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When Albert Einstein was an old man and sat down to write a short volume of autobiographical notes—“something like my own obituary”—he remembered the day his father showed him a compass. Turning it this way and that, the boy watched in wonder as the needle pointed insistently north. “I can still remember—or at least believe I can remember—that this experience made a deep and lasting impression upon me,” Einstein wrote. “Something deeply hidden had to be behind things.”




PROLOGUE

ON A CLEAR winter morning several years ago, I drove up the hill to St. John’s College to play with electrons. I’d recently met the president of the school, which is nestled in the splendid isolation of the Santa Fe foothills, and was impressed to learn that the students, as part of their studies in the humanities, were expected to reenact the famous experiment of 1909 in which Robert Millikan isolated and measured these fundamental particles, showing them to be bits of electricity.

St. John’s, like its sister college in Annapolis, pursues a classical curriculum, with physics starting around 600 BC with the Presocratic philosophers. That was when Thales of Miletus made the first stab at a Grand Unified Theory: “Everything is made of water.” Today he would probably be working on superstrings.

Thales had also noticed that a rock called magnetite, found in the province of Magnesia, exerted an invisible pull on metal and that rubbing a piece of amber, a substance the Greeks called elektron, gave it a mysterious charge: it attracted pieces of straw and chaff. More than two thousand years later William Gilbert, Queen Elizabeth I’s physician, noted that glass rubbed with silk became “amberized”—electrified (he was the first to use the term)—and that other materials could also be enlivened this way. Friction, Gilbert speculated, heated some kind of watery humor giving rise to a sticky, vaporous “effluvium” of charge. A French chemist, Charles-François de Cisternay Dufay, went on to discover that rubbed amber repelled objects that rubbed glass attracted. Electricity, he concluded, must come in two forms: “resinous” and “vitreous.” Something deeply hidden lay behind things. Millikan found a way to get a grip.

         

I FOUND the physics lab in the basement of a two-story Territorial-style building fronted by a long white veranda and surrounded by pines. Class was not in session, and the shades had been pulled, the lights turned low. At the far side of the room, the laboratory director, Hans von Briesen, was assembling electronic components on a wooden laboratory table. One of the customs at St. John’s is that students and teachers (tutors, they are called) address one another with honorifics—Mr. von Briesen, Mr. Johnson—making hallway conversations sound a little like the New York Times.

The idea of Millikan’s experiment, Mr. von Briesen explained, was to use a perfume atomizer to spray minuscule droplets of oil into a space between two metal plates, one charged resinously and the other vitreously. Rubbed by the air, some of the drops, like Thales’s amber, would become electrified. By varying the voltage across the two plates, a droplet could be made to move up and down, or with just the right touch to hover suspended in midair.

From the mass of the droplet and the amount of voltage required to counteract its fall, you can determine its charge. Measure enough droplets and you can see whether charge, like a fluid, comes in any amount whatsoever or, like pocket change, only in discrete quantities. If the latter is true then the smallest amount would be the elementary unit of electricity—the charge of the electron.

When the setup was complete and the room darkened the experiment began. After several trial runs Mr. von Briesen invited me to take a look. Gazing into the chamber through a magnifying eyepiece—a little telescope—I saw the droplets. Illuminated from behind, they shone like a constellation or galaxy. Millikan himself had described them this way: “The appearance of this drop is that of a brilliant star.”

         

SCIENCE in the twenty-first century has become industrialized. The experiments so often celebrated in the newspapers—sequencing the genome, proving the existence of the top quark, discovering a new planet by analyzing the wobble of a distant star—cost millions of dollars. They generate terabytes of data to be analyzed by supercomputers: calculating factories spewing so much heat that they are equipped with cooling stacks that consume the energy of small towns. The experiments are carried out by research teams that have grown to the size of corporations.

But until very recently the most earthshaking science came from individual pairs of hands. From a single mind confronting the unknown. The great experiments that mark the edges of our understanding were most often performed by one or two scientists and usually on a tabletop. Computation, if there was any, was carried out on paper or later with a slide rule.

These experiments were designed and conducted with such straightforward elegance that they deserve to be called beautiful. This is beauty in the classical sense—the logical simplicity of the apparatus, like the logical simplicity of the analysis, seems as pure and inevitable as the lines of a Greek statue. Confusion and ambiguity are momentarily swept aside and something new about nature leaps into view.

As a science writer, I have most often been attracted to airy edifices like quantum mechanics or general relativity, which seek to capture reality with a few courtly laws. For a sign of just how abstract this quest has become, one need look no further than superstring theory, which posits that matter is ultimately generated by mathematical snippets vibrating in ten-dimensional space. This is fascinating stuff, but so rarefied and confusing—so far over my, or maybe anyone’s, head—that I began to feel a need for basics.

The magazine Physics World once conducted a survey asking its readers what they considered the most beautiful of all experiments. From the results, a roster was compiled of the top ten, all predictably within the realm of physics. But what, I wondered, if one were to cast the net wider? I decided to make my own list.

The question was where to begin. With Thales rubbing amber to create static electricity? That lacked the kind of elegance I was looking for. There were no controls, no systematic attempt to see what materials, under what conditions, could be charged this way. As Gilbert went on to show, there was nothing unique about amber. With Thales experimental science had not yet begun.

How about Pythagoras, another of the Presocratics, who discovered that the musical notes sounded by a plucked string correspond to precise mathematical ratios? If the whole string sounds a perfect C, three-fourths of the string will sound an F and two-thirds a G. Pinch the string in half and it will sound a C again, an octave higher. All is number, Pythagoras declared—another Grand Unified Theory. He should have stopped while he was ahead. Fire, he went on to speculate, is made of twenty-four right-angle triangles, surrounded by four equilaterals, which are made in turn of six triangles. Air is composed of forty-eight triangles, water of one hundred and twenty. Experiment gave way to mysticism.

Another candidate might have been Archimedes. The dubious legend about his jumping from a bathtub shouting “Eureka,” having discovered the physical law of buoyancy, trivializes the grandeur of his accomplishment. His treatise On Floating Bodies is considered a masterpiece of mathematical reasoning, and not just because of its derivation of Archimedes’s principle (a body submerged in a fluid is acted upon by an upward force equal in magnitude to the weight of the fluid displaced). He also figured out, from first principles, how a cone-shaped object called a paraboloid would float if immersed in water. (Icebergs are roughly paraboloid and behave pretty much as Archimedes said.)

His greatness, however, lay more in reasoning than in experiment. Another great theorist. What I was looking for were those rare moments when, using the materials at hand, a curious soul figured out a way to pose a question to the universe and persisted until it replied. Ideally the apparatus itself would be a thing of beauty, with polished wood, brass, shining black ebonite. More important would be the beauty of the design and the execution, the cleanness of the lines of thought.

For that I had to jump from ancient Greece all the way to the seventeenth century, when a man named Galileo coaxed out a fundamental law of motion. From there, I proceeded step by step, visiting nine more stops on the scientific trail, eventually meeting up again with Millikan and his tiny stars.

Likelier than not, anyone who reads this book could come up with a different list. “Shouldn’t you just call it Ten Beautiful Experiments?” a friend objected. Probably so. But I hope that there is art in the arbitrariness, both in my selection of the experiments and in what I have chosen to tell about each one. This is not a book about great discoveries, the serendipitous surprises like Galileo’s spying of satellites circling Jupiter or Charles Darwin’s observations about finches. Those were not the kind of deliberate, controlled interrogations of reality that I wanted to explore. Nor is this intended as a collection of miniature scientific biographies—there are already plenty of good ones. Some lives, like those of Antoine-Laurent Lavoisier and Albert Michelson, diverted me with their strange details. Others, like Galileo’s and Newton’s, have been told too many times before. I’ve tried to sketch each scientist with a charcoal wash. I want the experiment, not the experimenter, to be the protagonist.

To keep the stories as crisp as possible, I’ve spent little ink trying to parcel out credits, fighting the historians’ fights. James Joule’s surprising discovery about energy and heat was anticipated by Robert Mayer, but it was Joule who did the beautiful experiment. I like what Lord Kelvin had to say about that: “Questions of personal priority, however interesting they may be to the persons concerned, sink into insignificance in the prospect of any gain of deeper insight into the secrets of nature.”




CHAPTER 1

Galileo

The Way Things Really Move
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Galileo Galilei, by Ottavio Leoni

It is very unpleasant and annoying to see men, who claim to be peers of anyone in a certain field of study, take for granted certain conclusions which later are quickly and easily shown by another to be false.

—Salviati, in Galileo, Two New Sciences

WHEN you throw a rock, catch a ball, or jump just hard enough to clear a hurdle, the older, unconscious part of the brain, the cerebellum, reveals an effortless grasp of the fundamental laws of motion. Force equals mass times acceleration. Every action results in an equal and opposite reaction. But this ingrained physics is sealed off from the newer, upper brain—the cerebrum, seat of intelligence and self-awareness. One can leap as gracefully as a cat but be just as powerless to explain the inverse square law of gravity.

Aristotle, in the fourth century BC, made the first ambitious attempt to articulate the rules of motion. An object falls in proportion to its weight—the heavier a rock, the sooner it will reach the ground. For other kinds of movement (pushing a book across a table or a plow across a field), a force must be constantly applied. The harder you push, the faster the object will go. Stop pushing and it will come to a halt.

It all sounds eminently sensible and obvious and, of course, is exactly wrong.

What if you place the book on a sheet of ice and give it a gentle shove? It will keep moving long after the impetus is removed. (Asked why an arrow keeps going after it leaves the bowstring, the Aristotelians said that it was pushed along by the incoming rush of air.) Now we know that something set in motion stays in motion until stopped by something else, or worn down by friction. And a one-pound weight and a five-pound weight, dropped at the same moment, will fall side by side to the ground. Galileo showed it was so.

It’s entirely predictable that the great debunker of Aristotle—celebrated in a play by Bertolt Brecht, an opera by Philip Glass, and a pop song by the Indigo Girls—would come in for his own debunking. It is doubtful, historians tell us, that Galileo dropped two weights from the Leaning Tower of Pisa. Nor do they believe that he hit on his insight about pendulums—that each swing is of equal duration—while watching a certain chandelier in the cathedral of Pisa and timing it with his heartbeat.

His credentials as a cosmologist have also dimmed under scrutiny. Galileo was the most eloquent advocate of Copernicus’s sun-centered solar system—his Dialogue Concerning the Two Chief World Systems is the first great piece of popular science writing—but he never accepted Kepler’s crucial insight: that the planets move in ellipses. The orbits, Galileo assumed, had to be perfect circles. Here he was following Aristotle, who proclaimed that while motion on Earth (in the “sublunar” realm) must have a beginning and an end, celestial motion is necessarily circular.

For that to be true and match what was happening in the sky, the planets would have to move not just in circles but in circles within circles—the same old epicycles that had weighed down Ptolemy’s geocentric universe. Galileo brushed off the problem. Most disappointing of all, he probably did not, as legend has it, follow his forced apology to the Inquisitors of Rome by muttering under his breath, Eppur si muove, “And yet it moves.” He was no martyr. Knowing he had been beaten, he retired to the solitude of Arcetri to lick his wounds.

Galileo’s strongest claim to greatness lies in work he did long before his troubles with the Vatican. He was studying nothing so grand as stars or planets but the movement of simple, mundane objects—a subject far more perplexing than anyone had imagined.

Whether or not the research actually began at the Tower of Pisa hardly matters. He described a similar experiment in his other masterpiece, Discourses Concerning Two New Sciences, completed during his final years of exile. Like the earlier work it is cast as a long conversation among three Italian noblemen—Salviati, Sagredo, and Simplicio—who are trying to understand how the world works.

Salviati is the stand-in for Galileo, and on the first day of the gathering he insists that, dropped simultaneously, a cannonball weighing 100 pounds and a musket ball weighing 1 pound will hit the ground at almost the same time. In an experiment, he concedes, the heavier one did in fact land “two finger-breadths” sooner, but Salviati recognized that other factors, like air resistance, muddied the results. The important point was that the impacts were almost in unison: when the cannonball hit the ground, the musket ball had not traveled just 1/100 the distance—a single cubit—as common sense would have predicted. “Now you would not hide behind these two fingers the ninety-nine cubits of Aristotle,” he chided, “nor would you mention my small error and at the same time pass over in silence his very large one.” All other things being equal, the speed at which an object falls is independent of its weight.

A harder question was what happened between the time a ball was released and the time it struck the ground. It would pick up speed along the way—everybody knew that. But how? Was there a large spurt of motion at the beginning, or a lot of little spurts continuing all the way down?

With nothing like time-lapse photography or electronic sensors to clock a falling body, all you could do was speculate. What Galileo needed was an equivalent experiment, one in which the fall would be slower and easier to observe: a ball rolling down a smooth, gentle plane. What was true for its motion should be true for a steeper incline—and for the steepest: straight down. He had found a way to ask the question.

The year was probably 1604. Three decades later he, or rather Salviati, described the thrust of the experiment:


A piece of wooden moulding or scantling, about 12 cubits long, half a cubit wide, and three finger-breadths thick, was taken. On its edge was cut a channel a little more than one finger in breadth. Having made this groove very straight, smooth, and polished, and having lined it with parchment, also as smooth and polished as possible, we rolled along it a hard, smooth, and very round bronze ball.


A scantling is a piece of wood, and a Florentine cubit was twenty inches, so we can imagine Galileo with a twenty-foot-long board, ten inches wide, propping it up at an angle.


Having placed this board in a sloping position, by lifting one end some one or two cubits above the other, we rolled the ball, as I was just saying, along the channel, noting, in a manner presently to be described, the time required to make the descent. We repeated this experiment more than once in order to measure the time with an accuracy such that the deviation between two observations never exceeded one-tenth of a pulse-beat.
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An early-nineteenth-century demonstration of the inclined plane experiment. The rolling ball causes the bells to ring. Drawing by Alison Kent

Once they had perfected the technique, Salviati went on to explain, they timed how long it took the ball to traverse one-fourth of the track, then two-thirds, then three-fourths. They repeated the experiment with the board set at different slopes—100 measurements in all. These were taken with a simple device called a water clock, essentially an hourglass that parcels out seconds with liquid instead of sand:


We employed a large vessel of water placed in an elevated position. To the bottom of this vessel was soldered a pipe of small diameter giving a thin jet of water, which we collected in a small glass during the time of each descent, whether for the whole length of the channel or for a part of its length. The water thus collected was weighed, after each descent, on a very accurate balance. The differences and ratios of these weights gave us the differences and ratios of the times, and this with such accuracy that although the operation was repeated many, many times, there was no appreciable discrepancy in the results.


The weight of the water was equivalent to the passage of time. Ingenious. But maybe, some modern historians have concluded, a little too good to be true. Reading Galileo’s words some three centuries later, Alexandre Koyré, a professor at the Sorbonne, could barely contain his scorn:


A bronze ball rolling in a “smooth and polished” wooden groove! A vessel of water with a small hole through which it runs out and which one collects in a small glass in order to weigh it afterwards and thus measure the times of descent…What an accumulation of sources of error and inexactitude! It is obvious that the Galilean experiments are completely worthless.


Koyré suspected that there had been no experiment—that Galileo was using an imaginary demonstration with rolling balls as a pedagogical device, an illustration of a law of physics that he had figured out mathematically, through pure deduction, the old-fashioned way. Galileo, it seemed, had been debunked again.

Koyré was writing in 1953. Twenty years later Stillman Drake, one of the leading experts on Galilean science, was sleuthing among the manuscripts in the Biblioteca Nazionale Centrale in Florence when he came across some unpublished pages—entries from Galileo’s own notebook.

Galileo was something of a pack rat, and when his notebooks were published around the turn of the twentieth century, the editor, Antonio Favaro, had left out some pages that appeared to be no more than scribbles, a mess of calculations and diagrams that didn’t make sense. The pages were apparently out of order, with little clue as to when they had been written or what their author was working on.

Drake was researching a new English translation of Two New Sciences. For three months at the beginning of 1972, he sat in Florence going through 160 pages of the seventy-second volume of Galileo’s papers, comparing watermarks and styles of handwriting, restoring the pages to what seemed a sensible order. Among the earliest were what appeared to be data from the experiment of 1604, when Galileo was in Padua.


[image: image]

A page from Galileo’s notebook

From the jottings, Drake re-created the centuries-old experiment, and with just a little license, we can imagine what was going through Galileo’s mind. He releases the ball at the top of the wooden incline noting that in the first few moments, it travels a distance of 33 punti, or points. (Galileo was using a ruler marked into sixty equal units, and a point, Drake deduced, was just shy of one millimeter.) After an equal amount of time has passed, the ball, picking up speed, covers a total of 130 punti, and by the end of the third interval, 298 punti. Then 526, 824, 1,192, 1,620…faster and faster. These were real data. For the final distance, when the ball would have been moving at top speed, Galileo had originally written 2,123 punti, scratching it out and correcting it to 2,104. By some of his figures, he put a plus or a minus sign, apparently indicating when his measurements seemed high or low.

The units of time he was using don’t matter. We might as well call them ticks. The important thing is that each interval be the same:



	
1
	
2
	
3
	
4
	
5
	
6
	
7
	
8
	
ticks (time)


	
33
	
130
	
298
	
526
	
824
	
1,192
	
1,620
	
2,104
	
punti (accumulated distance)




At first no pattern leaps forth. With each tick the ball covers more ground, but by what rule? Galileo started playing with the numbers. Maybe the speed increased according to some arithmetical progression. What about alternating odd numbers: 1, 5, 9, 13, 17, 21…? On the second tick the ball would move five times faster than on the first tick, covering 5 × 33 or 165 punti. Too high but maybe within the range of experimental error. The distance covered on tick three would be nine times greater: 33 × 9 = 297 punti. Right on the mark! And on the fourth tick 13 × 33 = 429. Too low. Then 17 × 33 = 561, too high. And 21 × 33 = 693, way too low…. Drake could see on the manuscript page where Galileo scratched out the numbers to try again.

On the first tick the ball had covered 33 punti, then 130. What if you divide the numbers? 130/33 = 3.9. The distance had increased almost four times. With the third tick, the increase was 298/33, slightly more than nine times the initial distance. Then 15.9, 25.0, 36.1, 49.1, 63.8. He rounded the numbers and wrote them, using a different ink and pen, in a column: 4, 9, 16, 25, 36, 49, 64.

He had found the key: allowing for a bit of error, the distance covered increased with the square of the time. With a longer board, one could confidently predict that on the next tick the factor would be 81 (92) and then 100, 121, 144, 169…. That Galileo’s numbers were not exact testified to the reality of the experiment. That they were as close as they were testified to his skill as an experimenter.

In these calculations the distances are cumulative: by the fourth tick the ball has traversed a total of sixteen times the distance it covered at the end of the first tick. But how far does it travel during each separate interval, between ticks three and four compared with ticks two and three? The answer can be backed out with arithmetic.

It is the nature of squares that they are the sums of the odd numbers that precede them: 4 = 1 + 3; 9 = 1 + 3 + 5; 16 = 1 + 3 + 5 + 7. Implicit in the times-square law is that the distances between ticks must increase according to the progression of odd numbers. Galileo’s data show how this works.



	
1
	
2
	
3
	
4
	
5…
	
ticks (time)


	
33
	
130
	
298
	
526
	
824…
	
punti (accumulated distance)


	
130-33
 97
	
298-130
 168
	
526-298
 228
	
824-526
 298
	
punti (distance traveled in an interval)


	
97/33
 2.9
	
168/33
 5.1
	
228/33
 6.9
	
298/33
 9.0
	
ratio of distances




Tick by tick the ball travels three times the distance, then five times, then seven, then nine. In fact Galileo could have started with the odd-number progression and derived the times-squared relationship. However he did it, the result was a fundamental new law. The steeper the slope, the faster the ball would roll, but always according to the same rule—which would presumably hold if the slope was ninety degrees, straight down.

At the other extreme, a slope of zero degrees, there would be no acceleration. Once the ball, traveling down the incline, reached the flat tabletop, it would begin moving at a uniform speed—forever if the plane was infinite and friction didn’t interfere. And if the moving ball reached the edge of the table and dropped off? On the triumphant fourth day of Two New Sciences, Galileo provides the answer: the unhurried horizontal motion and the downwardly accelerated vertical motion combine to yield the familiar parabolic shape of a projectile.

There was still the question of how Galileo did such precise timing, working with intervals of less than a second. Using a flowerpot as a water clock, a Cornell University graduate student, Thomas B. Settle, rolled billiard balls down a two-by-six pine plank and, once he had tuned his reflexes, demonstrated the validity of the times-squared law. But both he and Drake doubted that someone starting from ignorance could have discovered the relationship with so crude an apparatus. Galileo’s technique, Drake proposed, was more brilliant and surprising.

It wouldn’t have been necessary, he realized, for Galileo to clock time the modern way—in seconds, half seconds, or any other conventional measure. All that was needed was a way to divide time into equal portions, and this, Drake recognized, is a talent that comes naturally to any good musician.

“The conductor of an orchestra, moving his baton, divides time evenly with great precision over long periods without thinking of seconds or any other standard unit,” Drake wrote. “He maintains a certain even beat according to an internal rhythm, and he can divide that beat in half again and again with an accuracy rivaling that of any mechanical instrument.” The same goes for the musicians and even for the audience. “If the cymbalist in the orchestra were to miss his entry by a tiny fraction of a second, say by a 64th note in the music, everyone would notice it, not just the conductor.”

So, Drake speculates, this is what Galileo did: before the ball rolled down the incline, he established a rhythm by singing a simple tune. Drake tried the experiment with “Onward Christian Soldiers,” at about two beats per second. Releasing the ball at the top of the incline, he used chalk to mark its position at each upbeat.


ONward CHRIStian SO-ol-DIER-rs MARCHing AS to…


Like Drake, Galileo probably hadn’t caught them all on the first run, but after several attempts he would have marked off the track in approximately half-second intervals, noting with some satisfaction that the spacing became progressively greater—that the ball, in a lawful manner, rolled faster and faster down the hill.

The next step was to tie a piece of catgut at each chalk mark, like the movable frets on the neck of a lute, an instrument Galileo knew how to play. Drake used rubber bands. Rolling the ball again and again, he listened as it struck the frets, adjusting their placement until the rhythm of the clicking was as uniform as a metronome’s and in time with the march. When he was done, the frets showed precisely how far the ball had traveled during equal intervals of time. All that was left was to measure the spacing with a ruler.

Once Galileo had established his law, Drake believed, he showed it to others in an easier, less precise manner: by marking the track beforehand—1, 4, 9, 16, 25, 49, 64—and then using a water clock to confirm the timing. But that was a demonstration, not an experiment.

Why didn’t he write about his original method? The best Drake could suggest is that Galileo was afraid of sounding silly. “Even in his day, it would have been foolish to write, ‘I tested this law by singing a song while a ball was rolling down a plane, and it proved quite exact.’” It wasn’t long before he had picked up his telescope and moved on to other things.

Today, more than three hundred years after his death, visitors to the Museo di Storia della Scienza, the history of science museum in Florence, can see one of the withered fingers that picked up the metal ball each time it reached the bottom of the incline, returning it to the top for another ride. It was removed by an admirer, along with a tooth, the fifth lumbar vertebra, and a couple of other fingers, when Galileo’s body was exhumed, a century after his death, to be moved to a better burial site. Preserved in a reliquary like the bone of a saint, the long, thin finger has been mounted so that it points upward, as though beckoning to the sky.
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Galileo’s finger
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