
Eugene Mallove has produced a sorely needed, accessible overview of the cold fusion muddle. By sweeping away stubbornly held preconceptions, he bares the truth implicit in a provocative variety of experiments.

Julian Schwinger, Nobel Laureate in Physics

Mallove brings dramatically to life the human side of this important scientific controversy, which has tapped the emotions of its scientific participants in a way usually typical only of major scientific revolutions. Fire from Ice
 is highly recommended reading for anyone who is interested in the nature of scientific controversy and scientific change. I frankly could not put the book down once I had started it.

Dr. Frank Sulloway, former MacArthur Fellow, Science historian, MIT Program in Science, Technology, and Society

Fire from Ice
 is a masterpiece of science documentation. Progress in deciphering the cold fusion effect is now stalemated by an establishment pressure for conformity. An authoritative book needed to be written, and it had to come from someone with roots in both the science and the journalism communities; there are very few people in the world as qualified as Eugene Mallove is to write it and give the story the meticulous attention it required.

Dr. Henry Kolm, cofounder of MIT's Francis Bitter National Magnet Laboratory
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Science is magic that works.

Kurt Vonnegut




To all who have struggled to bring

the fire of stars down to Earth.

To seekers of Truth, everywhere.




Great is truth. Fire cannot burn,

nor water drown it.

Alexander Dumas the Elder, The Count of Monte Cristo
 , 1841-45
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Preface


It is really quite amazing by what margins competent but conservative scientists and engineers can miss the mark, when they start with the preconceived idea that what they are investigating is impossible. When this happens, the most well-informed men become blinded by their prejudices and are unable to see what lies directly ahead of them.

Arthur C. Clarke, Profiles of the Future
 , 1963

The discovery of fission has an uncommonly complicated history; many errors beset it. Above all, it seems to me that the human mind sees only what it expects.

Emilio G. Segré, The Discovery of Nuclear Fission, December 1988

The energy produced by the breaking down of the atom is a very poor kind of thing. Anyone who expects a source of power from the transformations of these atoms is talking moonshine.

Physicist Ernest Rutherford, about 1930

SKEPTICS HAVE WRITTEN A HUNDRED OBITUARIES for cold fusion, the unprecedented miracle or mistake that burst out of Utah into the public arena on March 23, 1989, but despite many unanswered questions about what cold fusion is or is not, evidence for the phenomenon (or phenomena) is now much too compelling to dismiss. Some would call the scientific clues only provocative. I choose to say compelling.


With an electric power supply hooked up to palladium and platinum electrodes dipped in a jar of heavy water spiked with a special lithium salt, chemists Martin Fleischmann and B. Stanley Pons were thought to have unleashed one of the wildest goose chases in the history of science. Now there is a significant possibility that they have discovered a quite revolutionary phenomenon thatalong with hot fusioncould conceivably turn the worlds oceans into bottomless fuel tanks.

Cold fusion is very likely to be real after all, although which aspects of it are valid remains in question. Despite many roadblocks that arose against confirming it as a new physical phenomenon, it is now here to stay. For a time, negative experiments and widespread skepticism seemed to have put cold fusion permanently on ice. Incredulity still runs deep. But cold fusion research is now very much alive in laboratories far and wide. It moves forward through those scientists with intense curiosity and courage to pursue these studies in the face of mountains of ridicule.

It is now reasonably clear that fusion reactions that liberate energynear but very peculiar relatives of nuclear processes that are the lifeblood of the starscan occur at room temperature. There is no chance
 whatever that cold fusion is 
a
 mistake. There is the exceedingly remote possibility that cold fusion is a collection of many
 mistakes made in nuclear measurements of many different kinds, in heat measurements of great variety, and in all manner of control experiments. But to believe that hundreds of scientists around the world have made scores of systematic mistakes about the nuclear and nuclear-seeming anomalies that they have reported is to stretch credulity to the breaking pointto distort the meaning of scientific evidence to absurd limits. Cold fusion is not pathological science as many have charged, but for critics to continue to describe it as such or to ignore it completely is pathological.


Current evidence suggests that nuclear
 processes are actually at work in what at first seemed to be merely table-top chemical
 experiments. This is absolutely shocking, and the root of widespread disbelief in cold fusion among scientists. There has been no more iron-clad principle separating chemistry from physics than that chemical behavior never
 leads to nuclear transformations. The tiny atomic nucleus has been inviolate to assault, but now it has been breached by the puffy electron cloud world of chemistry. You see, if the tiny, dense nucleus of an atom were blown up to the size of a golf ball, at that scale its attending fuzzy little electrons would orbit a mile away. Chemistry has only to do with how these distant electrons interact to make connections and disconnections among atoms. Atomic nuclei never become directly involved in chemical reactions and nuclei had not been known to react with one another except in extreme high-energy conditions.

Though the occurrence of cold fusion phenomena at present is erratic, it might some day be tamed and made regular and useful. Many experimenters are finding specific conditions, not reported initially by Drs. Fleischmann and Pons (perhaps not even known to them at the time), that prompt the effects. Furthermore, cold fusion phenomena are now seen in very dissimilar but related physical systems: pressurized gas cells, electrochemical cells with molten metal salts, and metal chips and films alloyed with fusion fuel.

To an extent, the phenomena remain not repeatable at will
 but repeatable, to be sure, in a statistical
 sense, and sometimes now with very high confidence. (The same has been true in the early development of certain solid-state electronic devices.) There is now convincing evidence for the observation of significant heat in excess of energy fed in,
 bursts of neutrons, radioactive tritium at concentrations elevated above natural background (despite fears of preexisting contamination, there is ample evidence that the tritium is generated by nuclear reactions), possible abundance shifts in some chemical isotopes, and much more. And in a pice de résistance
 of cold fusion research, in October 1990 scientists in several laboratories confirmed the nuclear creation
 of high-energy nucleiprobably those of tritium atomsthat fly out from titanium chips infused with the well-known fusion fuel, deuterium.

The measurements of power in the form of heat coming from some cold fusion cells is extraordinarily impressivetens, to over a thousand, times the energy that could emerge from any conceivable chemical reaction. If the numbers from some experiments are to be believed, they add up to tens and even hundreds of kilowatt-hours coming from each cubic centimeter of cold fusion cell electrode material (about the volume of a stack of two pennies)! You know what a kilowatt-hour of electricity is when you pay for ten 100-watt bulbs turned on for one hour. More vividly, a kilowatt-hour is the energy of motion in a 4,000-pound car traveling 140 miles per hour.

Furthermore and most important, there is now a theoretical basis to begin to understand these apparent cold fusion phenomena. The heat-generating nuclear process must be very exotic, indeed, somehow being able to distribute released nuclear energy over a large array of atoms rather than emitting it as discrete high-energy particles.

Soon after the startling announcement at two universities in Utah in March 1989, the idea for this book was born. This might have been a very different worka chronicle of the birth of a new age of cheap, clean, and limitless power. Though that era may still arrive through some form of controlled fusionincluding the very real prospect of controlled cold fusion,
 the story turned out to be far more interesting, in both its scientific aspects as well as in the process
 of science that triumphed in identifying cold fusion as something literally new under the sun.

We have, instead, the saga of the tumultuous birth of a new physical phenomenonmore exactly, a class of scientific phenomenaan origin beset by bouts of optimism, pessimism, and every emotion in between for both proponents of the new wonder and those who vehemently deny its possibilityrespected and well-intentioned scientists all. There occurred a veritable scientific roller-coaster ride that has held the scientific world in sway for almost two years. Now that many more facts are available and the furor has quieted down, the story can be told in its delicious and delirious detail. This is an account of the unfolding of a new phenomenonthe scientific process observed.

Through a sometimes tortured, contentious process the truth ultimately triumphs in science. Thus is scientific research done in the real world, not by idealized textbook prescriptions. Science is not conducted by poll nor by appeal to authority, nor always shackled to an imperfect and occasionally obstructive peer review process. Science proceeds through dogged experimental and theoretical effort.

At the beginning of the cold fusion saga, it was my good fortune to be working at the Massachusetts Institute of Technology. I was trained as an engineer, both in aerospace and environmental engineering at MIT and at Harvard, but after having done engineering for some 15 years, writing about science and technology became first an avocation and later a job.

As the chief science writer at the MIT News Office during the period when the cold fusion controversy arose, I found myself at a crossroads of scientific inquiry and intrigue. I heard from all sides in the scientific turmoil that broke loose and had the opportunity to witness firsthand how scientific news was being made. I, too, swang from skepticism to belief, back to skepticism, many times. At the outset, cold fusion seemed both too preposterous to believe and too important to ignore. The urge to chronicle this fascinating chapter in scientific history became irresistible. I have tried to be as faithful as possible in chronicling the complex events in the cold fusion saga and in illuminating difficult experiments and theory. The opinions and perspective on the cold fusion controversy are entirely my own, however, and are absolutely not intended to represent any official or unofficial university position.


We will explore the scientific intrigue and infighting that occurred in the cold fusion revolution, which provided much human drama. There were fights to publish and to forestall publication, issues of priority of discovery, funding matters, misinformation and disinformation, rumors that became fact, questions of academic standing, and even allegations of scientific deceit. The hard lessons in science learned in the quest for cold fusion will depend on the ultimate resolution of the scientific questions, but whatever the outcome, some are already clear:


	Spectacular resistance to paradigm shifts in science are alive and well. Plasma fusion physicists were extremely reluctant to consider new fusion mechanisms even though they knew very well that the environments of electrochemical cells and palladium metal atomic lattices were remarkably different from the high-temperature gaseous systems to which they were accustomed.

	The majority does not rule in science. It is a gross mistake to draw conclusions about the validity of reported findings by polling the membership of this or the other scientific organization or panel.

	It is dangerous and often deceptive to make analogies between one scientific controversy and another. Comparing the cold fusion episode with several notable blind alleys in sciencethe polywater episode of the 1960s-70s, or the early 20th-century N-raysis counterproductive and wrong. I acknowledge, however, that it may also be hazardous to compare the cold fusion debate to heated episodes in science that did
 result in a well-established discovery.

	Irving Langmuirs rules for identifying so-called pathological science are best retired to the junk heap for prejudice and name calling.

	Ockhams Razor is too easily forgotten. In science, the simplest unifying theory or connection is often most appropriate. Better to have a single explanation to bridge a host of apparently related phenomena, than to concoct baroque excuses for why multiple independent experiments may all
 be systematically incorrect. Any
 possible nuclear effect, even a tiny suspected one, such as low levels of neutron particle emissions seemingly unconnected with heat production, should have been a tip-off that other puzzling and erratic effects in similar physical systems might also have something to do with nuclear phenomena.

	Use extreme caution in dismissing experimental results just because theory suggests they are impossible. Theory must guide science, but it should not be allowed to be in the drivers seatespecially when exploring the frontier.

	The fear that possible scientific error would be ridiculed, or worse, interpreted as fraud, is stultifying. A witch hunt against cold fusion affected researchers: Some who wanted to work in the field did not get involved for fear of scorn; others hid positive results from colleagues, anticipating career problems; and some laboratory managers refused to allow technical papers to be published on positive results obtained in their organizations. Most incredible, some scientists publicly decried cold fusion, while privately supporting its research.

	The peer review process by which articles make their way into journals is not infallible. While peer review is meant to act as a filter against spurious results and sloppy science, mismanaged or unchecked it can be a tyrannical obstacle to progress as well. It is unwise to be persuaded by the editorial position and selection of technical articles that appear in a single well-respected publication.

	Vested scientific interests are not easily persuaded to share their resources. Too small a total funding pie, in this case limited federal expenditures for energy research, led naturally to rivalry and antiscientific tendencies that would have moderated with a policy of broader research support. The hot fusion fraternity, like any scientific community with its back to the wall, may find it difficult to draw impartial conclusions about a perceived threat to its dominance.



Above all, I wanted to distinguish between the real, initial scientific shortcomings of Drs. Fleischmann and Pons work (including their initial incomplete disclosure of relevant experimental protocols) and their fully justified bewilderment in the face of a phenomenon for which they had no satisfactory explanation (other than a firm belief that the evidence pointed to it being nuclear). This required raising numerous questions about the process
 of science and communicating scientific developments to the public.

This may shock the uninitiated or misinformed, but when the science finally works its way to more firm conclusions, it is my view that Fleischmann and Pons, Brigham Young Universitys Steven E. Jones with his reports of neutrons, and other early cold fusion pioneers may be regarded in the history of science as heroesvery human, imperfect ones. Fleischmann and Pons most serious failing, which ultimately sandbagged the whole subsequent scientific process, was to suggest initially that their experiment was very easy to reproduce, and that scaling it up to practical, power-producing devices would not be especially difficult. In some sense the Fleischmann-Pons experiment was
 relatively easy to reproduce, but it proved far
 from simple to interpret or to augment. Ironically, Steven Jones is to be faulted for consistently denying
 that electrochemical cells could be producing excess heat from nuclear reactionsan opinion arising from his stubborn disbelief and desire to protect the priority of his
 discovery, not from the results of his own experiments or deep analysis of the thermal measurements made by others.

Yet all three protagonists took their incomplete preliminary findings to the scientific community and kicked it into unprecedented and rapid global action. A U.S. Department of Energy report estimated that initially between $30 and $40 million dollars were spent worldwide on cold fusion research. That estimate is now woefully low, as the pace of research quickens. A recent compilation of reports of only positive
 evidence for cold fusion, which have come from more than 80 research groups in a dozen nations and at five U.S. national laboratories, gives some idea of the scope and seriousness of the activity (see Chapter 15).

The cold fusion story cannot be understood without grasping the parallel effort to develop controlled hot
 fusion, one of the most noble and difficult technological quests ever undertaken, now in its fifth decade. Without rehashing the extraordinary history of hot fusion researcha fascinating saga in its own rightincluded is sufficient background to put cold fusion in proper perspective.

An essential caveat: After reviewing mounting evidence from cold fusion experiments, I am persuaded that it provides a compelling
 indication that a new kind of nuclear process is at work. I would say that the evidence is overwhelmingly
 compelling that cold fusion is a real, new nuclear process capable of significant excess power generation. The evidence for significant power generation, however, cannot be said to be conclusive
 . The word conclusive in science denotes an intimate melding of experimental observation and theoretical explanation. In the case of cold fusion, this cannot be said to have occurred. There is yet no proved
 nuclear explanation for the excess heat. That excess heat exists
 is amply proved.

Teasing a new phenomenon from nature is not easy. Simply review the history of the discovery of fission in the 1930sthe phenomenon was staring physicists in the face, yet fission was slow to be recognized. Or recall superconductivity, which a Dutch physicist stumbled across in 1911, but for which no good theory existed until the 1950s. High-temperature superconductivity, which exploded into the world of physics in 1986-87, is still incompletely understood. Or recall the cats whisker or crystal radio of the 1920s, which wasnt understood until the transistor was invented three decades later. But for ignorance and skepticism, we might have had transistor radios in the 1920s! Or take the totally unexpected phenomenon of lasing, both at optical frequencies (lasers) and at microwave frequencies (masers), and more recently at X-ray wavelengths. Radio waves themselves, predicted in the 1860s and discovered in the 1880s, were another totally unexpected manifestation of matter and energy. Why not cold fusion? Nature has marvelous tricks up her sleeves, and it is the delight of the scientist to discover them. Let us see how the power of the stars is coming down to Earth.



Bow, New Hampshire






Acknowledgments


IF AN IDEA HAS A THOUSAND PARENTS, a book may have at least a few hundred. Fire from Ice
 would not have been without the dedicated work of the hundreds of researchers who probed and who continue to investigate cold fusion phenomena, and without the efforts of thousands who strive to tame hot fusion. Proponent and skeptical views alike were the two streams that blended and fused in this work.

My deep appreciation for extremely helpful discussions extends to Professor Martin Fleischmann of the University of Southampton and the University of Utah and to Professor Steven E. Jones of Brigham Young University.

I am particularly grateful to four scientists at MIT with whom I have discussed both hot and cold fusion: Dr. Richard D. Petrasso, Dr. Stanley C. Luckhardt, and Professor Ronald R. Parker, all of the Plasma Fusion Center, and Associate Professor Peter L. Hagelstein of the Department of Electrical Engineering and Computer Science. Other scientists and engineers who have been immensely helpful are: Dr. Bruce Gregory of the Center for Astrophysics in Cambridge, Massachusetts; MIT visiting scientist Dr. Henry H. Kolm; Professor Lawrence M. Lidsky of MITs Department of Nuclear Engineering; Dr. Vesco C. Noninski, an electrochemist from Sofia, Bulgaria; Associate Professor Donald R. Sadoway of MITs Department of Materials Science and Engineering; Professor of Physics Emeritus David Frisch of MIT; Dr. Mark Stull of Bedford, New Hampshire; Dr. Frank Sulloway of the MIT Science, Technology, and Society Program; Donna Baranski-Walker of the MIT Technology Licensing Office; Dr. Fritz Will, Director of the National Cold Fusion Institute; and Donald Yansen of Bio-Rad, Cambridge, Massachusetts.

Beyond the East Coast of the United States, I am indebted to Professor John OM. Bockris of Texas A&M University; Hal Fox of the Fusion Information Center in Salt Lake City; Russ George of LGM Productions; Dr. M. Srinivasan of the Bhabha Atomic Research Center in India; Dr. Howard Menlove of the Los Alamos National Laboratory; Professor Julian Schwinger of UCLA; Dr. David Worledge of the Electric Power Research Institute (EPRI); and my colleague in the writers art, physicist Dr. Robert L. Forward.

Many science journalists and public information officers have helped directly or indirectly, including: Jerry Bishop of The Wall Street Journal;
 Nancy Enright of the American Chemical Society; Pamela Fogle of the University of Utah; Joel Shurkin of Stanford University; Ed Walraven of Texas A&M University; science reporter Ed Yeates of KSL TV, Salt Lake City; Professor Bruce Lewenstein of Cornell University; Ivan Amato of Science News;
 Robert Cooke of Newsday;
 Irwin Goodwin of Physics Today;
 Ron Dagani of Chemical and Engineering News;
 Robert Pool of Science;
 and graduate students John Travis, formerly of MIT, and Silvia Bianchi, formerly of Boston University, both of whom studied independently the medias coverage of cold fusion.

Throughout the cold fusion episode, Kathy Powers, Paul Rivenberg, and Pat Stewart of the MIT Plasma Fusion Center were helpful in sharing with me the Centers archive of technical information. The crucial support and sage advice of editor David Sobel at John Wiley & Sons and the work of my literary agent Richard Curtis were the foundation of my efforts, as were critical scientific discussions and some initial writing on cold fusion shared with my scientific colleague, Dr. Gregory L. Matloff. I am thankful also for the work of Maria Danzilo, Frank Grazioli, and Judith McCarthy of John Wiley and Laura Van Toll of Impressions. Above all, my family deserves five fusion-powered stars for putting up with this confining passion. I return now to the home planet.






1. Prologue: Desperately Seeking Fusion


Water, water, everywhere,

Nor any drop to drink.

Samuel Taylor Coleridge, The Rime of the Ancient Mariner
 , 1798

Anything that is theoretically possible will be achieved in practice, no matter what the technical difficulties, if it is desired greatly enough.

Arthur C. Clarke, Profiles of the Future
 , 1963


* A Genie Shrugs


THE SNOW-COVERED WASATCH MOUNTAINS, so beautiful and unreal in late March, glistened against the intense blue of the skies above Salt Lake City. Spring skiers sported within those hills, unaware of news that was soon to come from the city below and oblivious to an approaching intruder above, in deep space.

For thosesuperstitious or notwho like to connect life on this world with celestial events, an auspicious or portentous happening: At about 8 hours Universal Time on the 22nd
 of March, 1989, multimillion ton asteroid 1989FC whizzed by Earth and its Moon, coming within 430,000 miles of our world. It made the closest known pass by a body of such mass since Hermes in 1937the year before the discovery of nuclear fission.

As the asteroid continued on its path traveling many miles per second, the world turned not even once on its axis. The next day, Thursday, March 23, 1989, brought a glimmer of hope from a city that had grown up near the barren flatlands of the Great Salt Lake in Utah. At 1:00 P.M. in Salt Lake City, chemists Martin Fleischmann and B. Stanley Pons burned their names into the history of the quest for fusion power. Essentially unknown to the hot fusion community, they claimed to have achieved what seemed to be impossible: power-producing fusion reactions at room temperature.

Hours later, a gargantuan tanker left the port of Valdez, Alaska, en route with oil for an energy hungry world. At four minutes past midnight, March 24th
 , the Exxon Valdez ran aground and spilled 11 million gallons of crude oil into the pristine waters of Prince William Sound. The disaster symbolized the ultimate futility of our dangerous dependence on the planets subterranean fossil fuels.

The massive oil spill drew deserved national attention and outcry, but it did not eclipse the extraordinary news from Utah about cold fusiona concept that seemed to drop from the sky like an alien intruder straight into the public psyche. At the press conference held at the University of Utah, B. Stanley Pons, professor of chemistry and chairman of the Department of Chemistry at the University of Utah, and colleague Martin Fleischmann, professor of electrochemistry at the University of Southampton, England, proclaimed that they had discovered an amazingly simple method to create power-producing nuclear reactionspossibly fusionnot at hundreds of millions of degrees in imitation of the stars, but at room temperature!

The Genie of fusion shrugged in his ancient vessel that year and amazed the world. The spring of 1989 will long be remembered as a time of unexpected shaking, when extraordinary claims by groups of researchers in Utah and subsequently around the world led scientists to reexamine a decades-long pursuit: the quest to tame nuclear fusion. The struggle has been to bring this power of the stars down to Earth, much as fabled Prometheus snatched fire from the gods. The interest of the scientific community and the public at large was temporarily galvanized by the idea that a new kind of fusion process, immediately dubbed cold fusion,
 might soon lead to a way to get the fusion Genie to stop shrugging and come completely out of his bottle.

Startling events occasionally make us step back to get a better view of our pursuits and to examine cherished assumptions. This often leads to rededication, to unforeseen possibilities, and to new directions. The shaking of complacency now and then in a positive way is healthy, no more so than in the fields of science and technology where intense concentration on an established course sometimes promotes a possibly too narrow focus.

We now know that confirmation or rejection of the remarkable cold fusion claims of 1989 were not to come easily and that unusual doubt and confusion (inevitably termed fusion confusion) beset a baffled, bemused, and even outraged scientific community. Estimates are that, for a time, more than one million dollars per dayin person-hours and equipmentwas expended worldwide to confirm or disprove the claims that nuclear fusion reactions can occur in apparatus no more complex than a laboratory electrochemical cell, or in pieces of metal infused under pressure with a heavy version of hydrogen, the isotope deuterium.

Dr. Martin Fleischmann holds an electrochemical cell of the kind used in the cold fusion experiments at the University of Utah. (Courtesy University of Utah)

Dr. B. Stanley Pons holds a prototype cell that is larger than that used in his and Dr. Martin Fleischmanns first experiments. (Courtesy University of Utah)

At a bare minimum, it now appears very likely that a wholly unexpected scientific phenomenon has been discovered. If it really is a new mode of fusion, it occurs, quite surprisingly, at room temperature. Moreover, the phenomenon appears to be capable of net power generation, but whether what seems to be an erratic, difficult-to-reproduce process can be tamed for practical applications remains an open and extremely intriguing question.

While the jury is still out on the significance of these developments, there can be little doubt that the larger effort to tame fusion for human needs has received an unexpected and perhaps much needed boost. The public imagination and interest in fusion power has stirred in a way that has never before happened in the relatively unknown quest. The nations of the world have spent billions of dollars to control thermonuclear (hot) fusion in gaslike plasmas whose temperatures sometimes reach several 100 million degrees centigrade, but the average citizen has heard little about the dramatic progress in recent years in this exceedingly difficult scientific and technological effort.

The new developments on the frontiers of fusion research come at a critical juncture in the U.S. and international efforts to control this potentially limitless and extremely benign source of energy. A large and complex laboratory machine, the Joint European Torus (the so-called JET tokamak in England) has just now reached, in effect, the long-sought energy breakeven
 point in conventional high-temperature fusion experiments: achieving about as much energy output as input. A few more years and self-sustaining, so-called ignited,
 fusion experiments are destined to produce significant net power, but in a form still not suitable for practical and extended power generation. For hot fusion, the goal of reaching engineering and commercial feasibility lies two or more decades ahead.

To fully understand the implications of cold fusion, it is essential to put fusion power in the widest possible context, and to tell how it may eventually dramatically affect human affairs. The fossil fuel era is nearing an end. No matter what conservation steps are taken, the worlds reserves of coal, oil, and natural gas are clearly running down. They will be severely depleted within a single century and will have vanished completely within a few hundred years, if we keep using them intensively. Moreover, the local and global environmental consequences of running full-tilt at power generation with fossil fuels may perhaps be as ominous, if not more
 frightening, than simply running out of power. Whether or not there will be significant global warming as a result of carbon dioxide and other "greenhouse" gas emissions is not the issue. To continue dumping the other noxious end products of combustion into the environment is simply stupid
 given existing and emerging alternatives.

Fusion power offers the prospect of energy abundance over times comparable to geological ages, in contrast to the microscopic blip in human history of reliance on fossil fuel.

If we expect our descendants to live virtually indefinitely on this planetuntil perhaps our Sun, our fusion reactor in the sky, dies some five billion years hencewe had better plan now to possess a source of inexhaustible power. What will that be? Possibly a source of solar power captured by vast solar cell arrays in space and beamed back to Earth's surface as microwaves, solar power collected by large arrays deployed in desolate areas, or a new kind of nuclear fission power perhaps, a modification of present nuclear reactor technology that may allay even passionately antinuclear fears? This kind of passively safe nuclear reactor, which can be shown to release no radioactivity to the environment even when its coolant is lost, has already been built and is practical.

1


 A new generation of safer fission power plants merely awaits the economic and political wherewithal.

Despite public fears about present-day fission power reactors, they have by far
 the best track records in safety of virtually all means of generating electricity (remember, even hydroelectric dams break and kill), and with their high-level radioactive wastes safely disposed in subterranean chambersas must begin to be done in the coming decadesfission reactors are infinitely more benign to the environment than fossil fuel power. But while fission power may take us very far into the futuresome hundreds or several thousands of years, depending on how fuel sources hold upeven fission has a demonstrably limited future. Fusion is an energy resource that is virtually infinite.



* Fusion Is Forever


We inhabit a water planet. Though relatively speaking it is less than eggshell-thin, a layer of water covers more than 70 percent of the worlds surface. If we could use a tiny fraction of the millions of cubic kilometers of water for fuel to produce power for an energy-hungry globe, it would be infinitely better than achieving the alchemists goal of turning base metals into gold. One way or another, the vision of harnessing the worlds oceans to that end will come true. In researchers the world over, the dream of wrenching fire from ice is alive: fusion power, the fire of stars, taken from icy water.

The clever Prometheus of Greek legend merely stole fire from Zeus, the chief deity, and returned it to humankind. More audacious, fusion scientists have been struggling for four decadesroughly since the birth of the idea of fusion bombsto steal the fire of stars from ordinary water. Because water is so cold (on a relative scale being but a few hundred degrees above the absolute zero of temperature) taming fusion aims almost literally at teasing fire from ice.

Enough fusion fuel exists on Earth to keep billions of people going effectively forever. It is frozen fire that has existed since the birth of time. When realized, the vision of controlled fusion power will allow us to release energy from deuterium, a special form of hydrogen (heavy hydrogen) that exists in a small but potent amount in every drop of water in nature. About one hydrogen atom in every 6,700 on Earth is a hydrogen isotope, deuterium (often written, D). That is, deuterium is
 hydrogen because it has one proton in its tiny, dense nucleus, but deuterium also has a neutron accompanying the usual single proton, making it about twice as heavy as Hordinary hydrogen (a neutron is only very slightly heavier than a proton). Every water molecule, H2
 O, contains one oxygen atom and two hydrogen atoms.

When you look out a window on a rainy day, you are watching fusion fuel falling from the sky. The tiny amount of deuterium in every gallon of ordinary water, about 1/250th of an ouncenot nearly enough to fill a babys spoon if it were liquidcontains potential fusion energy equivalent to the chemical combustion of 300 gallons of gasoline. A comparison of fusion, fission, and fossil fuel required for a typical power plant is in order: A typical electric power plant of 1,000 megawatt (MW) capacitymeaning one thousand million wattsrequires about twenty thousand railcars of coal per year
 a procession carrying some two million tons and stretching about 400 kilometers! The oil energy equivalent of this is some ten million barrels of crude oilseven supertankers worth. The nuclear fission fuel equivalent of this horrendous pile of coal or lake of oil comprises a mere 150 tons of raw uranium oxidea volume easily carried by about eight tractor trailers. But a single pickup truck could carry the 0.6 ton of heavy water (D2
 O) necessary to fuel an equivalent 1,000 MW fusion power plant for one year!

There is obviously more than enough fusion fuel to go around, but before we can use it, we have a lot to learn.


* The Fusion Universe


Look up in the sky on a dark night and you will see thousands of bright fusion reactorsthe stars. The Sun is the fusion reactor that keeps us alive. If plants were to die for lack of fusion-produced starlight, the animal kingdom would soon follow into oblivion. We can say with confidence that every life-form on Earthenergized as it is by sunlightis an embodiment of fusion power.

We owe this to the violent collision of the nuclei of hydrogen atoms at the cores of stars where temperatures are reckoned in tens of millions of degrees. These collisions of hydrogen nuclei, simple single protons stripped of their ordinarily attending electrons, promote fusion reactionsthe buildup of heavier nuclei from lighter ones. This results in a stupendous release of energy and an ash or reaction end product, the nuclei of the next heaviest element, heliumthe kind of atom that buzzes within a childs balloon.

A stars fusion reactions produce the necessary temperature and gaseous pressure to counter the tendency of the star to collapse from its own self-gravitation, that is, from under its own weight. But gravity keeps the fusion fuel in a star cooking and contained. For decades, hot fusion researchers on Earth have tried to mimic the Sun by using intense magnetic fields to contain fusion reactions in gaslike plasmas
 at scores of millions of degrees, and more recently by aiming intense laser beams at solid fusion fuel pellets to turn them briefly into glowing plasmasin effect, miniature stars.

Plasmas are omnipresent in the universe. The visible universe is more than 99 percent plasma: the hot interiors of stars themselves; glowing reaches of material between the stars about to give birth to other stars or luminous from the intense radiation of stars of advanced age; lightning itself; the minute sparks jumping off one's finger after walking on a rug on a cold, dry day; the eerie, glowing auroral displays (Northern Lights); and plasmas within glowing fluorescent light bulbs or neon lights. The word plasma was coined in the 1920s by American physicist Irving Langmuir, who made a metaphoric comparison between the multicomponent blood plasma that carries red blood cells and the species of charged particles in the hot plasmas with which he was working.

Plasmas are gases in which temperatures are so high that negatively charged electrons have been stripped off of atomic nuclei to one degree or another and are swimming within a soup of positively charged particles. The overall charge of a plasma is typically zero, but it is a good conductor of electricity, because, like a metal, lots of electrons may roam freely.

Plasmas exhibit some of the most complex, dynamical behavior in nature, because their charged components respond to the forces from electrical and magnetic fields and these motions, in turn, set up their own fields. Not solids, liquids, or gases, high-temperature plasmas constitute a veritable fourth state of matter, the most common one in the cosmos. Rocky planets and moons with their ice, liquid oceans, and gaseous atmospheres are the exception rather than the rule in the plasma universe.

When the universe was born some 15 billion years ago in the titanic Big Bang explosion at the beginning of space and time, by the end of the first three minutes a high-temperature maelstrom of quarks (the fundamental constituents of protons and neutrons) and other subnuclear particles had cooked up a mixture of about 75 percent hydrogen nuclei (protons) and 25 percent helium nuclei (each with two protons and two neutrons), plus some other trace elements.
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 Yes, the visible universe consists mostly of fusion fuel and helium ash. Perhaps even more fantastic: All the heavier elements that go into building our planet and our bodies, such atoms as carbon, oxygen, nitrogen, iron, silicon, not to mention more exotic ones such as palladium, platinum, or uranium, were once inside distant stars that exploded billions of years ago. That fusion is central to the scheme of the universe is a striking cosmic fact.

No matter that the kinds of fusion reactions within the Sun and other stars are of a different variety than we might expect to use in a human-engineered reactor. It will probably be much too difficult to fuse protons at high temperature, so hot fusion scientists have sought to fuse together deuterium nuclei and one even heavier hydrogen nucleus tritium
 (containing one proton and two
 neutrons) in various combinations.

A plasma differs from a gas in which electrons remain physically bound to nuclei and form complete atoms. In a high-temperature plasma, negatively charged free electrons swim in a soup of positively charged ionsnuclei with electrons stripped off. (Courtesy Princeton Plasma Physics Laboratory)

In the absence of a magnetic field, the charged particles of a plasma move in straight lines in random directions. Particles may come in contact with the walls of a containing vessel, thus cooling the plasma and inhibiting fusion reactions. If, however, a magnetic field is imposed on a plasma, the charged particles follow spiral paths about the Invisible magnetic field lines and are thus kept from striking the walls of the containment vessel. (Courtesy Princeton Plasma Physics Laboratory)

The absolute zero of temperature is mighty cold: about460°F (Fahrenheit) or -270°C (Celsius). In most substances, atoms jiggle barely at all near that frigid temperature. At higher temperatures, atoms and molecules move around faster, bumping into one another, their average speed depending on the temperature. Temperature, in fact, is a measure of the average velocity and energy of moving atoms or molecules. Indeed, temperature seems to be central to the occurrence of fusion reactions in nature. This is true because the relative velocity between atoms or their nuclei is one means by which the nuclear ingredients of fusion reactions can be made to overcome the extreme electrical repulsion forces between positive charges that normally keep them apart. That is why it is so difficult to fuse the bare protons of two ordinary hydrogen nuclei.

It is by far more convenient to use the Kelvin (K) scale of temperature, rather than Fahrenheit (°F) or Celsius (°C). There are no below zero temperatures on the Kelvin scale, because temperature is reckoned from 0 K, absolute zero, where minimal atomic or molecular motion is occurring. When we are talking about millions of degrees, as is often done in fusion research, the Kelvin temperature is virtually identical to the Celsius temperature, since a Kelvin and a Celsius degree are of the same size (measure of temperature rise) and the zero temperature for Celsius (0°C, the freezing point of water under normal conditions) begins only 273°C above absolute zeroa small number compared to millions of degrees. (Unlike for °C temperatures, it is customary not to indicate a degree sign ° before the K.)


* Star or Planet?


It is not strictly
 true that without the fusion reactions of the Sun, the temperature of our planet would approach that of deep spaceabout 3 K. When the rocky Earth and the other planets formed some 4.5 billion years ago from a cloud of primordial debris that was enriched with the heavier elements of exploded stars, radioactive atoms were mixed into the recipe for the planets. The nuclei of these atoms are so unstable that they disintegrate and emit radiation spontaneously, radiation that can slowly but surely heat the body of a planet. The heat flow coming from the interior of Earth is thousands of times less than the power of radiation from the Sun that strikes the planet.
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Now these nuclear processes that contribute to heating Earths interior are, of course, not fusion reactions. They are simple radioactive decays of one heavy element such as thorium or uranium into lighter elementsultimately to such stable forms as the element lead. For the most part, these nuclear processes are not even fissions,
 in which atomic nuclei split into two roughly equal fragments, although a small amount of natural fissioning does occur. The recent interest in cold fusion, however, has prompted wild speculation that low levels of natural fusion
 reactions may be occurring deep within the Earth.

So basic a question as, What is the difference between a star and a planet?, has to do with whether copious fusion reactions either are occurring or ever did happen within an astronomical body. Tiny Earth, Mercury, Venus, Mars, and Pluto are obviously planets. They certainly arent massive enough to have any abundant conventional fusion reactions going on within their cores, nor do they have hydrogen fusion fuel in their central regions. But what about the Solar Systems gas giants, Jupiter, Saturn, Uranus, and Neptune? Could these planets more properly be termed failed
 or borderline
 stars?

Certainly Jupiter and its sister giant planets may make at least a remote claim to being stars. Astronomers have measured the electromagnetic radiation coming from Jupiterboth visible light and infrared radiationand find that more energy is coming out than is going in. Some have speculated that this excess radiation is coming from weak fusion reactions going on within Jupiter. If this were true, we would have hot fusion reactions in stars and cold fusion reactions in planetsfrom fire to ice, as it were.

However, to be a true star that generates significant energy of its own, astronomers believe that an aggregation of hydrogen and helium, self-contracting from the force of gravity, must have a mass of about 80 times that of Jupiter. This is still much less matter than exists in our own Sun. Jupiter, with 300 times the mass of Earth, has but one-thousandth the mass of the Sun, so to be a star, a body should be no less massive than about 8 percent of the Sun. There has been much interest in the search for these low mass stars that have been dubbed brown dwarfs, because of their presumed very low surface temperatures. In recent years, evidence (albeit not yet conclusive) has accumulated that brown dwarfs with relatively weak fusion reactions in their cores exist, both as companions orbiting other suns and perhaps as independent objects coasting freely through space.

It is important to realize that despite the multimillion degree temperature and high density of the Suns core, it is still far too cool for the kinds of fusion reactions that scientists have been trying to produce in laboratory hot fusion reactors. (Newspaper articles often say that hot fusion scientists are trying to tame the power of the stars, unfortunately giving the misleading impression that they are planning to use those very same fusion reactions. They are not.) The temperatures that scientists are seeking are 100 million K and beyond. What is more, energy production in the solar core is actually very weakonly a few watts per ton of starstuff. The bodily heat output of a resting human being, coming from chemical reactions of course, is by far more impressive! The solar cores great size and mass explain how the total output of the Sun can be so stupendous4 × 1026
 watts. The energy released in one second
 by the Sun could keep our civilization going at its present rate of energy consumption for more than a million years; collecting that power radiated in every direction by the Sun would be another matter.


* What Is Fusion?


The idea behind fusion is really very simple. Two light-weight
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 nuclei come together and stick to one another or fuse,
 forming a nucleus of greater weight than either of the two reactant nuclei. In creating the new nucleus, this fusion process may also include the ejection of one or more subnuclear particles such as a positive electrically charged proton or a chargeless neutron, or other kinds of particles. But the key phenomenon in fusionits defining characteristic
 is the formation of a more massive nucleus and the release of energy in a number of forms, whether in the velocity of particles such as neutrons or protons, in penetrating powerful radiations called gamma rays
 (like X-rays, only much more energetic), or in other mechanisms that some have hypothesized for cold fusion. The resulting mass of the newly fused nucleus is less than the combined mass of the nuclei that formed ita tiny amount of mass disappears during fusion and is converted to energy.

The energy release in fusion comes from the conversion of matter to energy by an amount given by Albert Einsteins formula from his 1905 theory of special relativity, E=mc2
 ; that is, the energy release is equal to the mass that is converted multiplied by the speed of light squared. (Light speed must be in units consistent with the mass, such as meters-per-second if mass is in kilograms; then E would come out as watt-seconds, a unit like kilowatt-hours
 that you notice in despair each month on your electric utility bill.)

What form of matter is disappearing in a fusion reaction is far less obvious, but disappearing it surely is. To cite one astonishing example: Every second some four-million metric tons of mass disappear within the Suns fusion reactor, being converted to energy that eventually emerges at the stars surface! Yet so massive is the Sun that this destruction of mass can occur for billions of years and still less than one ten thousandth of its original mass will have vanished. We too easily forget, but this is what is so remarkable about any kind of nuclear power: The conversion of a minute fraction of the mass of fuel can liberate staggering amounts of energy, all because of E=mc2
 .

The energy requirement per proton or neutron
 to bind an atomic nucleus together for a long time generally
 becomes less
 in the case of larger nuclei (up to the mass of about iron, which typically has 26 protons and 30 neutrons). This is the so-called binding energy
 of a nucleus. When two light nuclei fuse to form a more massive nucleus, adding up the masses of the resulting nucleus and any particles such as neutrons that may fly off in the process, gives a total final mass that is less than that of the original two nuclei added together.
 This mass deficit or loss is what has been converted to the energy of particles and radiations that emerge from the fusion reaction. Fusion reactions, just like fission reactions, must
 involve the loss of mass and its conversion to various forms of energy such as heat and radiation.
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There are many, many kinds of fusion reactions that can occur among light elements, but the following one, for example, is of concern in the engineering of hot fusion reactors because it illustrates how deuterium can be used as fuel (the  means simply goes to or becomes):

D + D  3
 He [at 0.82 MeV energy] + n [at 2.45 MeV energy] (1)

Deuterium plus Deuterium (Goes to) Helium-3 plus a neutron

We will have more to say about such reactions in discussing the different technologies that scientists have considered to tame fusion, but it is instructive to understand how to interpret these simple symbolic equations. Dont let them scare youthey are really quite easy and you certainly dont have to memorize them!
 Reaction (1) suggests that two deuterons
 (deuterium nuclei, designated D, just as ordinary hydrogen has its own symbol, H) can combine to form the nucleus of helium-3 (designated 3
 He) plus a neutron (n). By definition, the element helium has two protons in its nucleus (the number of protons always defines what the element is), and the added neutron gives a total nucleon count (protons plus neutrons) of three, hence the superscript 3. Helium-3, extremely rare in nature (though prevalent on the surface of the Moon, having been transported there by the solar wind), is a variant or an isotope
 of the ordinary kind of helium, helium-4 or 4
 He, which has two protons and two neutrons in its nucleus.

Schematic of four basic fusion reactions among hydrogen isotopes that are of particular interest to fusion researchers.

For the nuclear bookkeeping in such equations to be correct, the number of individual particles or nucleons (protons or neutrons) on the left side of the equation must equal the number of nucleons on the right side. (Example: Together the two deuterons on the left in reaction (1) comprise four nucleons; on the right, 3
 He plus the neutron, n, comprise 3 + 1 or four nucleons. Thus, the equation balances.) The numbers in brackets near each reaction product tell how much energy of motion (kinetic energy
 ) is vested in that particle or nucleus after the reaction occurs and energy is liberated. This is the energy that typically may be used in some kind of conversion process toward useful power generation. The numbers represent how many MeV
 or millions of electron volts
 of energy are in the motion of that particle or nucleus.

An electron volt is
 a very tiny amount of energy. Millions of electron volts are still a small amount of energy (one MeV is about the energy needed to lift up a speck of dust weighing a millionth of a gram a distance of about one-millionth of a meter), but when many reactions are occurring simultaneously among trillions of like particles, the energy adds up! One electron volt is the energy that a tiny electron (with only 1/1836th the mass of a proton) picks up when it is accelerated by one voltabout the voltage difference between the two ends of a flashlight battery. Ordinary chemical
 reactions between individual atoms have energies on the order of a few electron volts (a few eVs), but millions
 of electron volts (MeVs) are characteristic of the energy output of the several nuclear reactants in fusion processes. This explains why fusion reactions involving nuclei are typically millions of times more potent than chemical reactions, which by definition
 only involve the interactions of the tenuous clouds of flitting electrons that surround individual nuclei.

Several other reactions are of major interest to fusion pioneers:

D + D  T [at 1.01 MeV energy] + p [at 3.02 MeV energy] (2)

Deuterium plus Deuterium (Goes to) Tritium plus a proton



D + D  4
 He +  [at 23.8 MeV energy] (3)

Deuterium plus Deuterium (Goes to) Helium-4 plus a gamma ray



D + T  4
 He [at 3.5 MeV energy] + n [at 14.1 MeV energy] (4)

Deuterium plus Tritium (Goes to) Helium-4 plus a neutron

In reaction (2), two deuterium nuclei react and form a tritium
 nucleus (a triton
 ),
 another isotope of hydrogen (two neutrons plus the basic proton that identifies tritium as an isotopic form of hydrogen), plus a surplus proton. In reaction (3), two deuterium nuclei react to form a nucleus of helium-4 plus a high-energy gamma ray. In reaction (4), a deuterium nucleus reacts with the nucleus of the hydrogen isotope tritium. The reaction produces ordinary helium-4 plus a surplus neutron.

The first three reactions occur when pure deuterium fuel is brought to extremely high temperature. The first two of these three reactions, or branches as they are fondly called, are by far the dominant ones that occur with pure deuterium fuel. These two occur with about equal probability. So burning deuterium in a fusion reaction gives about an equal number of end products from these two reaction branches: about as much helium-three (3
 He) as tritium and about as many protons as neutrons. Much more rarely (with a probability of only about one out of ten-million for every two Ds that come together) the third branch occurs, producing ordinary childs balloon helium-4 and a powerful and penetrating gamma ray.

Because in high temperature plasma fusion the so-called branching ratio between reactions (1) and (2) is about one-to-one and because reaction (3) occurs only rarely, this became a major bone of contention in the cold fusion controversy. Hot fusion physicists who were already extremely skeptical of fusion by chemistry were loath to abandon so solidly established a finding as the hot fusion branching ratios and took this point as a fundamental article of disbelief. It is perfectly true that in no cold fusion experiment have the traditional branching ratios been found, much less was there any evidence of consistency between these reported reaction end products and the amount of heat being measured.

Even though these are the three reactions with which hot fusion scientists primarily concern themselves in present experiments, for various technical reasons it would be difficult and needlessly expensive to build a hot fusion reactor using pure deuterium fuel, so the practical working reactors that they hope to build would use the more powerful and easy to produce reaction (4) between deuterium and tritium (D + T). The potent neutron coming off the reaction is the key to hot fusion power, because its energy could be absorbed in a surrounding blanket of molten lithium (Li) metal, which would, in turn, heat water to produce steam to run an electricity-producing turbogenerator (Chapter 2).

The fast neutron would also turn some of the lithium atoms into tritium, which could then be extracted and fed back to the reaction chamber and used as fuel. In a sense the tritium part of the fuel would be self-regenerating
 through the conversion of lithium. Tritium is one of the less hazardous radioactive isotopes, in part because it decays so fasthalf of it disappearing in only 12.5 years, half of the remaining atoms in 12.5 more years, and so on till it virtually vanishes.
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 But this also means that tritium occurs in almost imperceptibly tiny amounts in nature and must be produced bootstrap-fashion in a working fusion reactor that used D + T. But so be itthis can be accomplished.

You may have heard that the radioactive gas, tritium, is also useful in making part of the fusion fuel for hydrogen bombs. Tritium is hydrogensimply an isotope of hydrogen. (Thats why we call thermonuclear weapons hydrogen bombs or H-bombs, though to be accurate we should really call them T-bombs or D-T bombs, because they use deuterium too.) We make tritium now with fast neutrons that emerge from certain fission reactors (in Savannah, Georgia, and elsewhere). Unfortunately, these have lately been in the news because their waste products have been so poorly attended in the weapons program. This has led to serious environmental problems that we must now correctproblems not having to do with tritium itself. Since March 23, 1989, tritium has also made news in the cold fusion controversy, because researchers have claimed to have observed it in numerous cold fusion experiments. If this tritium is really being generated
 and is not the result of contamination, then cold fusion is proved.

Thousands of scientists and engineers around the world have been working for decades to harness the power of these hot fusion reactions. They heat plasmas to hundreds of millions of degrees in elaborate machines designed to produce fusion. To confine the plasma, they typically work with torus-shaped (donut-shaped) vessels called tokamaks
 pervaded by high-intensity magnetic fields, or they assault sometimes frozen pellets of fusion fuel with intense laser beams from many directions at once. The hot fusioneers have reached the threshold of the Genies inner sanctum and are knocking on his door. Are they seeking fusion desperately enough to break down the final barrier? Will civilization give them the keysnamely, money and time? Or, has a backdoor labeled cold fusion opened far enough to enable them and a new generation of fusion scientists to step in?
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 . For our purposes, it really isnt important to understand exactly why less
 energy per constituent nucleon
 neutron or protonshould be required to hold this more massive nucleus together by what are called nuclear forces
 . Understand, however, that there is a natural tendency for positively electrically charged protons to repel one another, and it is only the presence of chargeless neutrons along with the attractive nuclear forces that glue a nucleus together.
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 . Tritium doesnt have any extremely powerful penetrating radiation coming from it when it decays, just a single electron-called a beta particle in this kind of decay. The beta particle is easily stopped by a single sheet of paper! To make this electron, one of the neutrons in the tritium nucleus changes to a proton, leaving a helium nucleus behind, specifically helium-3 or 3
 He. (An even more evanescent particle with no electric charge, called a neutrino, also comes out of this tritium decay, but the fleeting neutrino is one of the least interacting particles in nature. Neutrinos are a hazard to no one except those wracking their brains trying to find better ways to detect them.








2. A Brief History of Hot Fusion


Take Something Like a Star

Robert Frost

With ingenuity, hard work, and a sprinkling of good luck, it even seems reasonable to hope that a full-scale power-producing thermonuclear device may be built within the next decade or two.

Amasa S. Bishop, 1958

Its nice now to be able to go to cocktail parties and tell people you work on fusion and have them know what youre talking about.

Ronald R. Parker, Director of the MIT Plasma Fusion Center, May 1, 1989

IMAGINE THE SHOCK AND DISBELIEF that befell the hot fusion community when a couple of gentlemen from Utah suggested that they could achieve in their basement chemistry lab with cheap, relatively ragtag, cool equipment what billions of dollars and gigantic, complex machines with temperatures of a few hundred million degrees K had not yet accomplished in national laboratories. The struggle to tame hot fusion has lasted for over 40 years and was not easily put aside after hearing claims of miracles.

Without understanding the gargantuan effort that went before in hot fusion research, trying to grasp the reaction to cold fusion and the course of events that followed is like attempting to comprehend the history of the United States without reference to Europe, Africa, Asia, or Latin America. Moreover, some researchers in the hot fusion community have become involved in cold fusion studies, first as skeptics or debunkers, though some more recently as committed investigators of the new phenomenon. So before recapitulating the events of that epochal month, March 1989, let us return to the 1890s, when some respected people in the house of science could still doubt something as basic as the existence of atoms.


* The Prehistory of Hot Fusion


The late Nobel laureate physicist Richard P. Feynman, who died only a year before the Utah announcement, once remarked that if all scientific knowledge were to disappear, except that we could choose to preserve a single fact with which to begin anew, we would best select: The world is made of atoms. Although since antiquity people had speculated that the universe is made up of atoms, it was only at the beginning of this century that the atomic theory became impossible to doubt. It is strange that as we aspire to tame the power of the stars we are removed less than a century from knowing the very foundation of fusion theorya world made of atoms. How we came to this realization is a fascinating story that has an eerie connection to the effort to tame fusion power.

In the waning months of 1895, German physicist Wilhelm Conrad Roentgen, in the course of his experiments with electrical apparatus and glass vacuum tubes, had stumbled onto a marvelous discoveryX-rays. When Roentgen had satisfied himself that X-rays were real, he announced his findings within weeks, and soon the world was agog with the incredible news of pictures of bones being made from the living. So startling were X-rays, much as the notion of cold fusion still seems to be, that even great men of scienceLord Kelvin in England, for example, momentarily passed off X-rays as rubbish and likely to be a hoax, before seeing for themselves and being satisfied.
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 Roentgen later won the first Nobel Prize for physics for his discovery of X-rays. Ironically, an X-ray photograph had also been made accidentally in February 1890, but its unlucky maker, A.W. Goodspeed of Philadelphia, had not recognized its significance! Similarly, in the cold fusion controversy some skeptical scientists have overlooked or ignored completely
 equally anomalous experimental observations. These are, of course, only cautionary talesnot meant to suggest that other elusive evidence, such as for cold fusion, must always be believed.

In 1896, Antoine Henri Becquerel at the Ecole Polytechnique in Paris discovered radioactivity, foreshadowing the nuclear age. Becquerel was investigating phosphorescence produced by uranium compounds. He had exposed a compound of uranium and potassium to sunlight for several hours and then placed it on a photographic plate. Developing the plate revealed the outline of the compounds granulesan indication of penetrating radiation.

Becquerel later repeated the experiment without exposing the uranium compound to direct sunlight. He was surprised to find that putting a plate near the chemical sample in the dark and later developing it continued to reveal some kind of radiation emanating from matter. Other scientists, including Marie and Pierre Curie, were quick to investigate the new phenomenon. They soon learned that a number of heavy elementsforms of uranium, polonium, and radiumcould decay spontaneously over a period of time and emit various mysterious radiations. Unfortunately, these pioneers lacked knowledge of the long-term effects of these mysterious rays on the human body. Some of them, including Marie Curie, ultimately paid with their lives from the consequences of their exposure.

They had discovered that nature exhibited a process akin to the reverse
 of the alchemists dream. Rare and precious elements such as radium were decaying to less valuable lead. They could show that in a certain period of years, half of a sample of radioactive element was decaying in this manner. What we now know as a radioactive substances half-life
 is the period during which half of an initial mass of the substance decays. The half remaining decays in the following half-life period, the remaining quarter decays in the next half-life period, and so on, until almost none of the radioactive element remains.

Radioactivity is a statistical process having to do with the atomic nucleus. As you may know, statistical processesquantum mechanical
 processesare very much the way nature operates in the microcosm, a fact of great importance in nuclear reactions, both fusion and fission. Radioactivity was explained during the first decades of the century as scientists applied insights from the newly developed theory of quantum mechanics. An individual atomic nucleus has a certain probability of undergoing a radioactive decay, but no magic formula can ever predict exactly when a particular
 nucleus will decay.

Three basic forms of radiation were found to be emitted in radioactive processesalpha and beta particles and gamma rays. (Evanescent, highly penetrating, and probably massless neutrino particles also are emitted in such processes.) An alpha particle is nothing more than a helium nucleus, which contains two protons and two neutrons. Because of the natural abundance of helium in the cosmos (not on Earth, however), the alpha particle is the most common nucleus in the universe after the ubiquitous hydrogen nucleusthe proton.

Beta particles are simply electrons, which have 1/1836th the mass of the electrically positive proton and the electrically neutral neutron. Most beta particles are electrically negative and are identical to the electrons that orbit atomic nuclei. In some nuclear reactions, positively charged beta particles (positrons) are emitted. These are the antimatter or antiparticles of the negatively charged betas.

A gamma ray, the third fundamental kind of emission in radioactivity, is a high-energy photonlike a photon or particle of light but having much higher energy. Gamma rays, part of the electromagnetic spectrum that includes light, radio and television waves, can penetrate deeply into materials. They have a much higher frequency and therefore much shorter wavelength than photons of light. Gamma rays share with visible light and other electromagnetic radiation the same Jekyll and Hyde wave-particle dualityin some experiments they act like waves, but in others they behave more like particles.

During the early part of the 20th century, physicists continued to make remarkable progress in understanding the inner workings of atoms. In the period 1906-1908, by bombarding materials with alpha particles from radioactive substances, British physicist Ernest Rutherford came to the startling realization that atoms must indeed have a very tiny, dense, and positively charged nucleus. Despite the misleading impression that cartoon diagrams in elementary chemistry and physics texts give, a nucleus is so incredibly small that if it were expanded to the size of a pea, the outer limits of the atoms cloud of electrons would be a few hundred meters away.

In another feat of enormous significance, Rutherford accomplished the first artificial transmutation of elements in 1919. He changed nitrogen to oxygen by bombarding nitrogen with alpha particles from a radioactive sourcea fusion reaction in its own right. Then in 1932, through the experiments of British physicist James Chadwick, science learned there was a second nuclear particle, the neutronslightly heavier than the proton but with no electric charge. So these early experiments in nuclear physics painted the basic picture of the atom that survives to this day: Negatively charged electrons flit about in orbital zones surrounding a much more compact and massive nucleus, which contains positively charged protons and chargeless neutrons.

The first attempts to probe into the nucleus with alpha particles were not generally very successful, because the electrostatic repulsion, or coulomb repulsion
 as it is also known, caused most collisions to be elastic. The positively charged alpha particle and target nucleus simply bounced apart without ever touchingcharges of the same sign repel. The discovery of the neutron changed all this. Physicists now had a powerful, electrically neutral bullet with which to probe the secrets of the tightly compressed atomic nucleus. They soon learned about binding energythe energy invested in nuclear forces that overcomes the coulomb repulsion and keeps the positive protons from flying apart. The coulomb repulsion is also the root of the problem in getting nuclei to come together in an artificial fusion reactor. Fortunately for us, the coulomb barrier prevents fusion from occurring willy-nilly all the time, and allows elements to pretty much preserve their identitieseven in the face of very high-temperature natural processes, such as lightning, that create bare or nearly bare positively charged nuclei. This electrical repulsion has a strong tendency to keep nuclei with their positive charges from getting close enough to allow the attractive
 nuclear forces to overwhelm the Coulomb force.


* The Fission Prelude


As we all know, putting fission into large-scale application came first, even though fusion reactions on a microscopic level were known for decades before there was a hint about fission. In 1938, Otto Hahn and Fritz Strassman in Germany bombarded uranium with neutrons and created the first recognized
 artificial fission of an element. It was Lise Meitner, who had been working with Otto Hahn before fleeing Germany, who helped interpret the results of the seminal Hahn-Strassman experiments as evidence for nuclear fission. As World War II dawned, physicists had arrived at the basic recipe for both a fission power reactor and a fission bomb: Begin with a quantity of uranium metal, 235
 U (a uranium isotope with 92 protons and 143 neutrons). Make the uranium metal object sufficiently large so that the few neutrons released in the natural radioactive decay of a uranium nucleus cannot escape the volume within this critical mass,
 and so interact with other uranium nuclei. This will cause fission of the first target nucleus into such elements as xenon or strontium, and as a by-product will give rise to additional energetic neutrons. The neutrons from the splitting nucleus, or fission, fly off and interact with other uranium nucleicausing more fissions and surplus neutrons, ad infinitum. This is the well-known chain reaction
 mechanism, the basis of fission power.

In a fission bomb, a significant fraction of the uranium nuclei split in less than a millisecond after the critical mass rapidly assembles, as it is compressed by chemical explosives from initially separated parts. (This is one definite case in which chemical reactions cause
 nuclear reactions!) What happens is the conversion to energy of perhaps 1/1000th of the mass of the uranium atoms that split. The energy manifests itself as visible and high-energy electromagnetic radiation (gamma rays and X-rays), the kinetic energy of charged particles, and energetic neutrons. In a power reactor, the uranium (or other fissionable material, such as plutonium) is extended over a much larger volume and an element such as carbon or heavy water is used as a neutron moderator
 to slow the speed of the neutrons to make them interact better with uranium nuclei.

President Franklin D. Roosevelt, impelled by the weight of scientific opinion, initiated the secret Manhattan Project on December 6, 1941auspiciously, the day before Pearl Harbor. Less than a year later on December 2, 1942, at 3:45 P.M. at the University of Chicago, Enrico Fermi and his colleagues observed the first self-sustaining fission reaction in a uranium-graphite pile. The course was inexorably set for the explosion of the first fission bomb at Alamogordo, New Mexico, on the morning of July 16, 1945, at 5:30 A.M. The following month the war ended with the nuclear explosions that incinerated Hiroshima and Nagasaki.

Physicist Emilio Segré, who died at age 84 less than one month after the March 1989 announcement in Utah, the previous December had recounted the discovery of nuclear fissionon its 50th anniversarybefore a meeting of the American Physical Society.
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 Segré had worked with Enrico Fermi in Rome in 1934 on experiments that bombarded uranium with neutrons to attempt to produce what they thought would be the first artificial element beyond uranium, element 93one that by prediction would be similar chemically to rhenium. But this strong expectation
 of a result prevented the discovery of fission for five years before Hahn and Strassman in Germany ultimately recognized it. They too would make the same mistake by expecting what the Fermi group had likewise anticipated. Segré also recalled other lost opportunities: how another scientist had suggested the possibility of fission happening in their work, but whose writing was ignored; and Swiss researchers who may have seen the fission fragment evidence but who instead thought something was wrong with their detector. But the biggest problem was the expectation
 of seeing an element heavier than uranium, and not paying attention to the possibility of lower mass atoms that turned out to be the telltale fission fragments.

Segré said of writings by Hahn and Meitner on the road to the discovery of fission, Their early papers are a mixture of error and truth as complicated as the mixture of fission products resulting from the bombardments. Such confusion was to remain for a long time a characteristic of much of the work on uranium. Segré recalled, My own feeling at the time was that there was a mystery in uranium. In a remarkable statement printed in the historic December 22, 1938, paper in Naturwissenschaften
 announcing the fission discovery, Hahn and Strassman wrote, As nuclear chemists working very close to the field of physics, we cannot yet bring ourselves to such a drastic step, which goes against all previous experiences in nuclear physics. When the great physicist Niels Bohr heard of the new insights on fission, he was reported to have exclaimed, Oh what idiots we have all been! Oh but this is wonderful! This is just as it must be! As Segré concluded in his talk, Above all, it seems to me that the human mind sees only what it expects. Scientists who go far afield to explore puzzles and anomalies often bump into obstacles, but every once in a while they run into a remarkable phenomenon waiting to be discovered. It was just so with fission; might it be true also with cold fusion?


* Fusion Comes to Earth


A mere four years after Hiroshima, August 1949, the Soviet Union became the second world power to explode a fission bomb. The race to develop the much more powerful fusion or hydrogen bomb had begun. On November 1, 1952, the United States detonated the first fusion bomb, punching a gaping crater in the coral Pacific atoll, Elugelab.

If the fireball that rose over the Pacific was not exactly a man-made sunordinary hydrogen was not being fused to heliumhow had fusion been brought to Earth? In hydrogen bombs, as well as in experimental first-generation hot-fusion reactors, the reactants are mixtures of the hydrogen isotopes, deuterium and tritium. These combine with far greater ease than the bare protons that are the nuclei of ordinary hydrogen. But how was it possible to heat mixtures of deuterium and tritium atoms to stellar temperatures? In a star, gravity alone does the trick as the enormous pressure of overlying material contains and sustains the fusion reactions that inevitably begin at the core. But the energy production in a stellar core is ordinarily very dilute and weak. This would not do for a controlled fusion reactor, much less for a fusion weapon. To make such a super-stellar bomb, a different mechanism was obviously needed.

Physicists had found that the temperatures and pressures inside the fireball of a fission bomb explosion approximated, for a fraction of a second, temperatures akin to those in the core of a star. Stars can sustain high core temperatures and pressures for billions of years, bombs for perhaps 0.001 second. Human technology could not yet aspire to fuse hydrogen directly, but it could fuse the more reactive deuterium and tritium if they could be heated in a fission explosion.

Though details remain highly classified, it is possible to piece together a plausible understanding of a modern hydrogen bomb from unclassified writings: Chemical explosives detonate and drive pieces of uranium-235 or plutonium metal together, creating a high temperature fission explosion. Then neutrons from the fission reaction bombard lithium-6, producing tritium and helium-4. The tritium thus produced reacts with deuterium, originally packed into the bomb, and results in the rapid release of fusion energya thermonuclear explosion.
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 Certain specially shaped bomb components, made of materials such as beryllium or uranium-238, can act as reflectors and absorbers of X-rays and neutrons to yield an amplified fusion explosion. Optimizing the processmaking fusion bombs smaller, more powerful, and reliableis what weapons research has been all about in the past decades.

Although it is not known how powerful a thermonuclear device is possible, in the early 1960s before the treaty banning atmospheric explosions, the Soviet Union tested an H-bomb that approached the equivalent of 100 megatons (million tons) of the chemical explosive TNT. Most garden variety fusion bombs are in the energy range of several hundred thousand tons to a few megatons of TNT equivalent. The 20 thousand-ton equivalent fission bombs that destroyed Hiroshima and Nagasaki were thousands of times less powerful, yet between them they killed more than 200,000 people.

Though most people are aware of the destructive potential of thermonuclear bombs, very few realize that bomb explosions were briefly considered as a means to produce electricitya kind of brute force approach to controlled fusion. In the PACER study conducted during the 1970s at Los Alamos National Laboratory, researchers proposed to detonate bombs with yields in the range of 10 to 100 kilotons of TNT equivalent in a cavity at least a mile underground. Water placed in the subterranean chamber would then be superheated to steam by the explosion and channeled to a turbine to generate electricity. Neutrons from the blast might also have been employed to breed fission reactor fuel from the abundant form of uranium, 238
 U.

Surprisingly, PACER appeared to be an economical kind of power generation, at least on paper. What killed the project, of course, were environmental concerns of the type that continue to plague the fission power industry, only much more enhanced. Some feared that the underground cavity might collapse and release radioactivity. And if water from the cavity percolated closer to the surface, drinking water would have been contaminated. It is clear that if fusion is to ever satisfy a substantial portion of our energy needs, it must do so in a manner infinitely more benign than underground blasts.


* Magnetic Confinement Fusion


Hot fusion requires temperatures of many millions of degrees to be successful, that is, to liberate more power than is used to create those high temperatures in the first place. Temperature is nothing more than a measure of the average speed with which atoms or nuclei move in all directions as they bounce off one another in frenzied three-dimensional billiards. Atoms stripped of their electronsnaked nucleihave a much greater chance at high speed, and therefore high energy, to overcome the mutually repulsive forces of their positive charges, the coulomb barrier. At high temperature, the random collisions of pairs of nuclei bring them close enough together so that they can stick permanently due to the extremely short-range nuclear forces. Thus, new nuclei are formed in the fusions; neutrons, protons, and so on are transformed or cast off, and much energy is liberated.

High temperature alone, however, wont buy us hot fusion. The brew of naked nuclei and stray electronsthe plasmamust stay together long enough to make enough fusions occur per second to add up to more than breakeven power, at least as much power being liberated as that required to heat the plasma. For hot fusion to work, plasma must be confined and kept extremely hot, so hot that if the plasma were very dense (reckoned in particles per cubic centimeter), its multimillion degree temperature would sear to smithereens a vessel made of any conceivable material. If a high-temperature plasma of low
 density were to expand and cool, or contact physical parts of whatever was holding it in place, the game would also be over. Its energy would be sapped, its life gone.

There are many ways, however, for the hot fusion Genie to work his magic. And one of the most promising is to have him reveal his magnetic personality. In fact, the very first way that scientists considered to control fusion was through magnetic fields, to confine plasma quite literally in a magnetic bottle and keep it from touching the surrounding physical vessel. Later, years after the laser made its debut, other scientists got the idea to create dense, high-temperature plasmas by bombarding tiny solid or gas-containing pellets of fusion fuel to create momentarily little fusion blaststhermonuclear microexplosions. This genre of hot fusion is for various reasons called inertial confinement fusion
 or ICF. Many researchers think ICF is a promising route to controlled fusionusually if they happen to be working on it already. But magnetic confinement fusion (magnetic fusion, for short) is the more tried and soon-to-be true approach. It is highly probable that magnetic fusion will be the kind of hot fusion likely to succeed first in being practical. Certainly, the most time and money have been spent on it.

Magnetic confinement fusion had a very strange beginning. Argentine dictator Juan Perón announced on March 24, 1951, that his country had mastered controlled fusion, bypassing completely the development of fission power that was then in vogue in various nations. Perón, a Germanophile, had set up an island laboratory for a certain obscure German scientist, Ronald Richter, who supposedly had brought the secret fusion work to fruition, or so headlines in the United States had allowed. The press was much less circumspect in those days about amazing scientific claims.

Few details were immediately available, but Princeton University astronomer Professor Lyman Spitzer, Jr., apparently read of the work in The New York Times,
 whose reporter was properly skeptical. The front page article was headlined, Perón Announces New Way to Make Atom Yield Power. The claim was false, indeed, and Peróns German scientist apparently paid for his scientific error by being jailed for misleading the Argentine dictator. Spitzer was already studying interstellar plasmas, and in an incidental way was involved in developing the U.S. hydrogen bomb. Until then, no one had really thought much about controlling fusion reactions. But within days, the word from Argentina caused Spitzer,
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 during his vacation on the ski slopes of Colorado, to invent single-handedly the idea of using magnetically confined plasmas to control high-temperature fusion reactions. One might say that a crackpot fusion claim at a press conference in Argentina, which was wildly touted in the U.S. press, gave rise to the hot fusion program that is still working toward its goals.
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 Magnetic fusion has, indeed, come a long way since the early 1950s and is now verging on the magic breakeven point with recent successful experiments on a European machine called JET, the Joint European Torus. Even though a demonstration power-producing hot fusion reactor may still be several decades away, the light at the end of the tunnel seems finally in sight, and this time it seems to be a real light. This is especially dramatic considering the long struggle that the worldwide program has gone through.

12




The nuclear physics of hot fusionhow the nuclei and particles act when they come togetheris relatively simple and straightforward. Instead, it is the complex and elusive physics of high-temperature plasmas in magnetic fields that has blocked the road to breakeven. In the United States, responsibility for the magnetic fusion outgrowth of fusion weapons research was vested in the Atomic Energy Commission (AEC) from 1951 through 1974. Thereafter, AEC became ERDA (Energy Research and Development Administration) for a short time, and in 1977 the present DOE (Department of Energy) was born. Initially, because of its association with weapons work, controlled fusion research was highly classified and code-named Project Sherwood. After all, there were and are possible applications of controlled fusion in generating nuclear materials for weapons. Most of this classification ended in 1958, however, after it became clear that controlled fusion did not promise easy, cheap breeding of fission material for bombs.

The money spent annually on the program was ramping up slowly, from under $1 million in 1951 when less than 10 people were in the effort. National laboratories such as Los Alamos, university-affiliated laboratories, and even a few private companies became involved in the U.S. hot fusion effort. In the 1980s, wealthy publisher of Penthouse
 and Omni
 magazines, Robert Guccione, even chipped in $16 million of his own money to an ill-fated venture by fusion pioneer Robert Bussard, who wanted to develop small, disposable reactors (of the tokamak design). The fusion program all along experienced major swings from optimism to pessimism as technical barriers presented themselves and the federal funding spigot functioned as erratically as an untamed plasma. The 1958 declassification of the U.S. program at the Second Geneva Conference on the Peaceful Uses of Atomic Energy showed that the U.S., Soviet, and British programs were at comparable levels. Since that time, international cooperation in controlled hot fusion has been the rule, Cold War or no. The superpowers realized that to conquer the exotic enemies of plasma stability, they had to band together.

The scientific outlook had its swings that mirrored the numerous political battles. Research was aimed at achieving in any of a number of competing configurations of magnetic bottles, a combination of temperature, density, and duration that would make hot fusion work. A plasma with a density of 3 × 1014
 particles per cubic centimeter would have to be held for one second at about 100 million degrees K to reach energy breakeven.
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In the heady 1950s, a working reactor seemed to be not more than half a decade away, but experiments began to show that researchers had been far too optimistic. Plasmas were much trickier than was thought at the outset, whatever the configuration or intensity of the confining magnetic fields. Researchers had tried cylindrical magnetic bottles with magnetic end-capsso-called mirror machines. There were twisted pretzel-shaped devices, all surrounded with complex electrical wire windings to provide high magnetic fields. There were even some torus shaped devices, called stellaratorsforerunners of future more successful machines called tokamaks. But the fusion conditions reached in the 1950s in pure deuterium plasmas in any of these devices were some 10,000 times lower than necessary.

Then in 1968, the year American astronauts first orbited the Moon, the Soviets announced a spectacular achievement of their own: a tenfold increase in plasma conditions through a magnetic fusion device they called a tokamakan acronym from the Russian phrase meaning toroidal chamber with magnetic coil. The Soviet claims were met with great skepticism, until a British teams firsthand measurements in Moscow during the summer of 1969. Hot fusion scientists, it seems, have been traditionally and properly skeptical of their own results, which explains their skepticism toward any miracles claimed by outsiders.

But the miracle of the tokamak was soon believed, and the donut-shaped machine that came out of the Kurchatov Institute of Atomic Energy in Moscow became the rage in magnetic fusion research. Most magnetic fusion machines today are, in fact, of the tokamak design, and it is with a tokamak reactor that the hot fusioneers aim to produce practical, controlled fusion power.
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One of the biggest problems with any kind of magnetic fusion device is to project how a relatively small prototype might operate if it were scaled up to a larger power-producing size. There is no firm agreement on how to predict plasma performance under different conditions. Due to the complexity of plasmas, many of these predictions are empirical -- derived from experiments rather than from theory alone. Furthermore, the way in which plasmas will burn when they finally reach ignition conditions is a region of grave uncertainty. No one knows exactly what will or will not happen when the match is lit. Though tokamak researchers are optimistic that ignition will bring out no unusual show stoppers and that ignition might even enhance plasma stability, there is room for doubt.

The Tokamak Fusion Test Reactor (TFTR) at the Princeton Plasma Physics Laboratory. (Courtesy Princeton Plasma Physics Laboratory)

With a new burst of optimism, the hot fusion program accelerated dramatically in the 1970s, boosted not only by technical progress, but by multiple oil crises, and environmental concerns. A veritable alphabet soup of powerful magnetic machines emerged: TFTR, MFTF, TMX, TMX-U, JET (Europe), JT-60 (Japan), T-15 (USSR), and so on. Even as plasma physicists were bogged down in the continuing fight against plasma instabilities, elaborate planning began for designs to build full-scale power plants. This resembled somewhat the Wright brothers drafting plans for a commercial airliner before their 1903 flight! But there is no denying that these exercises in working power plant design have helped to illuminate some of the very difficult problems that need to be worked on if magnetic fusion is ever to be practical.

The general outline of how a hot fusion reactor based on the tokamak design would work is as follows. The toroidal plasma chamber would have a high purity first wall around which there would be a blanket of circulating molten lithium metal to capture the fusion neutrons and convert their motion to heat. The magnetic coils to set up the confinement fields would surround this wall. Various attachments, such as high-energy electromagnetic wave generators or particle beams of various kinds might project into the torus the energy required to get it up to temperature. After ignition or a burning condition was reached, however, the reaction could go on by itself for many secondsif not indefinitelyas long as deuterium and tritium fuel was continuously injected into the plasma. Deuterium-tritium fusion produces a helium-4 nucleus (alpha particle), which serves to heat the plasma further. This benign helium ash would have to be extracted from the plasma to keep the reaction running.

A tokamak and its electric power generating systema schematic. The fusion plasma emits neutrons that heat molten lithium metal (shown as coolant). The hot coolant passes through a heat exchanger and converts water to steam, which in turn runs a turbine attached to an electric generator. (Adapted courtesy Argonne National Laboratory)

Tritium produced in the lithium blanket from neutron bombardment by the fusion reactions would be extracted and fed back to add to the deuterium-tritium fuel in the inner fusion reaction chamber.
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 To provide a continuous supply of fuel, it is expected that frozen pellets of DT would be injected at high speed into the magnetically confined plasma. A double-loop fluid heat exchanger would connect to the molten lithium blanket to draw out energy for the production of steam and finally electricity in a steam turbine.

Tokamaks that are used for experimental purposes are large and very expensive, the TFTR (Tokamak Fusion Test Reactor) at Princeton having cost over $300 million. It has the form of a 7-foot diameter tube bent to form a donut with a 24-foot outside diameter. In 1988, TFTR reached a plasma temperature of 300 million degrees K, more than twice what its predecessor tokamak at Princeton had only a decade before. The Joint European Torus at Culham Laboratory near Oxford in England cost the European community some $500 million to build. At the Plasma Fusion Center, the largest laboratory on the MIT campus, researchers have been developing tokamaks for some time. There in 1983, Alcator C was the first tokamak to exceed the minimum condition (Lawson parameter) for breakeven, but the plasma temperature of only 17 million degrees K was much lower than the 100 million K that would have been required to actually breakeven (with D-T fuel). To give an idea of the widespread acceptance of tokamaks, about a dozen major experimental tokamaks are operating today.

Apart from technical difficulties, the main problem hot fusion has faced from the word go, particularly as the 1970s merged with the 1980s, is that human beings have very short planning horizons. On a long time scale (centuries) the need for fusion power is absolutely compelling, but not so over a span of mere decades. There has always been the feeling about magnetic fusion that we could afford to take our time. As a result, the stop-and-go tension within the program has produced alternately leisurely academic studies of plasma behavior, and crash programs to attain specific reactor engineering goals. The hot fusion effort has been nothing like the Manhattan Project when it ran full tilt.
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 The fusion budget struggles under the load of reduced funding, even as the magnetic fusion community has its eyes on building a series of very successful tokamaks that could culminate in working fusion reactors long before 2050.


* Small Stars Are Born: Inertial Confinement Fusion


Inertial confinement fusion returns to the stars for inspiration, much more so than does magnetic fusion. (An excellent treatment of the subject is How to Make a Star: The Promise of Laser Fusion, by Erik Storm, May 1986, Lawrence Livermore Laboratory.) Imagine a scene deep inside the vacuum of an extraordinary test chamberone that has not yet been fully realized, but which has every prospect of coming true: A pea-sized hollow plastic capsule filled with a few milligrams of deuterium and tritium is suspended by invisible fields. Suddenly a gigantic bank of lasers fire dozens of beams at the little sphere, and several hundred trillion watts of light energy blast the fuel pellet from all sides in perfect synchrony. Momentarily this is tens of times the combined power of all the electric power plants on Earth.

In a flash (several billionths of a second), the fuel capsule reaches a density over 20 times that of lead and attains a temperature over 100 million degrees K. The density of the compressed pellet produces a plasma some 10 billion times the density of the tenuous magnetically confined plasmas. Pressures rise to a trillion times atmospheric pressure at sea level. A burst of fusion occurs as a tiny star is born, lives, and dies in a fraction of a billionth of a second. Hundreds of times more energy comes out of the micro-star in the form of fast neutrons than went into making the pulse of laser light used to compress the capsule. The implosion of the tiny pea releases in a fraction of a second as much energy as would come from burning several gallons of fuel oil. If this could be done over and over again in rapid fire succession (almost as fast as gasoline explosions occur in an automobile engine20 times/ second), the energy of the escaping neutrons could be converted to heat, and we would have another means to control fusion.

The fusion fuel in the pellet was compressed and confined by the fleeting outward blast of plasma that the laser beams created, hence the designation inertial confinement fusion
 or ICF. Inertia keeps the tiny star together, but only if the distribution of laser light is exceedingly uniform on the little sphere. When the laser light blasts the pellet surface, heated plasma rushes outward at hundreds of kilometers per second, the mechanical reaction giving the effect of hundreds of ultra-advanced rocket engines all pushing inward.

ICF was a relative latecomer to the controlled fusion program, emerging into public view only in the early 1970s from its secret birth in the nuclear weapons research program. Soviet researchers performed the first demonstration of laser fusion in 1968. Studying the plasma fusion behavior in laser-compressed fuel pellets has provided insight into the physics of more powerful thermonuclear explosions. Just as magnetic fusion has already produced fusion reactions in its plasmas, so has ICF, but ICF has also not crossed the magic energy breakeven line. No one believes that an operational ICF power plant could be built any sooner than an only slightly less daunting commercial tokamak reactor. Both would be multibillion dollar installations and would require a few tens of billions of dollars to develop. Many would say that a working ICF plant would be even more formidable to create than a tokamak power reactor. Imagine trying to ignite and burn five to ten such micro-stars per second to achieve perhaps a 1,000 megawatt power level! During an energy maelstrom, how could the pellets be positioned accurately enough to make the laser beams strike them evenly each time?

The basic mechanisms of inertial confinement fusion (ICF).

A working ICF plant would be similar to a magnetic fusion reactor in its general approach to capturing and using the fusion neutrons: lithium blanket, tritium production from lithium via neutron bombardment, heat extraction from molten lithium, and so on. In principle, inertial confinement fusion would achieve breakeven by having a much higher particle density than magnetic fusion plasmas, though during a confinement interval billions of times less than a magnetic fusion plasma. Less money is being spent on ICF fusion than on magnetic fusion, because there is a somewhat shaky consensus (Chapter 18) that magnetic fusion is the way to go in hot fusion development and commercialization.

The hot fusion community is rightly proud of its goals. Who can argue with them? The allure is limitless: cheap fuel, with no production of greenhouse gases; high power density reactions (unlike solar power); and potential worst-case environmental impact demonstrably low compared with conventional fission reactors. Despite the slings and arrows that have assaulted its budget, it is run by a supremely confident crew. Hot fusion seemed to be able to survive, phoenixlike, for decades.
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