integral part of the university system in Europe, with a special emphasis on theory and research. Not so much in the United States, that tended toward more practical pursuits as necessary to tame what was still frontier. There was some fine work in physics being conducted in America, but it seemed that the bulk of the theoretical shock-wave was felt in the Old World. In Basel, Switzerland, Johann Balmer had just devised an empirical formula for the spectral lines in hydrogen, while in Elizabeth, New Jersey, Philip Diehl invented the electric ceiling fan. Balmer taught mathematics in a school for girls. Diehl sold a million fans per year. That was the basic difference between European and American science in 1887.

In Germany, Heinrich Rudolf Hertz was a full professor at the University of Karlsruhe, and he was trying out a new piece of high-tech equipment, a Ruhmkorff. In 1887 a Ruhmkorff high-voltage coil was state-of-the-art, usually mounted on a polished, wooden base with lacquered brass hardware. Although they had been around for years, the performance of laboratory-grade induction coils had improved steadily, and with a good English unit one could connect a low-voltage battery to the input leads and easily get 30,000 volts out the top electrodes, ripping a long, blue spark. With the interrupter on the side tuned just right, and with the contacts polished, the thing whined a high-pitched, almost feminine sound, and the arc on top tried to climb out on currents of electrically heated air. With his eyes closed, Hertz could almost feel the electricity leaking through the air.

Hertz, looking for something interesting to report concerning Ruhmkorff coils, had noticed something. Was it his imagination, or did light diminish the enthusiasm of the high-voltage spark? It was hard to tell, because in bright light the spark was impossible to see. He filtered some sunlight down to only invisible, ultraviolet, or UV, light at the high end of the spectrum. He was excited to observe that when he directed a beam of UV at the spark, the ragged blue arc dimmed. He could block the light with UV-absorbing glass, and the effect would disappear. The light was knocking electrical charge off the spark-gap, and this was a stunning finding. Heinrich Hertz had discovered the photoelectric effect, which would be exploited in the far future for inventions such as television and digital photography. A full explanation for this effect would not be presented until 1905, when the theoretically ubiquitous Albert Einstein would describe it mathematically and win the Nobel Prize in physics for it.

As if the photoelectric effect wouldn’t be the discovery of a lifetime, Heinrich continued to push boundaries, and on the same day as he continued his UV light experiments. He had covered his Ruhmkorff coil with a box, to shield out the room light, but he still needed it to be darker, so he turned down the gas lights. Peering fixedly at the blue arc, he noticed something in the corner of his vision field. It was another spark. On a nearby bench, there was lying a loop of wire, with a gap in it, and when he turned on his Ruhmkorff, a spark jumped the gap.

The wire loop was in no way connected to the high-voltage apparatus, and it was separated by the space between the two benches. As he turned the coil on and off, the secondary spark responded in kind. It was an utterly strange action-at-a-distance, the equivalent of finding that he could re-arrange the lab furniture by thinking about it. In one profound, unexpected moment in the laboratory, he had discovered radio transmission. Ultra-high frequency, or UHF, radio waves were generated by the spark-gap on the high-voltage coil, and his loop of wire was acting as a dipole antenna, so close to the transmitter that a gap-jumping high voltage was being induced in it.

Hertz continued to experiment, finding ways to optimize the effect and finding that the communication between the transmitting Ruhmkorff coil and the wire-loop was polarized, as if it were light. The emanations from his primary spark could also reflect off surfaces. He had confirmed Maxwell’s prediction of traveling electromagnetic waves. The electrical field across the spark-gap generated a magnetic field, which would in turn generate another electrical field, which would generate another magnetic field, and so on, as the alternate magnetic and electrical fields spread out from the point of origin, reproducing themselves and expanding into space at the speed of light across the lab. Annalen der Physik, the leading German physics journal, was more than happy to publish his account of the work, with the world-changing implications of his discovery somewhat buried in the correct, technical writing.

Heinrich Hertz was born in Hamburg, Germany, on February 22, 1857, to a legal advisor and the daughter of an army doctor. While in school at the University of Hamburg he excelled at language studies, becoming proficient in Arabic and Sanskrit. Finding little need for esoteric languages in the commerce of his native country, Hertz turned to engineering in order to make a living. He studied all over Europe, starting at the University of Dresden, then Munich, and finally at the University of Berlin, but he found himself drifting towards physics. After obtaining his Ph.D. in 1880, he worked with the distinguished Hermann von Helmholtz and after three years took a position as lecturer in theoretical physics at the University of Kiel. From there he jumped to Karlsruhe.

When asked about what his exciting new discoveries might mean to the scientific world, he replied, “Nothing, I guess.” Hertz died at the early age of 36, having not witnessed the way his discoveries would reshape technology. That his radio waves would lead to RCA, Motorola, and Telefunken was all well and good, but the supreme applications of Hertz’s two findings have nothing to do with the progress towards nuclear energy. However, the fact that he had confirmed Maxwell’s prediction of the propagation of electromagnetic waves would be a key part of the lead-up into nuclear physics, a discipline that would not exist until the nucleus was discovered much later. The extreme width of the electromagnetic spectrum, going beyond radio waves and beyond light waves, would begin to dawn on the physicists, but the atomic-level reasons behind the production of electromagnetic waves would not be clear until the introduction of quantum mechanics, 20 years into the next century. Ironically, quantum mechanics would be born out of mathematical explanations of Hertz’s photoelectric effect, which had been the foundation of his original lab setup. In memoriam, the unit of frequency, Hz, is named for him, as is a crater on the far side of the Moon. Ruhmkorff coils are used to this day, in automobile ignition systems.

In the last decade of the century, applying the high voltage from a Ruhmkorff coil to an evacuated glass tube was the latest rage in physics labs all over Europe. Johann Hittorf, William Crookes, Philipp von Lenard, and even Nikola Tesla back in the U.S. were trying it. It was an area of high tech introduced back in 1857 by a German glass-blower/physicist named Heinrich Geissler, and it had been fascinating from the onset. Geissler would embed metal electrodes in either end of a long, glass tube, from which he would suck the air with a vacuum pump. If a high voltage were applied across the electrodes, the rarefied gas in the tube would glow in weird colors. By the 1890’s, vacuum pumps had improved to the point where one could remove almost every single air-particle from a tube, leaving nothing but electricity itself spanning the empty space inside the tube. It seemed a perfect way to discover what exactly electricity is. The indefinable substance that seemed to flow from the cathode, or the negative high-voltage terminal, to the anode, or positive terminal, was named “cathode rays.”

Right in the middle of the excitement was Wilhelm Conrad Röntgen at the University of Würzburg. Wilhelm was born on March 27, 1845, near Remsheid in the Lower Rhine Province of Germany, the only child of a cloth merchant. When he was three the family moved to Holland, living in Apeldoorn, and his early education was at The Institute of Martinus Herman van Doorn, a private school in town. From there, he attended the Utrecht Technical School, from which he was expelled for having drawn an unflattering likeness of a teacher. To counter-act his expulsion, he took a head-splitting series of exams and entered the Federal Polytechnic Institute, or the ETH, in Zurich, Switzerland, where he majored in mechanical engineering. He looked forward to a prosperous career of engine-design in the dead center of the machine age, but he heard the whispered call of the Physics Siren and drifted away. Röntgen graduated with a Ph.D. in physics from the University of Zurich in 1869. Climbing the academic ladder from lecturer to professor to professor of physics, Röntgen landed in the physics chair at Würzburg in 1888, where he was able to spend a lot of time in the lab.

In the late afternoon of November 8, 1895, Röntgen was trying out a special cathode ray tube built for him by a colleague. Working with tubes in a darkened lab, he had noticed that the glass behind the anode would fluoresce when cathode rays hit it, and this gave him an idea. He wanted to bring the rays out into the air in the room, and see how far they could go after they had been accelerated using 30,000 volts across the electrodes. He used a piece of cardboard painted with barium platinocyanide as a detector screen for the cathode rays. With his special tube, built with a thin aluminum window bonded to the anode end, he was excited to find that he could indeed see the cathode rays out the end of the tube, right next to the aluminum, or so he thought. The glow from the glass near the window made it hard to tell, so he set the detector screen aside and made a cardboard cover to shield his eyes from the glass fluorescence. He turned on the tube to check it for light tightness, and turned off the lights. Yes, there was no glow from the tube, but, just as Hertz had seen the spark in his peripheral vision, Röntgen detected a shimmering, yellow-green light coming from elsewhere in the room. He spun around. On another bench his cardboard screen was glowing. His tube setup was good, but it wasn’t that good. There was no way cathode rays could make it through a meter of air to the next bench. He had discovered some new type of ray.10 He held up his hand, to see if he could stop the rays, and was startled to see the bones in his hand shadowed on the screen.

Röntgen had just confirmed a prediction from Maxwell’s equations, that a change in the velocity of an electrical charge would cause his electromagnetic waves. Röntgen had certainly changed the velocity of his electrically produced cathode rays. He had taken them up to speed with 30,000 volts and then crashed them into an aluminum wall, braking them to a dead stop. The acceleration was so severe, he had made an electromagnetic ray that was beyond an ultraviolet ray, with such energy it could go clean through his hand, almost. Only the bones stopped it. He needed a temporary name for his discovery, quick. He called them “X-rays.”

In a couple of weeks of intense work Röntgen improved the process of making X-rays and archiving the results. On 22 December he brought his wife, Anna Bertha, to the lab to see what he had done. He asked her to place her left hand on a light-sealed photographic plate-holder on a bench, and hold still. He put the power to the Ruhmkorff for a number of seconds, buzzing a Hittorf-Crookes tube suspended over the bench, then stepped into the darkroom to develop the plate. When he showed Anna the results, she almost swooned. “I have seen my death!” she exclaimed. On the photo-negative, her bulky wedding ring made an obvious lump on the delicate bones of her hand.

The triumphant young scientist published 50 days later, “On a New Kind of Rays,” and on January 5, 1896 it hit the newspapers. The implications for medical diagnosis were obvious, and an entire industry would grow from this discovery, but the effect on atomic physics was even deeper. Röntgen had artificially produced electromagnetic rays that were not light, but something completely new/ different/ powerful, and he learned quickly to put a lead shield between himself and the tube. What’s more, he could turn the phenomenon on and off with the flip of a switch. The inherent strangeness of this discovery was noticed by all who contemplated it.

News traveled fast in the world of Morse telegraphy and rabid, competing newspapers in 1896. Antoine Henri Becquerel, chief engineer in the Department of Bridges and Highways in Paris, was caught up in the excitement. With every other physics enthusiast in the city he crowded into the weekly meeting at the Académie d’Histoire Naturelle 20 January 20 to hear a report on Röntgen’s work in Germany. After the meeting they scattered, each hatching a theory and a plan to make the next great discovery.

Becquerel’s theory was that it wasn’t the electrical discharge that was causing the new rays, it was the fluorescence in the glass. It was true that the cathode rays lit up the end of the tube, but it was a weak effect, leading to weak X-rays. He knew of a better way to induce fluorescence, and it didn’t take 30,000 volts to do it.11 There were many chemicals that would fluoresce brightly when exposed to the UV component of sunlight. He bought every fluorescent chemical he could find, and set up a definitive experiment. He would sprinkle some glow-in-the-dark material on a covered photographic plate and expose it to sunlight. The resulting X-rays would then leave an exposed mark on his plate, when developed. He tried it all week, using all his chemicals. Nothing worked.

He was a little discouraged, but a magazine article he read on X-rays on January 30 gave him new hope, and he invested in a sample of the most expensive fluorescent compound he could buy, uranyl potassium sulfate. The uranium in the compound was known to light up like a firefly in heat under UV. He sprinkled some on a covered photo-plate, exposed it to the sun, and developed it. Success was instant. The powdered uranium compound on top of the dark slide made black patches on the negative. He had obviously found a way to make X-rays without using the complicated vacuum-tube setup.

He was ready to fire off a scientific paper on his discovery, but, just to be sure, he wanted to try it again. On February 26 he prepared another plate in a holder, sprinkled some uranyl potassium sulfate on it, and wrapped the whole thing tightly in black paper to keep the powder from falling off. Unfortunately, the day was socked in. With no sunlight to expose his fluorescent material, he put the plate in a desk drawer. Next day, the weather was still bad. On March 1, he still had not had an opportunity to expose the plate to sunlight. On a pure whim, he decided to develop the plate anyway. It would at least be a control specimen, showing that without sunlight the X-rays were not generated.

To Becquerel’s utter amazement, his second plate, which had been kept in a dark drawer for days, had been exposed. The photo negative had turned black under the powder, and the effect was many times greater than his first experiment, in which the powder had been in contact with the dark slide atop the plate only for a short time. He put the pieces together, and there was only one conclusion. It was not fluorescence at all that was causing the X-rays that would then darken the plates. It was something in the fluorescent chemical alone that was affecting the plates, and it happened with only one substance, the one containing uranium. Henri Becquerel had discovered yet a new type of ray. It was an invisible demon that had existed since the beginning of time. Human beings had been exposed to this type of ray for all time, and had been blissfully unaware of it. In the near future he would have a student from Poland, named Marie Curie, and she would give his new ray its permanent name. She would call it radioactivity.








Chapter Two

A Couple of Remaining Questions




By 1897 the end of the century was in sight, but the rash of increasingly fantastical scientific discoveries had only begun. The existence of atomic elements was established, and Henri Becquerel had found an odd property in the element uranium. It would leave a ghost image on a photographic plate, an effect still sought by spiritualists since the invention of photography. Instead of a filmy aura around a spirit medium or a glowing shape caught unaware in a darkened room, the ghost was somehow within the uranium atom. There was no clear explanation for Becquerel’s newly discovered rays, other than it was just an unusual property peculiar to uranium.

Back in England, at the Cavendish Laboratory, Sir Joseph John “J.J.” Thomson was involved with the ever popular vacuum-sealed glass tubes and high-voltage coils. He was going after what seemed the last frontier in science, to discover the nature of the “cathode rays.” With thousands of volts across two metal electrodes in the vacuum tube, rays would stream between the cathode and the anode. Röntgen had used them to produce his X-rays, but what exactly were they?
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