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INTRODUCTION

On the northwestern shore of africa some 150 miles south of the Canary Islands, the coastline slightly bulges in a pimple known as Cape Bojador. For Europeans in the early fifteenth century, Cape Bojador marked the boundary between the known and the unknown. North of the cape was civilization and the cities of light. South were the mystical lands of Africa and the Mare Tenebrosum, the Sea of Darkness. No sailor since the ancient Carthaginians had ventured south of Cape Bojador and returned. As Gomes Eanes de Zurara, the Portuguese royal reporter, wrote at the time, “ancient rumors about this Cape … have been cherished by the mariners of Spain from generation to generation … beyond this Cape there is no race of men nor place of inhabitants … and the sea so shallow that a whole league from land it is only a fathom deep, while the currents are so terrible that no ship having once passed the Cape will ever be able to return.” Between 1424 and 1434, Prince Henry of Portugal sent fourteen expeditions of ships to round the perilous cape, with its deadly shallows, whirlpools, and violent storms. None succeeded. Yet the unfathomed beckoned. Undeterred, Prince Henry dispatched explorer Gils Eannes for a fifteenth attempt. On this voyage, Eannes gave Cape Bojador a wide berth, steering far to the west, into the Sea of Darkness. As he turned south, he looked back over his shoulder and was astonished to realize that he had left the dreaded cape behind. On his next trip, in 1435, Eannes again rounded Bojador and landed in a bay 150 miles to the south. There, he saw footprints of humans, camels …

In the view of historians, Prince Henry did not send his ships south to Africa to colonize or to open fresh trade routes. Instead, he simply wanted to discover what was to be discovered. As Zurara explained, “he had a wish to know the land.”

The urge to discover, to invent, to know the unknown, seems so deeply human that we cannot imagine our history without it. Eventually, that passionate urge conquers the fear of the foreign, the fear of the gods, even the fear of personal danger and death. What remains is the pure exhilaration of discovery. We feel that exhilaration in Pablo Picasso's new cubism, and in the “stream of consciousness” of James Joyce and Virginia Woolf, and in the experiments with pentatonic scales in the jazz of Chick Corea and John Coltrane—just as we feel it in the great geographical discoveries of new lands and new seas.

And we feel that exhilaration in the great breakthroughs in science. Werner Heisenberg, one of the founders of quantum physics, describes the transcendent moment in May 1925 when he realized what he had discovered: “it was almost three o'clock in the morning before the final result of my computations lay before me. I had the feeling that, through the surface of atomic phenomena, I was looking at a strangely beautiful interior, and felt almost giddy at the thought that I now had to probe this wealth of mathematical structures that nature had so generously spread out before me. I was far too excited to sleep.”

Scientific discoveries tremble with big ideas, not just about science but about human existence as well. Albert Einstein revised our notion of time. Hans Krebs found the universal chemical cycle that provides energy in every cell of every plant and animal on earth—strong evidence for a common origin of life. Jerome Friedman helped discover the quark, believed to be one of the indivisible units of matter. Paul Berg developed the first technique to modify genes and thus to create altered forms of life. Alexander Fleming discovered the first antibiotic, advancing humankind's eternal struggle against mortality and disease. Heisenberg outlined his famous uncertainty principle, showing that the future can never be fully predicted from the past.

Several years ago, I decided to explore some of the great discoveries of science in the twentieth century—to embark on a discovery of discoveries. Were there common patterns of discovery? How did styles of working and thinking vary from one science to the next, and from one scientist to the next? How did the discoverers compare with each other as people? Were they aware of the significance of their work at the time? As part of my undertaking, I collected the actual papers in which the discoveries were first announced, like the first reports of Gomes Eanes de Zurara. Together, these papers would form an unusual kind of history of twentieth-century science.

There came a moment, in the spring of 2002, when I had finally gathered together the twenty-five papers that I would include in this book. I was at home, in my house in Concord, and the golden forsythia were just starting to bloom. For six months I had been badgering astronomers, physicists, chemists, and biologists for nominations of the greatest discoveries in their fields in the twentieth century. The original publication of the theory of relativity. The first quantum model of the atom. The discovery of how nerves communicate with each other, the discovery of the first human hormone, the discovery of the expansion of the universe, the discovery of the structure and secret code of DNA. Some of the discovery papers had been published in obscure journals. Some required translation into English. Some were smudged and faint after being Xeroxed in distant libraries and sent through the mail. Partly using my own judgment, I winnowed down a list of over a hundred landmark papers to twenty-five. Each of these papers had profoundly changed the way that we fathom the world and our place in it. Here were Einstein, Fleming, Bohr, McClintock, Pauling, Watson and Crick, Heisenberg—in their own words—inventing, creating, discovering. Here were the great novels and symphonies of science. On that day in May, there came a moment when I had finished finding and collecting these original writings. I held the stack of twenty-five papers in my arms, a century of scientific thought. My eyes filled with tears.

When I was a graduate student in physics thirty years ago, I had the simple notion of a monolithic mind and method of the scientist. In fact, there is a great variety of minds and patterns of discovery in science. Sometimes the scientist knows pretty much where he or she is going even when the results are revolutionary, as in the findings of Einstein, Planck, and Krebs. By contrast, sometimes the discoveries are completely unexpected or accidental, as shown in the experiments of Bayliss and Starling, Rutherford, Fleming, Hahn and Strassmann, and in the observation of Leavitt. Even theoretical scientists can be surprised by the conclusions of their pencil-and-paper adventures, as with Steven Wein-berg's work. Sometimes the scientists appreciate the significance of their discoveries at the time, as did Einstein, Dicke, Watson and Crick, and Loewi. Other times, the significance is only dimly understood, as with the work of Hubble. In some cases, sheer brilliance leads to discovery. In others, the required ingredients include circumstance and luck.

An equally broad range holds for the scientists themselves. There is no single scientific personality. Great scientists can be bold and self-confident revolutionaries, like Rutherford or Einstein or Watson. Great scientists can also be modest and diffident, like Krebs or Fleming or Meitner. Some scientists, like William Bayliss, are by temperament cautious, meticulous, in love with the details, while others, like Ernest Starling, are brisk, impatient, engaged mainly by the broad sweep of things.

What all of these men and women share is a passion to know, a pure pleasure in solving puzzles, an independence of mind. The American biologist Barbara McClintock recalled that in high school science classes, “I would solve some of the problems in ways that weren't the answers the instructor expected … It was a tremendous joy, the whole process of finding that answer, just pure joy.” When the German nuclear physicist Lise Meitner was a child, her grandmother cautioned her that she should not sew on the Sabbath or else the heavens would come tumbling down. The little girl decided to do an experiment. She lightly touched her knitting needle to some embroidery and looked up. Nothing happened. Then she took a stitch, waited, looked up. Again, nothing. Finally, Lise was satisfied that her grandmother had been mistaken and went happily about her sewing.

Different kinds of scientists conceive of problems differently. I was trained as a physicist, and I understood well how the physicist thinks about the world. The physicist is a reductionist. The physicist chisels away at a towering building until it is broken down to a heap of individual bricks and cement. What are the fundamental forces and particles of nature? asks the physicist. What are the eternal laws? Physicists make simplifications and idealizations and abstractions until the final problem is so simple that it can be solved by a mathematical law. For example, physicists reduce many phenomena to the model problem of a weight bobbing up and down on a spring, called the harmonic oscillator. The vibrations of atoms in molecules, the sloshing of water in a bowl, the quantum nature of empty space, can all be reduced to weights bobbing up and down on springs, which obey simple equations.

Biologists think differently. Because biology deals with living things, biologists hardly ever go below the level where life is relevant. (A notable exception is modern molecular biology, where physics, biology, and chemistry have merged.) And life requires the interaction between elements in a system. Thus, biology usually deals with systems. What is the system by which a living creature regulates and controls its internal processes? What is the system by which a living creature reproduces itself? What is the system by which a living creature gains and utilizes the energy required for life? Where physics might ponder the electrical force between two electrons, biology would be concerned with how the electrical charges on both sides of a cell membrane regulate the passage of substances across the membrane and thus connect the cell to the rest of the organism. Roughly speaking, physics has laws, while biology has concepts. Biology is more of an empirical science than physics because its concepts are close to the observed facts. There are many purely theoretical physicists but few purely theoretical biologists. Chemists lie somewhere between, sometimes acting much like biologists, sometimes like physicists.

All of these differences and similarities are reflected in the essays I have written about the discoveries and in the original discovery papers themselves. In my essays, I have attempted to paint the intellectual and emotional landscape of the discoveries and of the men and women who made them. Each discovery has its own story. Each has its own characters and personalities, its own human drama, its own failures and triumphs and personal ambitions. The essays are structured in ever-deepening layers, so that readers may get a general sense of the discovery and its significance at the beginning, gradually learning more about the lives of the scientists and the details of the discovery, and finally receiving a guided tour through the original discovery paper itself.

A great wealth lies in the discovery papers themselves, and these are included, one or more original papers at the end of each chapter. I've often been struck that philosophy students read Kant's Critique of Pure Reason, political science majors read the U.S. Constitution, and literature classes read Hamlet and Moby-Dick, but students of science hardly ever read the original works of Mendeleyev or Curie or Einstein. Even professional scientists rarely read the original literature in their field, if it is older than a decade or two. The mythology seems to be that in science, as opposed to all other human activities, only the final results matter. According to this belief, a summary or distillation of ideas eliminates the need for the original papers. Moreover, as the subject advances, new mathematical methods are brought to bear, new technologies and instruments become available, ideas and results are recast into an improved form. Would it not be a decided burden to relive much of the outmoded history of science, to struggle through the awkward notations and often half-formed ideas of the original papers?

I believe such a mythology is mistaken. In my view, the first reports of the great discoveries of science are works of art. Like poetry, these papers have their internal rhythms, their images, their beautiful crystallizations, their sometimes fleeting truths. In the original choice of words and metaphors, in the often simple but profound arguments, in the uncertainties and speculations, we can gaze into the mind of a great scientist in a way that no summaries or commentaries can ever provide. In these papers, we see enormously gifted human beings grappling with the nature of the world. Some of the jargon and mathematics are too technical for all but the professional scientist, and the level of genius is sometimes practically incomprehensible. But we can follow the line of thought. And in the discussion of ideas and in the deep questioning, we can recognize fellow thinkers at work.

A few final notes. For length reasons, the original papers have been somewhat abridged. All of the shorter papers have been included in full. For the longer papers, I have omitted the less important or more detailed material. Places in the texts where material has been omitted are indicated by a series of dots. The average omission for all the original papers is about 20 percent.

There are many great scientific discoveries of the twentieth century not included in this book. For obvious reasons, I have had to make a selection. Here, I used my own judgment and the judgment of colleagues to choose those discoveries in pure science with the deepest conceptual significance, those discoveries that most changed thinking and progress in their fields. Discoveries in applied science and technology, such as cloning or television, were not considered. When there were several papers announcing a similar discovery at the same time, I have chosen to focus on only one paper but have mentioned the others. Likewise, when several scientists coauthored a landmark paper, I have usually profiled only one of them in my introductory essay. The twenty-two discoveries are represented by twenty-five papers. In three cases—the discovery of nuclear fission, the discovery of the structure of DNA, and the discovery of the radiation left over from the Big Bang—a theoretical paper by one group of scientists and an experimental paper by another group were so closely connected that I have included both papers for each discovery.

Because many scientific ideas are amplified by later ideas, the discoveries build on each other. For that reason, I have arranged the discoveries in chronological order, beginning with Max Planck's discovery of the quantum in 1900 and ending with Paul Berg's discovery of recombinant DNA in 1972. For example, Planck's quantum (1900) and Rutherford's discovery of the nucleus of the atom (1911) were combined in Bohr's first quantum model of the atom (1913). Von Laue's discovery of the powerful technique of X-ray diffraction (1912) was used by Franklin, Watson, and Crick to discover the structure of DNA (1953), which in turn was used by Paul Berg in his experiments to create new DNA (1972).

Reading the great works of a few scientists might convey the impression that science is carried out mainly by a small number of heroic figures. This impression is false. While the scientists considered here are certainly extraordinary individuals, the enterprise of science is in fact a result of the efforts of many people, all making contributions. Jerome Friedman's experiments that helped discover the quark depended on the previous invention of the magnetic spectrometer. The work of Edwin Hubble in measuring the expansion of the universe rested on the earlier observations of Vasco Melvin Slipher. And so on.

With only twenty-five papers, one must be cautious about generalizing from the demographics, but here are a few statistics: Eighteen of the papers were originally published in English, seven in German (of these seven, five were previously translated into English and two were translated for this book). All but one of the papers originally in German date from the period 1900 to 1927, reflecting the domination of the German-speaking world in science in the early years of the century and the English-speaking world thereafter. Of the individuals or groups authoring each paper, nine were German, nine American, four British, one Austrian/British (Perutz), one from New Zealand (Rutherford), and one Danish (Bohr). Women were involved with four of the twenty-two discoveries considered in this book. Without a doubt, women almost always face greater difficulties than men in pursuing a scientific career. I have discussed these difficulties in detail in the chapters on Leavitt, Meitner, and McClintock. During World War II, a number of the European scientists, including Otto Loewi, Lise Meitner, and Max Perutz, faced special hardships because they were Jewish. (Einstein's political antagonism to the Third Reich was a greater factor in his treatment than was his religion.)

Finally, some of the later chapters involve scientists I have known personally. In these cases, I have permitted myself personal assessments and often more substantial profiles.

———

Like the exploration of new worlds, discoveries in science are never complete. When Max Perutz received the Nobel Prize in 1962 for discovering the three-dimensional structure of hemoglobin—one of the first proteins to be so unraveled—he was not satisfied. The articulate scientist from Austria had been laboring on hemoglobin for twenty-four years. With painstaking work, he had developed new methods to analyze the thousands of dark spots on photographic film produced by X-rays traveling through the miniature city of a hemoglobin molecule. After decoding these X-ray runes, he and his team had succeeded in building three-dimensional models of the fabulous contortions and twists of the hemoglobin molecule. And yet Perutz was still haunted. He did not yet understand how the structure of this molecule served its vital function of carrying oxygen through the body. As he stood in his tuxedo at the Swedish Academy of Sciences, having just received the highest honor of science, he said to the gathered audience, “Please forgive me for presenting, on such a great occasion, results which are still in the making. But the glaring sunlight of certain knowledge is dull and one feels most exhilarated by the twilight and expectancy of the dawn.”





A NOTE ON NUMBERS

“THERE ARE SOME KING GELON, who think that the number of the [grains of] sand is infinite in multitude; and I mean by the sand not only that which exists about Syracuse and the rest of Sicily but also that which is found in every region whether inhabited or uninhabited. Again there are some who, without regarding it as infinite, yet think that no number has been named which is great enough to exceed its multitude.” So wrote the Greek mathematician and physicist Archimedes more than twenty-two centuries ago, in a famous letter to Gelon, king of Syracuse. To count the number of grains of sand on the earth, Archimedes faced two problems: how to estimate sizes of very small and very big objects, and how to mathematically represent those sizes. He proceeded to invent a system for symbolizing huge numbers. Emboldened by his success, Archimedes went on to write down, with a few strokes of his stylus, the number of grains of sand that it would take to fill a giant sphere whose radius stretched from the earth to the sun.

A similar shorthand notation is used by modern scientists to express very big numbers or very small numbers, as illustrated in the following examples:

104= 10,000

106= 1,000,000.

Essentially, this notation saves us the trouble of writing down lots of zeros. The superscript number to the right of the 10 tells how many zeros follow the 1. This notation can be used to express other numbers in the following way: 2 × 104 = 20,000, and so on.

The number 1 can be represented by 100, since there are zero zeros following the 1.

For numbers smaller than 1, we use negative superscript numbers to the right of the 10, as in the following examples:

10−1 = 0.1

10-6 = 0.000001.

The negative superscript number tells how many places the decimal point must be moved to the right to make 1. Alternatively, the negative superscript number is one greater than the number of zeros preceeding the 1 before the decimal point.

Using the above notation, the diameter of the earth can be written as about 109 centimeters, and the diameter of an atom of hydrogen can be written as about 10-8 centimeters. (A centimeter is about 0.39 inches.) The number of atoms in a poppy seed is about 1021.

Another mathematical convention is used for letter symbols representing numbers. If a and b are two numbers, then ab is shorthand for a× b. In other words, when two symbols representing numbers appear side by side, they are meant to be multiplied.
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THE QUANTUM

IN HIS FAMOUS AUTOBIOGRAPHY The Education of Henry Adams, published only a few years into the twentieth century, the historian Henry Adams shouted alarm that the sacred atom had been split. Since the ancient Greeks, the atom had been the smallest particle of matter, the irreducible and indestructible element, the metaphor for unity and permanence in all things. Then, in 1897, the British physicist J. J. Thomson found electrons, particles far lighter and presumably smaller than atoms. The next year, Marie Sklodovska (Madame Curie) and her husband Pierre Curie discovered that the atoms of a new element, called radium, continuously hurled out tiny pieces of themselves, losing weight in the process. Now, nothing was permanent—nature no more than human civilizations. The solid had become fragile. Unity had given way to complexity. The indivisible had been divided.

As Adams was summing up the nineteenth century, he was evidently unaware of another scientific bombshell that had just exploded, ultimately as earthshaking and profound as the fracturing of the atom. On December 14, 1900, in a lecture to the stodgy German Physical Society in Berlin, Max Planck proposed the astounding idea of the quantum: energy does not exist as a continuous stream, which can be subdivided indefinitely into smaller and smaller amounts. Rather, he suggested, there is a smallest amount of energy that can be divided no further, an elemental drop of energy, called a quantum. Light is an example of energy. The seemingly smooth flood of light pouring through a window is, in reality, a pitter-patter of individual quanta, each far too tiny and weak to discern with the eye. Thus began quantum physics.

At the time of his lecture, Planck was bald from the middle of his head forward, with a sharp aquiline nose, a mustache, a pair of spectacles fastened to his face, and the overall look of a dull office clerk. He was forty-two years old, almost elderly for a theoretical physicist. Newton had been a youth in his early twenties when he worked out his law of gravity. Maxwell had polished off electromagnetic theory and retired to the country by age thirty-five. Einstein and Heisenberg would be in their mid-twenties when they erected their great monuments.

In 1900, Planck was already established as one of the leading theoretical physicists in Europe. Planck himself had helped legitimize the discipline. Fifteen years earlier, when he secured the rare position of professor of theoretical physics at the University of Kiel, theoretical science was considered an impotent profession, inferior to laboratory experiments. Few students clamored to hear Planck's mathematical lectures. Then, in 1888, after his studies of heat—in which he clarified the Second Law of Thermodynamics and the concept of irreversibility— Planck was appointed professor at the University of Berlin. At the same time, he was made director of the new Institute for Theoretical Physics, founded mainly for him.

At the end of the nineteenth century, physics basked in the glow of extraordinary achievement. Newton's precise laws of mechanics, which described how particles respond to forces, together with Newton's law for gravity had been successfully applied to a large range of terrestrial and cosmic phenomena, from the bouncing of balls to the orbits of planets. The theory of heat, called thermodynamics, had reached its climax with the melancholy but deep Second Law of Thermodynamics: an isolated system moves inexorably and irreversibly to a state of greater disorder. Or, equivalently, every machine inevitably runs down. All electrical and magnetic phenomena had been unified by a single set of equations, called Maxwell's equations after the Scottish physicist James Clerk Maxwell, who completed them. Among other things, these laws demonstrated that light, that most primary of natural phenomena, is an oscillating wave of electromagnetic energy, traveling through space at a speed of 186,282 miles per second. The new areas of physics known as statistical physics and kinetic theory had shown that the behavior of gases and fluids could be understood on the basis of collisions between large numbers of tiny objects, assumed to be the long-hypothesized but invisible atoms and molecules. In short, as Planck scribbled his equations at the dawn of the new century, physics might survey its vast kingdom and be pleased.

Some cracks, however, were starting to show in the marble facade. Aside from the philosophical dismay expressed by Mr. Adams, Thomson's electron was clearly a new type of matter that demanded explanation and raised other questions about the innards of atoms. The “radioactive” disintegrations observed by the Curies involved the unleashing of huge quantities of energy. What was the nature of this energy and where did it come from? Other emissions of electromagnetic radiation from atoms, the so-called atomic spectra, exhibited surprising patterns and regularities but with no theoretical understanding. Equally perplexing were the repeating patterns in the properties of the chemical elements, a phenomenon that scientists suspected was caused by the structure of atoms.

Finally, physicists had observed that a unique kind of light, called black-body light or black-body radiation, emerged from all hot, blackened boxes held at constant temperature. (Set a kitchen oven at some temperature, leave the oven door closed for a long time, and black-body radiation will develop inside—although at any practical cooking temperature this light will be below the frequencies visible to the human eye.) It was already well known to scientists that all hot objects emit light—that is, electromagnetic radiation. In general, the nature of such light varies with the properties of the hot object. But if the radiating object is additionally enclosed within a box and held at constant temperature, its light assumes a special and unvarying form, the so-called black-body radiation.

A particularly mysterious aspect of black-body light was that its intensity and colors were completely independent of the size, shape, or composition of the container—as surprising as if human beings all over the world, upon being asked a question, uttered the same sentence in reply. A heated black box made of charcoal and shaped like a cigar produces precisely the same light as a black box made of dark tin and shaped like a beach ball, provided that the two boxes have the same temperature. The known laws of physics could not explain black-body light. Even worse, the standard working theories of light and of heat actually predicted that a blackened box held at constant temperature should create an infinite amount of luminous energy! It was the puzzle of black-body radiation that Max Karl Ernst Ludwig Planck had solved for his lecture of December 14, 1900.

A great deal was already known of the subject. With the use of colored filters and other devices, scientists had measured how much energy there was in each frequency range of black-body light. A colored filter allows light of only a narrow range of frequencies to pass through it. (The frequency of light is the number of oscillations per second. Each frequency of light corresponds to a particular color, just as each frequency of sound corresponds to a particular tone.) The amount of energy in a given frequency range of light is measured by a device called a photometer. Photometers gauge the intensity of light falling on a surface—a glass plate, for example—by comparing that light to another beam of light of known intensity. The comparison can be accomplished, for example, by the relative penetrating power of light through a liquid. More intense light beams have greater penetrating power. (Several decades into the twentieth century, light intensities could be measured more accurately by their electrical effects, with photoelectric detectors.) The breakdown of a light source into the amount of energy in each range of frequency is called a light spectrum. When the light is black-body light, its spectrum is called a black-body spectrum. Figure 1.1 illustrates two black-body spectra, one for a temperature of 50 K and another for a temperature of 65 K. Here the K stands for Kelvin, the unit of temperature on the absolute temperature scale, which is a form of the Celsius scale with the zero point shifted. The coldest possible temperature lies at 0 K and −273 C.
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Figure 1.1

A more familiar example of a spectrum is the graph that shows how many adults there are in each range of heights. Such a spectrum is usually a bell-shaped curve, with few people at very small heights and few people at very tall heights. As one would expect, the height spectrum varies from one country to the next, since human heights are determined by a large number of variables such as genetics and diet. So, it was remarkable when Planck's predecessor to the Berlin chair, Gustav Kirchhoff, and others, discovered that the black-body spectrum does not vary at all with the details of the container. The black-body spectrum depends only on a single parameter, the temperature.

Planck was much impressed by the uniqueness and universality of the black-body spectrum, reasoning that such a universality must be the result of some fundamental new law of nature. A few weeks prior to his December lecture, the German physicist had in fact guessed a formula for the spectrum of black-body light. Planck's formula was a mathematical expression for the amount of energy in each range of frequency of black-body light, and it agreed with all experimental measurements. Embracing the aesthetic criteria common to most physicists, Planck found pleasure in the simplicity of his formula, using the word “simple” (einfach in German) twice in the first paragraph of his paper.

But a mathematical formula, in itself, is only a tidy summary of quantitative results, like a sun calendar, which tells the number of daylight hours on each day of the year. Such a calendar is useful for making plans, but it does not explain why the numbers come out as they do. To know why, we need to know what causes day and night, we need to know that the earth spins on its axis at a certain rate, that the earth also orbits the sun at a certain rate, that the earth's axis is tilted at a particular angle. When we know all of these things, we understand why. With such understanding, we could then predict the sun calendar for any planet anywhere in the universe, given the corresponding astronomical facts.

Planck was not satisfied with merely guessing the right formula for black-body light. What compelled him and haunted him was to answer the deeper question: Why? What fundamental, inviolable principles led to that formula, made it a logical necessity, required it and it alone out of all the possible einfachen formulas that one could imagine? Why was that same formula observed to be true over and over again, from one experiment to the next, even for experiments that had never been done?

To understand the why of his formula, Planck discovered that he had to reject centuries of physical thought that you could chop energy into smaller and smaller pieces indefinitely. Surprisingly, the world did not work in that way. Planck could explain his formula for black-body light only by the radical proposal that there was a smallest piece of energy, called the quantum, which could not be chopped any further. Evidently, energy, like matter, came in granular form. The quantum was the grain of sand on the beach, the penny of currency in the subatomic world. The quantum was indivisible.

Planck was a theoretician, someone who works with pencil and paper and imagines experiments in his mind. To arrive at his conclusions, the German physicist imagined lots of atoms enclosed in a black box, all emitting and absorbing light. In such a situation, the atoms are affected by the surrounding light, and the surrounding light is affected by the atoms. Planck then discovered that if the atoms could absorb or emit energy only in whole chunks, quanta, then the resulting light would necessarily become black-body light.

For much of his life thereafter, Planck was amazed by the success of his quantum proposal. Like other theoretical physicists, he had an almost religious faith in the absolute validity of the laws of nature, which would, as he wrote in 1899, “retain their significance for all times and for all cultures including extraterrestrial and nonhuman ones.” For Planck, “the search for the absolute” was “the loftiest goal of all scientific activity.”

Yet in spite of Planck's lofty views, he himself did not aspire to make great discoveries. As he told Philipp von Jolly, his professor at the University of Munich, he desired only to understand and perhaps deepen the existing foundations of physics. (In 1878, Jolly actually advised the twenty-year-old Planck not to continue with physics, on the grounds that all the fundamental laws had been discovered.) Planck's cautious manner of “understanding” was to study a subject slowly and carefully, until he had mastered it. Such a conservative and modest approach seemed to grow naturally out of his background as the descendant of a long line of pastors, scholars, and jurists—Planck's father, Wilhelm, was a professor of jurisprudence at Kiel and then Munich—and further to resonate with his loyal support of imperial Germany. Planck's natural restraint carried over to his personal relationships. Marga von Hoesslin Planck, his second wife, wrote to another physicist that her husband was quite proper and reserved with anyone other than his family and could enjoy himself only with people of his own rank, with whom he might take a glass of wine and a cigar and even make a quiet joke.

There were two situations in which Planck abandoned his reserve: with his family and in music. As a young man he wrote to a friend, “How wonderful it is to set everything else aside and live entirely within the family.” Many years later, Marga confirmed this feeling in a letter to Einstein upon the death of her husband: “He only showed himself fully in all his human qualities in the family.” Planck's other liberation was music. While a student at the University of Munich, he composed songs and a whole operetta; he served as second choirmaster in a school singing group; he played the organ at services in the student's church; and he conducted. For the rest of his life, he played the piano superbly at small musical gatherings in his home. Music, according to Planck's nephew-in-law Hans Hartmann, was the “only domain in life in which [Planck] gave his spirit free rein.”

Following Planck's line of argument will help us understand how theoretical scientists think, how they use models, imagination, and logical consistency through mathematics. As it turns out, Planck's paper on the quantum is one of the most conceptually difficult and abstract of any in this book, and the reader will need to exercise some patience and good humor. Planck begins his landmark paper by considering the material atoms that make up the inner walls of the blackened box. After all, these atoms are responsible for creating the observed black-body light, by emitting and absorbing electromagnetic radiation. He idealizes each of these atoms as a “monochromatic vibrating resonator,” that is, a system that emits and absorbs light at only a single frequency, say pure red or pure green. A concrete example of one of Planck's monochromatic vibrating resonators would be an electron bouncing up and down, or “vibrating,” on a spring. As the electron bounces, it emits light of a particular frequency, the precise number of up-and-down bounces each second. Different frequencies correspond to different rates of bouncing, which in turn are determined by different stiffnesses of the springs. Black-body light is then hypothetically produced by a large number of these bouncing electrons at many different frequencies. All of these ideas are in accord with Maxwell's equations of electromagnetism.

In representing the inner walls of the box as a collection of tiny objects, each vibrating at a single frequency, Planck is using a common strategy in theoretical physics: represent the system under study by a simple model that can be easily analyzed. Five years later, Einstein would use the same strategy in studying time with an imaginary clock made of two mirrors and a light beam bouncing between them, one tick of the clock for each bounce. In fact, in his paper Planck never mentions the atoms in the walls of the container. He refers only to his abstract “resonators,” which can be any systems that emit and absorb light at a single frequency.

Planck's imagined picture is the following: begin with an empty black box and heat it to some temperature. At first, there is no light in the box. Then the hot, vibrating resonators begin emitting light at various frequencies, and the box gradually fills up with light. From time to time, some of that light will strike a wall of the box and be absorbed by the resonators there. Thus the resonators both emit and absorb light. For a while, everything evolves in time. The amount of energy in each resonator changes, as does the amount of energy in each range of frequency of light contained within the box.

Eventually, however, if the box is held at a constant temperature, a steady equilibrium is achieved. The absorption and emission by the resonators come into balance. Each resonator attains, on average, a particular and constant amount of energy. And the spectrum of light in the box settles into the universal black-body spectrum, which Planck calls the “normal spectrum.” After this point, the system of resonators and light ceases further change. The system has arrived at what is called thermodynamic equilibrium. And, indeed, a small keyhole punched into the box to sample the radiation within would reveal Kirchhoff's universal black-body light.

It is important that Planck visualized this picture as dynamic, as a continual giving and taking of energy. Even after attaining equilibrium, the resonators in the walls of the box are constantly emitting and absorbing light and thus exchanging energy with the light inside the box. In turn, the surrounding light is constantly being replenished and depleted by the resonators.

One of Planck's heroes, the Austrian physicist Ludwig Boltzmann (1844-1906), had developed a particularly fruitful way of describing such dynamic systems in terms of probabilities. At each frequency, a certain amount of energy must be shared between the resonators of that frequency and the light of that frequency. And there is a probability that can be calculated for each particular apportionment of this energy. Some apportionments (say one-third of the energy in the resonators and two-thirds in the light) are more probable than others. While the system is out of equilibrium, evolving in time, it “tries out” many different divisions of energy and naturally evolves toward those that are more and more likely, until it reaches the particular apportionment that has maximum probability. This condition is also called maximum entropy, or maximum disorder. (The quantitative measure of disorder in a physical system is called entropy.) One way of stating the famous Second Law of Thermodynamics, which Planck mentions on the second page of his paper, is that systems naturally evolve toward a condition with maximum probability, or maximum entropy, and that this evolution is irreversible. After a system has achieved the apportionment of energy that has largest probability, departures from that condition are relatively unlikely.

All the above was well established, in the most general terms, before 1900. Now we come to the guts of Planck's calculation. The black-body spectrum, being a condition of thermodynamic equilibrium, will represent that particular apportionment of energy between the resonators in the walls of the box and the light inside the box that has maximum probability. The Berlin professor thus had the task of calculating the probability of each possible apportionment of energy and finding the maximum.

Let us look at the resonators alone. Here again, Planck borrowed some ideas from Boltzmann: the probability of finding a particular amount of energy in the resonators is proportional to the number of different ways, called complexions, that the energy may be distributed among the resonators. The more complexions, the higher the probability of that amount of energy. An analogy helps to understand this idea. Consider rolling a pair of dice. The probability of rolling the sum of 4 with two dice is higher than rolling a 3, because there are three ways of getting a 4 (3 and 1, 2 and 2, 1 and 3) but only two ways of getting a 3 (1 and 2, 2 and 1). The probability of rolling a 5 is even higher, with four different ways to do it (1 and 4, 2 and 3, 3 and 2, 4 and 1). This method of calculating complexions is how casino operators figure the odds in Las Vegas.

So Planck has reduced his problem to counting the number of different ways that a given amount of energy can be distributed among a given number of resonators—just as if he were figuring how many ways three pounds of sand could be poured into four buckets on the beach. As Planck points out, if the energy could be subdivided into smaller and smaller pieces, ad infinitum, there would be an infinite number of pieces of energy that he could distribute among his resonators, leading to an infinite number of ways that the exercise could be done. The entire calculation would then sink in a hopeless morass of infinities.

Planck's revolutionary idea, which he calls “the most essential point of the calculation,” is to consider the energy at each frequency as not infinitely divisible, but composed of a number of equal, indivisible parts (later called quanta). These are analogous to the individual grains in the three pounds of sand. And although there are a great many grains of sand in three pounds' worth, that number is not infinite. The number of ways it can be divided among four buckets has a definite limit. Planck, being the consummate theoretician, can shuffle and count any number of grains with a little mathematics and a few strokes of his pen.

Guided by the mathematical form of the black-body formula, Planck proposes that each of his “grains” of energy has a size h x v, where v is the frequency under consideration and h is some constant number. (Henceforth, we will use the shorthand notation that hv stands for h x v. More generally, any two quantities written side by side means that they are to be multiplied.) For the sake of illustration, suppose the frequency under consideration were 2, and h had the value of 3. Then each individual grain, or quantum, of energy would have a magnitude of 3 × 2 = 6. If the total energy available at this frequency were 24, then there would be 24/6 = 4 quanta, each of energy 6, that could be distributed among the resonators.

Before Planck, everyone assumed that energy could be subdivided ad infinitum. To understand the strangeness of Planck's quantum proposal for energy, consider a wooden swing at a playground. When we raise the swing to a height, we give it gravitational energy—the greater the height, the more energy. Upon release, the swing shuttles back and forth with a frequency, v, determined only by the length of its rope for small angles of release. All of our intuition suggests that we can raise the swing to any height we choose—that is, we can put any amount of energy into the swing. But Planck's quantum proposal decrees that energy can be put into the swing only in distinct “grains” or quanta, each of size hv. Thus, the swing can have only certain definite energies: hv, 2hv, 3hv, 4hv, and so on, separated by equal gaps. The swing cannot have fractional energies, say 2.8 × hv or 16.2 × hv. Evidently, we cannot raise the swing to any height we choose. In daily life, the quantum nature of energy is unobservable because everyday energies are so huge compared to hv that we aren't aware of the gaps. (For a typical schoolyard swing, the gap between allowed energies corresponds to changes of height of a billionth of a trillionth of a trillionth of an inch.)

What is the unknown number h? By comparing his final formula with the experimental measurements of black-body light (note the references to F. Kurlbaum, O. Lummer, and E. Pringsheim), Planck was later able to determine the value of h, h = 6.55 × 10-27 erg seconds, now called Planck's constant. The erg is a unit of energy. For example, a penny dropped from a height of five feet strikes the floor with an energy of four hundred thousand (4×105) ergs. The meaning of Planck's constant is such that an elemental vibrating resonator, with a frequency of 1 bounce per second, can change its energy in increments of 6.55 × 10-27 ergs. The extreme smallness of such a number is the reason why quantum effects are completely invisible in the everyday world, as discussed in the example of the schoolyard swing. Planck's constant was a new fundamental constant of nature, like the speed of light—an eternal truth, presumably valid at all times and all places, here and on the far side of the galaxy.

Using his quantum of energy and the well-known mathematics of combinatorics, Planck can now calculate the number of complexions for N resonators and P quanta, the two equations involving N and P. These formulas give the number of ways that P quanta can be distributed among N resonators. Other previously established results from thermodynamics and statistics show how to maximize the number of complexions given the previous equations.

The final formula, the next-to-last equation of the paper, gives the energy density of black-body light in each range of frequency, that is, the black-body spectrum. That formula is identical to Planck's earlier guess, but now Planck knows the why of that formula: energy comes in units of hv. From that assumption, the formula follows by logical necessity. As advertised, Planck's formula depends only on a single variable, the temperature, denoted by the Greek letter θ. It also depends on two constants, h and k. The constant k, called Boltzmann's constant, is a unit of entropy, the quantitative measure of order and disorder. Boltzmann's constant was already well known to physicists and had been approximately measured, although Planck's black-body formula allowed k to be determined much more accurately than ever before. The constant h was completely new. The constant h measured the size of the quantum.

In a sense, Planck achieved two successes with this work, one conceptual and the other quantitative. Conceptually, he proposed that energy is not a continuous, infinitely divisible substance, as it seems from everyday life, but comes in indivisible units. Energy has a granularity. This idea was no less momentous than Democritus's concept of the atom 2,300 years before. Planck clearly recognized that his new work was of major significance, writing near the beginning of his paper that “I have obtained … relations which seem to me to be of considerable importance for other branches of physics and also of chemistry.” But he could not have foreseen that his quantum of energy would lead to a wholesale reshaping of physics, called quantum mechanics, along with a radically new conception of reality. For example, one of the findings of quantum mechanics is that all material objects behave as if they exist at many places at once. A closely related result is that the physical world does not obey fully predictive laws but rather evolves within bounds of uncertainty. These ideas will be discussed more in the chapters on Einstein's and Heisenberg's work.

Second, Planck had found a quantitative measure, h= 6.55 × 10-27erg seconds, for the size of the elementary quantum. It is important to point out that h is not just a pure number, but it has units of energy and time. It therefore sets a “scale.” Similarly, the average height of a human being, about 5.7 feet, has units of length and sets the scale of sizes of clothes, buildings, and all things made for human beings. Planck's constant sets the scale for the quantum. Later scientists, such as Niels Bohr and Werner Heisenberg, showed that Planck's quantum constant determines all sizes of the atomic and subatomic domain, down to the smallest structures of time and space. The diameter of an atom depends on h. Heisenberg's Uncertainty Principle depends on h. The tiniest possible size of transistors and computers depends on h. The theoretical density of matter at the birth of the universe depends on h. The smallest increment of time in which time has a meaning depends on h. As Einstein said in his eulogy for Planck in 1948, “he showed convincingly that in addition to the atomistic structure of matter there is a kind of atomistic structure of energy … This discovery became the basis of all twentieth century research in physics.”

In the tone of Planck's writing, we sense a man who is straightforward and clear, aware that he has made a big discovery and yet taking pains to keep a rein on his enthusiasm. It was a great irony of Planck's career that, despite his restrained nature and modest aspirations, he had proposed a hypothesis that was to change all of physics. Even after other scientists recognized the revolutionary nature of his work, Planck himself wrote in 1910 that “the introduction of the quantum [into the rest of physics] should be done as conservatively as possible, i.e. alterations should only be made that have shown themselves to be absolutely necessary.”

Planck deeply respected the logic and lawfulness, the absolute reliability, of the physical world. At the same time, he understood the limits of science in human affairs. In later life, he wrote broad, philosophical essays on the unpredictable nature of human imagination and behavior. His own life was filled with tragic accidents. Planck's first wife, Marie Merck, died in 1909. A son, Karl, died during World War I, and his two daughters, Margarete and Emma, both died during childbirth, in 1917 and 1919, darkly bracketing the year that he was awarded the Nobel Prize. During World War II, Planck, a man revered as much for his personal integrity as for his physics, a father figure for Einstein, was torn between conflicting principles. Although he objected strongly to the policies of the Nazis, he decided to remain in Germany out of a sense of duty. In 1944, another of his sons was executed for suspected complicity in a plot to assassinate Hitler. One day that same year, an Allied bomb dropped on Berlin destroyed most of Planck's manuscripts and books.

ON THE THEORY OF THE ENERGY DISTRIBUTION LAW OF THE NORMAL SPECTRUM

Max Planck

Verhandlungen der Deutschen Physikalischen Gesellschaft (1900)

Gentlemen: when some weeks ago I had the honour to draw your attention to a new formula which seemed to me to be suited to express the law of the distribution of radiation energy over the whole range of the normal spectrum,1 I mentioned already then that in my opinion the usefulness of this equation was not based only on the apparently close agreement of the few numbers, which I could then communicate to you, with the available experimental data,2 but mainly on the simple structure of the formula and especially on the fact that it gave a very simple logarithmic expression for the dependence of the entropy of an irradiated monochromatic vibrating resonator on its vibrational energy. This formula seemed to promise in any case the possibility of a general interpretation much better than other equations which have been proposed, apart from Wien's formula which, however, was not confirmed by experiment.

Entropy means disorder, and I thought that one should find this disorder in the irregularity with which even in a completely stationary radiation field the vibrations of the resonator change their amplitude and phase, as long as one considers time intervals long compared to the period of one vibration, but short compared to the duration of a measurement. The constant energy of the stationary vibrating resonator can thus only be considered to be a time average, or, put differently, to be an instantaneous average of the energies of a large number of identical resonators which are in the same stationary radiation field, but far enough from one another not to influence each other directly. Since the entropy of a resonator is thus determined by the way in which the energy is distributed at one time over many resonators, I suspected that one should evaluate this quantity by introducing probability considerations into the electromagnetic theory of radiation, the importance of which for the second law of thermodynamics was originally discovered by Mr. L. Boltzmann.3 This suspicion has been confirmed; I have been able to derive deductively an expression for the entropy of a monochromatically vibrating resonator and thus for the energy distribution in a stationary radiation state, that is, in the normal spectrum. To do this it was only necessary to extend somewhat the interpretation of the hypothesis of “natural radiation” which has been introduced by me into electromagnetic theory. Apart from this I have obtained other relations which seem to me to be of considerable importance for other branches of physics and also of chemistry.

I do not wish to give today this deduction—which is based on the laws of electromagnetic radiation, thermodynamics and probability calculus—systematically in all details, but rather to explain to you as clearly as possible the real core of the theory. This can probably be done most easily by describing to you a new, completely elementary treatment through which one can evaluate—without knowing anything about a spectral formula or about any theory—the distribution of a given amount of energy over the different colours of the normal spectrum using one constant of nature only and after that also the value of the temperature of this energy radiation using a second constant of nature. You will find many points in the treatment to be presented arbitrary and complicated, but as I said a moment ago I do not want to pay attention to a proof of the necessity and the possibility to perform it easily and practically, but to the clarity and uniqueness of the given prescriptions for the solution of the problem.

Let us consider a large number of linear, monochromatically vibrating resonators—N of frequency ν (per second), N' of frequency ν', N″ of frequency ν″ …, with all N large numbers—which are properly separated and are enclosed in a diathermic medium with light velocity c and bounded by reflecting walls. Let the system contain a certain amount of energy, the total energy Et(erg) which is present partly in the medium as travelling radiation and partly in the resonators as vibrational energy. The question is how in a stationary state this energy is distributed over the vibrations of the resonators and over the various colours of the radiation present in the medium, and what will be the temperature of the total system.

To answer this question we first of all consider the vibrations of the resonators and try to assign to them certain arbitrary energies, for instance, an energy E to the N resonators ν, E' to the N' resonators ν', …. The sum must, of course, be less than Et. The remainder Et − E0 pertains then to the radiation present in the medium. We must now give the distribution of the energy over the separate resonators of each group, first of all the distribution of the energy E over the Nresonators of frequency v. If E is considered to be a continuously divisible quantity, this distribution is possible in infinitely many ways. We consider, however—this is the most essential point of the whole calculation—E to be composed of a well-defined number of equal parts and use thereto the constant of nature h = 6.55 × 1027 erg sec. This constant multiplied by the common frequency v of the resonators gives us the energy element ε in erg, and dividing E by ε we get the number P of energy elements which must be divided over the N resonators. If the ratio thus calculated is not an integer, we take for P an integer in the neighbourhood.
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It is clear that the distribution of P energy elements over N resonators can only take place in a finite, well-defined number of ways. Each of these ways of distribution we call a “complexion,” using an expression introduced by Mr. Boltzmann for a similar concept. If we denote the resonators by the numbers 1, 2, 3, …, N, and write these in a row, and if we under each resonator put the number of its energy elements, we get for each complexion a symbol of the following form We have taken here N= 10, P = 100. The number of all possible complexions is clearly equal to the number of all possible sets of numbers which one can obtain in this way for the lower sequence for given N and P. To exclude all misunderstandings, we remark that two complexions must be considered to be different if the corresponding sequences contain the same numbers, but in different order. From the theory of permutations we get for the number of all possible complexions or to a sufficient approximation, We perform the same calculation for the resonators of the other groups, by determining for each group of resonators the number of possible complexions for the energy given to the group. The multiplication of all numbers obtained in this way gives us then the total number R of all possible complexions for the arbitrarily assigned energy distribution over all resonators.
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In the same way any other arbitrarily chosen energy distribution E, E', E,” … will correspond to the number R of all possible complexions which must be evaluated in the above manner. Among all energy distributions which are possible for a constant E0 = E+ E'+ E+ … there is one well-defined one for which the number of possible complexions R0 is larger than for any other distribution. We then look for this energy distribution, if necessary by trial, since this will just be the distribution taken up by the resonators in the stationary radiation field, if they together possess the energy E0. The quantities E, E', E,” … can then be expressed in terms of one single quantity E0. Dividing E by N, E' by N', … we obtain the stationary value of the energy Uν, U'ν', U″ν″, … of a single resonator of each group, and thus also the spatial density of the corresponding radiation energy in a diathermic medium in the spectral range ν to ν + dν,
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so that the energy of the medium is also determined.

Of all quantities which occur only E0 seems now still to be arbitrary. One sees easily, however, how one can finally evaluate E0 from the given total energy Et, since if the chosen value of E0 leads, for instance, to too large a value of Et, we must decrease it appropriately, and the other way round.

After the stationary energy distribution is thus determined using a constant h, we can find the corresponding temperature θ in degrees absolute4 using a second constant of nature κ = 1.346 × 10−16erg degree−1 through the equation
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The product k ln R0 is the entropy of the system of resonators; it is the sum of the entropy of all separate resonators.

It would, to be sure, be very complicated to perform explicitly the above-mentioned calculations, although it would not be without some interest to test the truth of the attainable degree of approximation in a simple case. A more general calculation which is performed very simply, using exactly the above prescriptions, shows much more directly that the normal energy distribution determined in this way for a medium containing radiation is given by the expression
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which corresponds exactly to the spectral formula which I gave earlier
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The formal differences are due to the differences in the definitions of u νand Eλ. The first formula is somewhat more general inasfar as it is valid for an entirely arbitrary diathermic medium with light velocity c. I calculated the numerical values of h and k which I mentioned from that formula using the measurements by F. Kurlbaum and by O. Lummer and E. Pringsheim.5

I shall now make a few short remarks about the question of the necessity of the above given deduction. The fact that the chosen energy element ε for a given group of resonators must be proportional to the frequency ν follows immediately from the extremely important so-called Wien displacement law. The relation between u and U is one of the basic equations of the electromagnetic theory of radiation. Apart from that, the whole deduction is based upon the single theorem that the entropy of a system of resonators with given energy is proportional to the logarithm of the total number of possible complexions for the given energy. This theorem can be split into two other theorems: (1) The entropy of the system in a given state is proportional to the logarithm of the probability of that state, and (2) The probability of any state is proportional to the number of corresponding complexions, or, in other words, any given complexion is equally probable as any other given complexion. The first theorem is, as far as radiative phenomena are concerned, just a definition of the probability of the state, insofar as we have for energy radiation no other a priori way to define the probability than the determination of its entropy. We have here one of the distinctions from the corresponding situation in the kinetic theory of gases. The second theorem is the core of the whole of the theory presented here: in the last resort its proof can only be given empirically. It can also be understood as a more detailed definition of the hypothesis of natural radiation which I have introduced. This hypothesis I have expressed before only in the form that the energy of the radiation is completely “randomly” distributed over the various partial vibrations present in the radiation.6 I plan to communicate elsewhere in detail the considerations, which have only been sketched here, with all calculations and with a survey of the development of the theory up to the present…


	M. Planck, Verh. D. Phys. Ges. 2, 202 (1900).


	In the meantime Mr. H. Rubens and Mr. F. Kurlbaum have given a direct confirmation for very long wave lengths. (S.B. Königl. Preuss. Akad. Wiss. of 25 October, p. 929 [1900].)


	L. Boltzmann, especially SB. Kais. Ak. Wiss. Wien II, 76, p. 373 (1877 [= 1878]).


	The original states “degrees centigrade” which is clearly a slip [D. t. H.].


	F. Kurlbaum (Ann. Phys. 65[= 301], 759 [1898]) gives S100 − S0 = 0.0731 Watt cm −2, while O. Lummer and E. Pringsheim (Verh. Deutsch. Physik Ges. 2, 176 [1900]) give XmQ= 2940 μ degree.


	M. Planck, Ann. Phys. 1[= 306], 73 (1900). When Mr. W. Wien in his Paris report (Rapports II, p. 38, 1900) about the theoretical radiation laws did not find my theory on the irreversible radiation phenomena satisfactory since it did not give the proof that the hypothesis of natural radiation is the only one which leads to irreversibility, he surely demanded, in my opinion, too much of this hypothesis. If one could prove the hypothesis, it would no longer be a hypothesis, and one did not have to formulate it at all. However, one could then not derive anything essentially new from it. From the same point of view one should also declare the kinetic theory of gases to be unsatisfactory since nobody has yet proved that the atomistic hypothesis is the only one which explains irreversibility. A similar objection could with more or less justice be raised against all inductively obtained theories.
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HORMONES

THE KLYMOGRAPH, INVENTED BY Carl Friedrich Wilhelm Ludwig in the mid-nineteenth century, is a revolving drum wrapped with a long sheath of smoky graph paper. While the drum slowly rotates, a writing pen traces out blood pressure, bodily secretions, and other vital functions as they change through time—in effect creating a visible motion picture of invisible activities inside a living being.

On January 16, 1902, in a small laboratory at University College in London, two scientists were surprised by the moving picture they saw on their klymograph. Earlier in the day, they had injected a thirteen-pound dog with morphine. Now, they cut open the dog's abdomen and inserted a thin metallic tube, called a cannula, into its pancreas. While the animal was immersed in a saline solution and pumped continuously with oxygen to keep it alive, the two surgeons poured a weak solution of hydrochloric acid into its small intestine. After two minutes, pancreatic juice began slowly dripping out of the cannula, one drop every twenty seconds. Each drop fell upon the flattened end of a delicate lever, which in turn lifted the slender pen of the klymograph.

Pancreatic juice flows from the pancreas to the small intestine and helps with digestion. Normally, the secretion of the juice is triggered by the soupy mush of partly digested food after it leaves the stomach and enters the intestine. In this case, hydrochloric acid served as the trigger.

So far, the two operating scientists, William Maddock Bayliss and Ernest Henry Starling, had merely




























THE MECHANISM OF PANCREATIC SECRETION
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