














































































































































































































































T H E T E N M O S T B E A U T I F U L E X P E R I M E N T S 

Michelson's first interferometer, 
viewed from the top and from the side 

dinarily sensitive was the instrument ," he later noted, "that 
the s tamping of the pavement about 100 meters f rom the 
observatory, made the fringes disappear entirely!") To keep 
the device—the interferometer—steady he anchored it to a 
s tone pier. To minimize tempera ture differences, which 
might cause the brass a rms to expand or contract , he covered 
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t hem with paper boxes, and even tr ied s u r r o u n d i n g the 
equ ipmen t with mel t ing ice. T h e precaut ions were no t 
enough . Even after midn igh t , the bustle of Berlin m a d e it 
impossible to take a reading. 

In search of quieter su r round ings , he relocated to Pots-
d a m and installed the e q u i p m e n t in the cellar of the Astro-
physical Observatory. At first, as he rota ted the device, he 
t hough t he saw a substant ia l f r inge shift . T h e n he realized he 
was accidentally flexing the brass a rms . He had the pivot 
r emade to t u rn m o r e freely and tr ied again. 

Day after day he measured , t u r n i n g his in te r fe rometer this 
way a n d that , bu t he could find n o m o r e than the tiniest 
shift—'Aoo of a f r inge—so slight tha t he could only dismiss it 
as exper imenta l error. By n o w it was early April, when the 
Earth moved in the same direct ion as the whole solar system, 
increasing its speed against the aether, yet there still appeared 
to be n o significant effect. Wri t ing to his benefactor , Bell, in 
1881, he repor ted the negative result. Michelson m a d e clear 
that this shouldn ' t be taken as disproving the existence of the 
aether. There had to be aether. But maybe, as o the r physicists 
had suggested, the backdrop wasn ' t entirely fixed. Perhaps 
s o m e of the aether in the vicinity of Ear th was being dragged 
along in its j ou rney a r o u n d the sun. Traveling in the eye of a 
hur r i cane there would be n o wind . Michelson's conf idence 
was unshakable . "I have a very high respect for his abilities," 
Bell would later write, adding: " t h o u g h I ra ther suspect f r o m 
his m a n n e r that he has too." 

MICHELSON'S only hope was that the aether d rag was not 
complete , tha t enough of the celestial backdrop stayed p u t to 
provide a l a n d m a r k to measure by. This possibility had been 
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suggested earlier in the century by a French scientist, 
F r a n c i s Arago, who had tried to measure the velocity of 
starlight colliding with the Earth. Arago assumed, naturally 
enough, that the speed would vary depending on whether 
the orbi t ing planet was approaching or retreating f rom the 
light source. He moun ted a pr ism on the end of a telescope, 
predicting that faster light beams would be bent more 
abrupt ly than slower ones. He was surprised to find that 
whatever the season the angles were the same. 

Arago concluded that our eyes mus t be sensitive to only a 
small range of velocities, that the faster and slower rays were 
invisible. But his colleague Augustin-Jean Fresnel came up 
with a different explanation: while aether flows effortlessly 
th rough matter 's molecular cracks, a tiny bit had become 
stuck in Arago's pr ism, carried along for the ride. That , he 
explained, would negate the effect Arago was seeking. When 
the Earth was approaching a star, its light would indeed 
strike the prism at a higher speed. But then it would be 
slowed a compensat ing a m o u n t by the aether t rapped inside 
the glass. The effect would be t rue for any t ransparent 
med ium, Fresnel proposed, and would depend on its index 
of ref ract ion—a measurement of how m u c h it slows and 
bends light. Aether drag would thus be noticeable in water 
but insignificant in air. 

In 1882, after his sabbatical in Europe, Michelson left the 
navy and joined the faculty of the Case School of Applied 
Science in Cleveland, which had just opened its doors. Dur -
ing his first year, he measured the speed of light in a vacuum 
(almost dead-on at 186,320 miles per second). Then, with a 
man he had befr iended on a train tr ip to Montreal , he began 
to rethink the aether experiment . 
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Edward Morley, a chemist at neighboring Western Reserve 
University, was as met iculous a scientist as Michelson. The 
two men agreed that it would be pointless to make another 
a t tempt to detect the Earth's absolute mot ion unless they 
could first conf i rm Fresnel's hypothesis—that the celestial 
backdrop is fixed in space with only pinches of aether 
dragged along by t ransparent objects. So slight an effect 
could be adjusted for. Improving on an exper iment Fizeau 
had done, they p u m p e d water th rough a loop of tub ing and 
split a light beam so that one pencil moved with the current , 
the o ther against. They ultimately conf i rmed that there was 
indeed a small push and pull by the water. (Anachronist ic 
aside: though they took this as conf i rmat ion of the aether 
drag hypothesis, the p h e n o m e n o n is now explained as an 
effect of special relativity.) 

It was in the midst of this exper iment that Michelson fell 
apart . The reasons are obscure. He and his wife had been 
stuck in a bad marriage. He thought she talked too m u c h at 
social gatherings, always trying to steal the show. She was 
bored with Cleveland, tired of her husband 's late nights at 
the lab, or wherever he was. She complained that he took 
money f r o m the household account to buy scientific equip-
ment . When Michelson left for New York to be treated, Mor -
ley doubted that he would ever re turn to science. 

Maybe that was wishful thinking. (Michelson had been 
treating Morley as shabbily as anyone.) Less than two 
m o n t h s later he was back in the laboratory, ready to resume 
the experiment . There was another setback—in 1886 a fire 
destroyed the Case School, and Michelson had to move what 
was salvaged to Western. Finally, the next spring, the two 
men were ready for what they hoped would be the definitive 
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The Michelson-Morley experiment. The lower diagram shows 
the paths of the two light beams, which were extended by 
bouncing them back and forth between sixteen mirrors. 



Michelson 

test, to determine, as Morley put it, "if light travels with the 
same velocity in all directions." Like Michelson, he assumed 
the answer was no. 

This t ime even more care was taken to cushion the inter-
ferometer against the slightest vibrat ion. The pieces were 
m o u n t e d on a sandstone slab, about five feet square and 
four teen inches thick, which was at tached to a wooden buoy, 
shaped like a doughnu t and floating in a cast-iron t rough of 
mercury. The t rough itself was set on a concrete bed a top a 
brick pla t form. Four metal mir rors were set at each corner to 
reflect the light f rom an Argand l amp back and for th , 
increasing the path lengths—the one going with the Earth 
and the one moving across—to thirty-six feet. A wooden 
cover protected the optical ins t ruments f r o m the air. After 
carefully measur ing and adjust ing the distances between the 
mi r ro rs—a calibration so precise that it required a screw 
with 100 threads to the inch—they began the exper iment . 

With a push of the hand , the interferometer was set slowly 
moving, one tu rn every six minutes , while Michelson walked 
alongside. Taking care to avoid touching the observing scope, 
he peered through the eyepiece at the interference fringes, 
calling out a reading to Morley at sixteen stations a round the 
dial. Between July 8 and 12 they took observations bo th at 
noon and in the evening, and f o u n d n o significant differ-
ence. The two swimmers re turned at the same t ime. 

They had intended to take samples dur ing different sea-
sons, to see if Earth's orbital mo t ion m a d e a difference, but 
there seemed little point . Fresnel mus t be wrong: a substantial 
a m o u n t of aether was indeed being dragged along with the 
planet, obscuring the effect. Measuring the absolute mot ion 
of the Earth would require carrying out measurements high 
above ground, maybe even in outer space. 
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Morley and another colleague, Dayton Clarence Miller, 
cont inued to look for aether using interferometers with even 
longer light paths. Miller even claimed to have detected the 
airy stuff with an exper iment atop M o u n t Wilson, bu t he was 
apparently fooled by tempera ture fluctuations. In 1930 
Michelson's own experiments on the moun ta in reconfirmed 
his original results. 

It was not what he had wanted. By then he had remarried, 
sired a second family, and been honored wi th a Nobel Prize. 
But he had sought a deeper anchor: aether, "one of the 
grandest generalizations of m o d e r n science—of which we 
are tempted to say that it ought to be t rue even if it is not." 

He died a year later, in 1931, just m o n t h s after meet ing Ein-
stein, whose special theory of relativity had explained the 
t rue significance of Michelson and Morley's beautiful exper-
iment: they had proved, cont rary to their expectations, that 
there is no fixed backdrop of space, or even of time. As we 
move th rough the universe, our measur ing sticks shrink and 
stretch, ou r clocks run slower and faster—all to preserve the 
one t rue s tandard. Not aether bu t the speed of light. 
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C H A P T E R 9 

Ivan Pavlov 
Measuring the Immeasurable 

Ivan Pavlov 

We must painfully acknowledge that, precisely because of 
its great intellectual development, the best of man's 
domesticated animals—the dog—most often becomes 
the victim of physiological experiments. During chronic 
experiments, when the animal, having recovered f rom its 
operation, is under lengthy observation, the dog is irre-
placeable. Moreover, it is extremely touching. It is almost 
a participant in the experiments conducted upon it, 
greatly facilitating the success of the research by its under-
standing and compliance. 

—Ivan Pavlov 
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To HEAR him talk, you would have thought they were 
volunteers, these animals recruited for the research that 

would make Ivan Petrovich Pavlov a f amous man . Lada, 
Lyska, and Zhuchka had c o m m o n canine names. There were 
Pestryi (Spot), Laska (Weasel), Sokol (Falcon), Tsygan 
(Gypsy), Ryzhaia (Redhead), Pudel (Poodle), and Voron 
(Crow). There were Arleekin the Clown, Krasavietz the 
Beauty, Lyadi the Lady, Postrel the Fast One, Zloday the 
Thief, and Rogdi the Old Russian Prince. There were dogs 
named Baikal (after a Siberian lake) and Genghis Khan. And 
at the very beginning there was the one said to be Pavlov's 
favorite, a setter-collie mix he called Druzhok, for Buddy or 
Little Friend. 

They had it better than animals in other physiology labs 
that still employed the "acute" experiment: cut t ing open and 
sacrificing a living animal to observe the anatomical ticking. 
To Pavlov this was like smashing a watch with a mallet to see 
how it ran. Beginning with his pioneer ing studies of the 
mammal i an digestive system, still at the core of gastroen-
terology, he favored the "chronic" approach: while the dog 
was under anesthesia, its s tomach, esophagus, or salivary 
glands would be altered so fluids could be collected and 
analyzed. Pavlov became known as one of the most skilled 
surgeons in Europe, and he operated under antiseptic con-
dit ions better than those in many hospitals. Only when the 
animal had fully recovered would the observations, extend-
ing over m o n t h s or years, begin. 

By the early 1900s, when his interest had tu rned to the ner-
vous system, the symbiosis was complete. In re turn for room 
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and board, the dogs became experimental subjects, and also 
mascots. Between sessions in the laboratory, they were taken 
for walks on the institute grounds. Somet imes to clarify a 
point of physiology, Pavlov resorted to acute experiments , 
bu t only with regret. "When I dissect and destroy a living ani-
mal, I hear within myself a bitter reproach that with rough 
and b lunder ing hand I a m crushing an incomparable artistic 
mechanism. But I endure this in the interest of t ru th , for the 
benefit of humanity." In a world where animals were hun ted 
for recreation and slaughtered for food and leather, he felt 
justified in using a few for the pursui t of knowledge. 

It was the usual answer one gave to the antivivisectionists, 
who were a part of the scene in Russia, as they are th rough-
out the world today. From their perspective Pavlov's ex-
per iments were anything bu t beautiful . Even a dog owner 
unper tu rbed by foie gras on a restaurant menu or the fate of 
a laboratory mouse might wince at the surgical descriptions. 
The consolation is the knowledge that was gained. With its 
crisp logic and elegant design, the work with Pavlov's dogs 
opened a passage to a world that had seemed as remote as the 
farthest star: the inside of the brain. 

HE HAD intended to become a priest, like his father, in the 
Russian Or thodox church. Then he discovered Darwin. It 
was the late 1860s, and Ivan and his brother, Dmitry, were 
studying at the seminary in Ryazan, where the Pavlovs lived. 
Early in the morn ing , the story goes, Ivan would sneak into 
the village library to read the recent Russian translation of 
On the Origin of Species as well as George Henry Lewes's 
Physiology of Common Life, with its maplike d iagrams of 
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internal organs, and Ivan Sechenov's Reflexes of the Brain, a 
radical exercise in pure materialism arguing that the mind 
was noth ing more than an exceedingly complex machine. 

Sechenov proposed that every h u m a n behavior, f rom a 
sneeze to a decision to read a book, consists of reflexes— 
muscular movements triggered by signals registered by the 
senses. "Absolutely all the propert ies of the external manifes-
tat ions of brain activity described as animat ion, passion, 
mockery, sorrow, joy, etc., are merely results of a greater or 
lesser contract ion of definite groups of muscles," he wrote, 
"which, as everyone knows, is a purely mechanical act." Even 
when a thought pops into the head unb idden , it is the 
product of a reflex, he insisted, the evoking of a buried m e m -
ory by subtle environmenta l cues. "The t ime will come," 
Sechenov declared, "when m e n will be able to analyze the 
external manifestat ions of the funct ioning of the brain as 
easily as the physicist analyzes now a musical chord or the 
p h e n o m e n a of a freely falling body." 

These were invigorating ideas for the son of a priest. 
Under the reign of Czar Alexander II, a p e n u m b r a of enlight-
enment was crossing the Russian steppes. Books and journals 
that would have been banned under his father, Nicholas I, 
were arriving at the library, where a crowd gathered at the 
doors waiting for them to open, pushing and shoving to get 
in. To beat the rush Pavlov would somet imes arrange for a 
worker to leave a window open. 

Fascinated by the not ion that the animal organism could 
be unders tood scientifically, he left the seminary in 1870 to 
study in Saint Petersburg. Dmi t ry soon joined h im, and they 
both studied chemistry under Mendeleyev, who was devising 
his periodic table of the elements. Ivan, however, concen-
trated on physiology, eventually earning a doctorate of med-
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icine for experiments on how the canine nervous system 
controlled blood pressure and the p u m p i n g of the heart . 
In 1891 he was appointed head of physiology at the newly 
fo rmed Institute for Experimental Medicine, where he used 
his surgical techniques to m a p ou t the cascade of func t ions— 
a "complex chemical factory," he called i t—through which 
food was processed and absorbed by the body. 

Even before a morsel was placed on a dog's tongue, the 
flow of saliva began: water for di lut ion mixed with muc in to 
lubricate the food for its passage to the s tomach, where a 
batch of "appetite juice" was already being prepared. There 
and later in the d u o d e n u m , specialized nervous sensors ana-
lyzed the food, signaling the body to secrete the proper recipe 
of gastric fluids needed to digest bread, milk, meat , or what 
ever the dog was having for dinner. 

Salivation, Pavlov noticed, also served another funct ion . 
Give the animal a taste of someth ing unsavory—musta rd oil, 
mild acid, or sa l t—and saliva still flowed. But it consisted 
mostly of water to protect the tongue and wash out the nox-
ious substance. In this case there were n o gastric secretions. 
The organism somehow "knew" they were unnecessary. 

To measure the a m o u n t and the composi t ion of the saliva, 
Pavlov subjected the dogs to a mino r operat ion. While the 
animal was anesthetized, the opening of the duct leading 
f rom one of the salivary glands was moved to the outside of 
the chin or cheek and secured with a few stitches. Once the 
incision had healed, fluid was collected and analyzed. Pebbles 
of quartz, he found , produced hardly a drop, while sand 
released water so the dog could wash it out . By the same 
physio-logic, a dog actually drooled more at a piece of dry 
bread than a savory chunk of meat. Each reflex was fine-tuned 
by evolution to synchronize the animal with its envi ronment . 
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Scenes from the Institute of Experimental Medicine 

"Every material system can exist as an entity only so long 
as its internal forces, at tract ion, cohesion, etc., balance the 
external forces acting u p o n it," he later wrote. "This is t rue 
for an ord inary stone just as m u c h as for the most complex 
chemical substances, and its t ru th should be recognized also 
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for the animal o r g a n i s m . . . . Reflexes are the elemental uni ts 
in the mechanism of perpetual equilibration." 

In 1904 Pavlov won a Nobel Prize for his work o n the 
physiology of digestion, an h o n o r he was almost denied 
when a rival laboratory discovered that he had missed an 
impor tan t componen t of the system: hormones . "It is clear 
that we did not take out an exclusive patent for the discovery 
of truth," he said fatalistically. It was a round this t ime that he 
decided to leave digestion to others and concentrate on what 
he called the highest parts of the nervous system. 

P a v l o v had noticed that for salivation to occur, it was not 
actually ncccssary for food to enter an animal 's m o u t h . The 
smell, the appearance of the bowl, even the creaking of a 
door hinge at d inner t ime might be enough to set off the 
reaction. "Psychic secretions," he called them. 

Unlike the inborn reflexes—the inst incts—these acquired 
or "condit ional" responses could be modif ied. Show a dog a 
piece of meat and then take it away. Do this several t imes and 
the animal will salivate less and less. There has been an " inhi-
bit ion" of the reflex. A taste of meat , bread, or even, paradox-
ically, noxious acid restores ("disinhibits") the reaction. Just 
as evolution acting over eons molds a species to its environ-
ment , experience acting over a lifetime molds an individual 
organism to the details of its part icular locale. It has evolved 
the ability to learn. 

Early on, Pavlov was tempted to interpret these phe-
n o m e n a psychologically, imagining what thoughts migh t be 
unfold ing on the dog's inner screen. The animal s topped 
drool ing after repeated showings of meat because it had 
become jaded, cynical, as though "convinced of the useless-
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ness of its efforts." But why then would the revolting touch of 
acid br ing salivation back? What could the dog be thinking? 

This, Pavlov came to believe, was the wrong question. 
"Indeed, what means have we to enter into the inner world of 
the animal!" he later declared. "What facts give us the basis 
for speaking of what and how an animal feels?" The same, he 
poignantly observed, applies to people. "Does not the eternal 
sorrow of life consist in the fact that h u m a n beings cannot 
unders tand one another , that one person cannot enter into 
the internal state of another?" 

The line between the menta l and the physical was begin-
ning to blur. When a scientist s tudied how blood pressure 
rises and falls or pancreatic juices flow, Pavlov noted, he 
spoke in purely material terms. "But now the physiologist 
turns to the highest parts of the central nervous system, and 
suddenly the character of his research sharply c h a n g e s . . . .He 
begins to make supposi t ions about the internal state of ani-
mals, based on his own subjective state. Up to this m o m e n t he 
had used general scientific conceptions. Now he changes 
front , and addresses himself to foreign conceptions in nowise 
related to his earlier ones, to psychological ideas. In short , he 
leaps f rom the measurable world to the immeasurable." 

It was t ime to concentrate on the objective. Whether the 
salivary glands were fired by receptors in the tongue or in 
the eye, nose, or ear, the result was the same: signals f rom 
the envi ronment were eliciting a physiological reaction. 

THE IDEA that organisms, their brains included, are biolog-
ical machines was broached by Descartes in the seventeenth 
century, but he allowed that there was something special 
about his fellow humans . Al though our bodies are purely 
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mechanical, constrained to obey the principles of physics, 
our brains are inhabited by a higher presence, the mind . By 
Pavlov's t ime, Darwin's discoveries had made this kind of 
dualism tricky to mainta in . The brain presumably evolved 
along with the rest of the body, but how could the material 
tugs of natural selection act on the ghostly mind? William 
James described the problem in 1890 in The Principles of Psy-
chology: "The self-same a toms which, chaotically dispersed, 
made the nebula, now, j a m m e d and temporar i ly caught in 
peculiar positions, fo rm our brains; and the 'evolution' of the 
brains, if unders tood, would be simply the account of how 
the a toms came to be so caught and jammed." 

Some philosophers went so far as to propose that each 
a tom of mat ter is shadowed by an a tom of consciousness— 
"primordial m ind -dus t " that was carried along as the cosmos 
unfolded and species evolved. James explained their reason-
ing: "Just as the material a toms have fo rmed bodies and 
brains by massing themselves together, so the mental a toms, 
by an analogous process of aggregation, have fused into 
those larger consciousnesses." 

A baby acquiring an avoidance reflex to fire. Diagram from 
William James, Principles of Psychology 
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Running on a parallel track, every chemical action in the 
brain was said to be mir rored by a menta l action, with nei-
ther exerting control over the other. T h o m a s Henry Huxley 
had pu t it like this: "The soul s tands related to the body as 
the bell of a clock to the works, and consciousness answers 
to the sound which the bell gives out when it is struck." 
When we "decide" to move a finger, that is an indication, 
not the instigator of the event. "The feeling we call voli-
tion," Huxley proposed, "is not the cause of a voluntary 
act, bu t the symbol of that state of the brain which is the 
immedia te cause of that act." (A century later, the physi-
ologist Benjamin Libet claimed to have demonst ra ted just 
that.) 

We are, in other words, conscious automata . James disap-
provingly described the implications: 

If we knew thoroughly the nervous system of Shake-
speare, and as thoroughly all his environing condit ions, 
we should be able to show why at a certain period of his 
life his hand came to trace on certain sheets of paper 
those crabbed little black marks which we for shor t -
ness' sake call the manuscr ip t of Hamlet. We should 
unders tand the rationale of every erasure and alter-
ation therein, and we should unders tand all this with-
out in the slightest degree acknowledging the existence 
of the thoughts in Shakespeare's mind . The words and 
sentences would be taken, not as signs of anything 
beyond themselves, bu t as little ou tward facts, pure and 
simple. In like m a n n e r we might exhaustively write the 
biography of those two hundred pounds , m o r e or less, 
of warmish a lbuminoid mat ter called Mar t in Luther, 
wi thout ever implying that it felt. 
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Pavlov didn' t linger long on such metaphysical matters. 
Whatever might be happen ing inside a dog's m i n d could be 
approached only f rom the outside, objectively. "The natural-
ist must consider only one thing: what is the relation of this 
or that external reaction of the animal to the p h e n o m e n a of 
the external world?" 

These signs, he was quick to learn, need bear no inherent 
relation to what they signify. It is natural that a dog's m o u t h 
would water at the smell of meat , though that too seemed to 
be a learned response. (A puppy still imbibing its mother ' s 
milk may tu rn up its nose at a hamburger . ) But by present ing 
meat at the same t ime as another st imulus, the exper imenter 
could train the animal to salivate at the flash of a light, the 
rotat ion of an object, the touch of a hot or cold probe to the 
skin, the ticking of a me t ronome , or the sound of a buzzer, 
whistle, tun ing fork, or horn . (Pavlov hardly ever used a bell.) 
There is no reason evolution would anticipate such arbi t rary 
pairings. But under the circumstances they became mean-
ingful to the dog's survival. 

Training a dog to salivate when two 
mechanical stimulators prick its skin 
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The same was t rue of the defensive salivary reaction. Once 
the dog had sampled dilute acid dyed black with India ink, 
it would drool protectively at the sight of black water. But 
after it had sampled the harmless solution several times, the 
reflex disappeared, only to be restored with another taste of 
the acid. 

So malleable were the neural connect ions that they could 
be plugged and unplugged like cables in a te lephone switch-
board. With enough training, a positive s t imulus like a piece 
of meat could be linked with an obnoxious one. Instead of 
recoiling at an electric shock the dog would drool. 

As his technique became more practiced, Pavlov's labora-
tory began investigating the canine sense of t ime. After a dog 
was trained to salivate at a flash of light, the delivery of the 
s t imulus was pos tponed by three minutes . Before long, 
the dog learned to anticipate the delay. Three minutes after 
the signal, the animal 's m o u t h would water. 

In o ther experiments t ime itself became the stimulus. 
Give a dog food every thir ty minutes . When the feedings are 
suspended, it will cont inue to salivate robotically on the half 
hour . "I am convinced," Pavlov declared, a bit grandiosely, 
"that directly along this path of exact exper imentat ion lies 
the solution of the problem of t ime, which has occupied 
philosophers for countless generations." 

So precise was their neural machinery that the dogs could 
even be condi t ioned to discriminate between an object rotat-
ing clockwise and one rotating counterclockwise, between a 
circle and an ellipse, between a m e t r o n o m e beating 100 t imes 
per minu te versus 96 or 104. They could distinguish between 
adjacent notes on a musical scale, between C and F played in 
any of five different octaves on an organ, and a m o n g differ-
ent shades of gray. 
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For experiments like this, the context was essential. If a 
dog learned a new reflex while it was sitting on the floor, 
the exper iment might fail if it was repeated on a table, or 
by a different experimenter. Distractions had to be carefully 
avoided. "Footfalls of a passer-by, chance conversations in 
neighboring rooms, the s lamming of a door or vibrat ion 
f rom a passing van, street-cries, even shadows cast th rough 
the windows into the r o o m , any of these casual u n c o n -
trolled st imuli falling u p o n the receptors of the dog set u p 
a d i s tu rbance in the cerebral hemispheres and vitiate the 
experiments ." 

Pavlov's dogs were as temperamenta l as Michelson's inter-
ferometer. Determined to control every possible variable, he 
commissioned the construct ion of a "Tower of Silence" m o d -
eled on seismological laboratories. The building was sur-
rounded by a straw-filled moat to d a m p e n vibrations, and its 
first and third floors each had four soundproof observat ion 
chambers isolated by corr idors and the unoccupied floor in 
between. Experimenters observed the dogs remotely th rough 
periscopes, giving the impression, one visitor reported, of "a 
submar ine ready for battle." 

"Pavlov's physiology factory," as the historian Daniel 
Todes called it, was a sign of what experimental science 
would become. Under Pavlov's direction teams of re-
searchers tested hypotheses on hundreds of different dogs. 
Wha t emerged was not , perhaps, a single beaut iful experi-
men t but a suite of them. Still, one was so surpris ing that it 
s tands above the rest. 

Pavlov and his collaborators had already shown that a dog 
had basic musical abilities. Trained to salivate to a specific 
chord, say A-minor , it would also react—albeit m o r e 
weakly—to each individual note. Pushing still fur ther , the 
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researchers began testing the animal 's ability to recognize 
simple melodies. 

When four notes were played in ascension, the dog was 
given a bit of food. 

When the same notes were played in descending order, 
there was no reinforcement . 

P ' • » • 

The animal quickly learned to tell one sequence f rom the 
other. But how, Pavlov wondered, would it respond when it 
heard the twenty-two other possible combinat ions of the 
same notes? 

The melodies were played and the spittle collected. The 
dog had categorized the scales into two equal groups de-
pending on whether the pitches were predominant ly rising 
or falling. It's not too m u c h of a stretch to say that the animal 
had fo rmed a rud imenta ry concept. This kind of pat tern 
recognition, Pavlov came to believe, was the root of what he 
himself did as an experimental scientist. 

"The movement of plants toward the light and the seeking 
of t ru th th rough a mathematical analysis—are these not 
p h e n o m e n a belonging to the same order? Are they not the 
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last links in an almost endless chain of adaptabilities which 
appear everywhere in living creatures?" 

Like many scientists with a powerful theory, he got carried 
away at times, t rying to explain his dogs' personalities and 
even h u m a n neurosis as bundles of condit ional reflexes. In 
the United States, John B. Watson and B. F. Skinner devel-
oped the psychology of behaviorism, in which everything 
mental was reduced to stimuli and responses. The result was 
two clashing visions of the future: Skinner's novel Walden 
Two describes a Utopia brought on through behavioral engi-
neering, while in Aldous Huxley's Brave New World, the same 
tools are used by the state to impose a crushing dictatorship. 
Neither has come to pass. More recently the me taphor of the 
compute r has given scientists a m o r e nuanced way to think 
about thinking, but Pavlov's fundamenta l realization has 
endured: the brain and nervous system fo rm a precise, highly 
adaptable living machine. 

Later in his life Pavlov's s tudents gave h im an a lbum with 
photographs of for ty of his dogs. A copy was tracked down 

Pavlov's dogs 
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Monument to a Dog 

in Saint Petersburg by a scientist at Cold Spring Ha rbo r 
Laboratory who was using Pavlovian condi t ioning in frui t 
flies to identify genes involved in long- term memory. He 
named the various mutants—"Pavlov 's flies"—after the fam-
ous animals. 

In 1935, Monument to a Dog, an ornate founta in , was built 
on the grounds of the institute. At the core is a pedestal with 
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a large canine sitting on it with has reliefs of laboratory 
scenes and quota t ions f rom Pavlov: "Let the dog, man 's 
helper and fr iend since prehistoric times, offer itself as a sac-
rifice to science. But our moral dignity obligates us to ensure 
that this always occurs wi thout unnecessary pain." 

Around the top are busts of eight canines, water pour ing 
f rom their m o u t h s as they salute in salivation. 
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Robert Millikan 
In the Borderland 

Robert Millikan 

We have actually touched the border land where mat ter 
and force seem to merge into one another , the shadowy 
realm between Known a n d U n k n o w n which for me has 
always had peculiar temptat ions . I venture to think that 
the greatest scientific p rob lems of the fu tu re will find 
their solut ion in this Border Land, and even beyond: here, 
it seems to me, lie Ult imate Realities, subtle, far-reaching, 
wonder fu l . 

—Wil l iam Crookes, 1879 

ON A SATURDAY morn ing in January, in search of the 
last piece of equ ipment I needed to persuade myself 
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that electrons exist, I set out for the "Black Hole," a 
postapocalyptic junkyard ("Everything goes in and no th ing 
comes out") in Los Alamos, New Mexico. Run by Edward B. 
Grothus, a fo rmer b o m b maker and now aging peace activist, 
the warehouse—conver ted f rom an old grocery store—is 
packed floor to ceiling with oscilloscopes, signal generators, 
Geiger counters, vacuum pumps , centrifuges, ammeters , 
ohmmeters , voltmeters, cryogenic storage vessels, industrial 
furnaces, thermocouples , barometr ic gauges, t ransformers , 
typewriters, ancient mechanical ca lcula tors—more than 
seventeen thousand square feet of electronic and mechanical 
detri tus cast off over the years by the national laboratory 
where the Manha t tan Project began. 

Over the years I had acquired on eBay most of what I'd 
need to repeat the classic experiments: J. J. Thomson ' s 1897 
demons t ra t ion that electricity is a fo rm of negatively charged 
matter, followed thirteen years later by Robert Millikan's tr i-
umpha l oi l -drop experiment , isolating and measur ing the 
charge of individual electrons. Combing the dark aisles of 
the Black Hole, I finally spotted what I'd been looking for: a 
Fluke 415B High Voltage Power Supply. Reaching over my 
head, I carefully freed the long gray chassis f rom the middle 
of a stack—it weighed thir ty p o u n d s — a n d lowered it to the 
concrete floor. Built in the 1960s and operated by v a c u u m 
tubes, it appeared to be in perfect condi t ion. Dragging it to 
the back of the store, where miles of coaxial cables h u n g 
snakelike f rom hooks or lay coiled on the floor, I found one 
that fit the ou tpu t connector and m a d e my way to the cash 
register. 

Ed never seems to actually want to sell anything. He'd 
rather tell you about his plan to erect a pair of granite 
obelisks to surprise alien archeologists after the coming 
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holocaust , or about his First Church of High Technology, 
where he pe r fo rms a "critical mass" on Sundays. By the t ime 
some customers tracked h im down in the depths of his lair, 
he was in a cantankerous m o o d . "Two hundred fifty dollars 
for that," he sa id—about ten t imes what I'd been expecting. I 
tried to reason with h im. There was one exactly like it on 
eBay for $99. But Ed is not a m a n to bargain. Disappointed, I 
dragged the uni t back to its resting place, where it is probably 
still sitting, and left with just the cable. Stopping at the public 
library, next to Fuller Lodge, where Oppenhe imer and the 
other nuclear physicists part ied and dined, I signed on to the 
Internet and bought the o ther power supply. Two weeks later 
it arrived and I was ready to begin. 

IN 1 8 9 6 , Robert Andrews Millikan, a young physicist fresh 
out of Columbia University with a PhD, found himself at a 
lecture in Berlin where Wilhelm Roentgen was showing pic-
tures he had taken of the bones inside a hand. The occasion 
was a January meeting of the German Physical Society, and 
Millikan felt such childlike wonder that he later mis remem-
bered the talk as occurr ing on Chris tmas Eve. 

Just two years earlier, in the United States, he had heard 
the great Albert Michelson speculate that physics was all but 
over. The laws of mot ion and optics were set firmly in place, 
and Maxwell's equat ions had drawn tight the threads Fara-
day and his generation had spun between electricity and 
magnet ism. Heinrich Hertz had gone on to verify Maxwell's 
theory, showing that radio waves can be reflected, refracted, 
focused, and polar ized—that they are just a kind of light. But 
here was a new, entirely unexpected p h e n o m e n o n . X-rays. 

The prevailing wisdom, Millikan was happy to realize, had 
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Roentgen rays 
look inside a hand 

been wrong. "We had not come quite as near sounding the 
depths of the universe, even in the mat ter of fundamen ta l 
physical principles, as we thought we had." 

Roentgen had m a d e his astonishing discovery while inves-
tigating the glowing spot that appears at the end of an evacu-
ated glass "discharge tube" when a large enough voltage is 
applied across two metal plates inside—a negatively charged 
cathode and a positively charged anode (names that had 
come f r o m Faraday). Traveling th rough the rarefied air, these 
ca thode rays were puzzling enough. If a tube was designed 
with an obst ruct ion inside—William Crookes, a chemist and 
spiritualist, used a Maltese cross—its shadow would appear 
on the fluorescing glass, a clue that the rays moved bulletlike 
in straight lines. If he held a magnet near the tube, the beam 
would sway to one side. M o u n t a gemstone inside and it 
would fluoresce. The rays also seemed to have substance, 

1 4 1 



Crookes tubes: cathode rays light up a d iamond, project a shadow 
of a Maltese cross, and move a paddle wheel along a track. 



Millikan 

tu rn ing the vanes of a tiny paddle wheel. "A four th state 
of matter," Crookes claimed—solid, liquid, gaseous, and 
radiant. 

Wha t Roentgen found was even weirder: if the beam 
struck the end of the tube with enough force, it unleashed a 
different kind of rad ia t ion—powerfu l enough to penetrate 
flesh. Less than a year later Henr i Becquerel in Paris discov-
ered another fo rm of penetra t ing rays emanat ing f rom lumps 
of u ran ium, passing th rough an opaque shield and leaving 
their mark on a photographic plate. Both kinds of radiat ion, 
it soon was learned, could ionize a gas, giving it an electrical 
charge. We know now that they do this by knocking electrons 
off atoms. 

Returning f rom Europe to take a job at the University of 
Chicago, where Michelson now reigned, Millikan watched 
f rom afar as some of Europe's greatest scientists explored the 
new physics. At the Cavendish Laboratory in Cambridge , 
England, J. J. T h o m s o n showed that the beams could be 
repelled not just by magnets bu t by s t rong electrical fields. 

Her tz himself had tried and failed at the exper iment , in 
which a beam travels between parallel plates inside an evacu-
ated tube. When the plates were charged with a battery, the 
beam didn ' t budge. Her tz took this to mean that the rays 
were an immater ial dis turbance of the aether. (The lesson of 
Michelson-Morley was still sinking in.) 

T h o m s o n suspected that Her tz hadn ' t p u m p e d enough air 
f rom the tube—tha t the lingering molecules were shor t ing 
out the plates as surely as if they had been rained on. With a 
better vacuum, he was able to nudge the beam toward the 
positive pole—a strong indication that ca thode rays were 
made of negatively charged matter. Particles of electricity. 
Electrons. 
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J. J. Thomson experiment. Cathode rays are emitted at C, pulled 
through the positively charged anode (A) then pass through slit B 

and between plates D and E before leaving a spot on the end of the 
tube. Charging the plates causes the beam to move. 

I HADN'T mean t to buy my own T h o m s o n appara tus bu t its 
beauty was impossible to resist: the simple wooden f rame 
cradling the bulbous, pointed vacuum tube, the large copper 
Helmhol tz coils (named for the German physicist H e r m a n n 
von Helmholtz) s tanding at either side. With the spacing 
between them equal to their radius—fif teen cent imeters— 
they bathe the tube in a un i fo rm magnet ic field. The device 
was m a d e in Germany for use in physics classes, and the 
grayish crackled finish on the electrical junct ion box dated it 
probably to the 1960s. 

The manua l was not included, just a heavy piece of draw-
ing paper on which someone had sketched with colored pen-
cils a wir ing diagram: the filament required 6.3 volts to heat 
the metal cathode and boil off electrons, which would be 
accelerated by a m u c h larger positive voltage on the anode. A 
third source of current would energize the Helmhol tz coils. I 
hooked up the wires to my power supply and tu rned out the 
lights. 

It was an eerie sight. As I slowly increased the anode volt-
age, a greenish apple-shaped haze gathered a round the cath-
ode, growing larger and fatter until suddenly, a hair above 
160 volts, a blue ray of light shot straight up f r o m the stem 
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A modern version of the T h o m s o n apparatus . 
Drawing by Alison Kent 

and struck the top of the glass. The genie in the bottle. H o w 
spooky this must have been for Crookes and the o ther 
cathode-ray pioneers. Some thought they were seeing ecto-
plasm. Ghost stuff. Holding a bar magne t to the glass, I made 
the genie writhe. The black pole beckoned the beam toward 
me, the red pole pushed it away. 

The next step was to energize the coils. As I tu rned up 
the knob, the beam slowly bent un t i l—at 3.5 volts, 0.76 
amperes—it abrupt ly dived clockwise and fo rmed a glowing 
circle inside the tube. While the a n o d e was t ry ing to pull the 
electrons straight upward, this magnet ic wind was blowing 
them to the side—a perpendicular s truggle whose ou tcome , 
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T h o m s o n had realized, depends on both the mass of the par-
ticles and their charge. His exper iment can't tell you either 
value alone (lightweight particles with a tiny charge would 
act the same as heavier particles with a larger charge), but it 
does give you their ratio. 

I plugged my n u m b e r s — t h e voltage on the anode, the 
current in the coils, the radius of the glowing circle—into his 
equat ion and did the ari thmetic: 2.5 x 108 coulombs of 
charge per gram. (A coulomb, named in hono r of the French 
scientist Charles-Augustin de Coulomb, is approximately the 
quant i ty of electricity flowing each second th rough a 100-
watt bulb.) My result was 50 percent larger than the accepted 
value, but at least I got the right n u m b e r of zeros. 

More impor tan t is what T h o m s o n went on to show: that it 
didn ' t mat ter what kind of gas was in the tube or what metal 
he used for the cathode. The ratio remained unchanged. The 
rays were all made f rom the same stuff. 

And what strange stuff it was. The ratio of charge to mass 
had already been measured for the hydrogen a t o m — t h e 
lightest of the elements—as it migrated between the poles of 
an electrolytic cell. The value for the electron was about a 
thousand t imes greater. Either it had an e n o r m o u s charge, or 
as T h o m s o n suspected, it was vastly smaller than an a tom. 
His instincts told h im he had discovered something almost 
unthinkable: a subatomic particle. 

IT WAS 1906 and Millikan was feeling like a has-been—a 
decade at Chicago and still an assistant professor. He consid-
ered himself an effective teacher, and his textbooks were sell-
ing. But he was disappointed that at age thirty-eight, rather 
old for a physicist, he had made no impor tan t discoveries. 
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He knew that Thomson ' s exper iment , impressive as it was, 
hadn ' t clinched the case. For all anyone knew, electrons came 
in a slew of charges and sizes all yielding the same ratio. 
T h o m s o n had just assumed they were identical. In the face of 
this uncertainty, the Germans remained particularly skepti-
cal, clinging to the belief that electricity was an aethereal 
wave. The only way to break the logjam would be to measure 
one of the number s in Thomson ' s ra t io—either the mass or 
the charge of the electron. 

Millikan began by repeating an exper iment in which a sci-
entist in Thomson ' s lab at the Cavendish had t imed how 
quickly a charged mist of water v a p o r — o n e that had been 
ionized with X-rays or radium—set t led to the bo t t om of a 
closed container. Above and below the cloud were metal 
plates connected to the poles of a battery. By observing the 
effect of the electrical field on the speed of the cloud's 
descent, you could calculate its total charge. Divide that by 
your guesstimate of how many charged particles were in 
the cloud and you could rough out an average value for the 
electron. 

The technique, which involved a device called a Wilson 
cloud chamber, was rife with uncer ta inty and assumptions . 
The vapor was continually evaporat ing, leaving the top edge 
of the cloud so irregular and indistinct that t racking its 
mot ion was an exercise in f rust ra t ion. Millikan cranked up 
the voltage, hop ing he could hold the target s teady—sus-
pended "like M o h a m m e d ' s coffin" between positive and neg-
ative. Then he could measure the rate of evaporat ion and 
account for it in his calculations. 

Instead he flicked on the switch and blew the cloud away. 
The exper iment was a f a i l u r e . . . or so it seemed until he 
noticed that a few individual water drops remained hanging 
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Wilson cloud chamber. Opening valve B causes a vacuum (C) 
to suck down the floor beneath chamber A, which is filled with 
moist air. The expansion of the volume causes a cloud to form. 

in the air, just the right weight and charge so that the down-
ward pull of gravity was offset by the levitating o o m p h of the 
electrical field. 

This, he realized, would make for a m o r e decisive experi-
ment . Instead of s tudying the mass behavior of a whole 
cloud of drops, he could observe them one by one. Peering 
th rough a small telescope set u p two feet away, he would pick 
a d rop hovering in suspension and then suddenly tu rn off 
the voltage. Stopwatch in hand he t imed the fall between the 
hairlines of his eyepiece. H o u r after h o u r he recorded the 
data, compar ing the estimated weight of a d rop with how 
m u c h charge was required to keep it afloat. The answer, Mil-
likan reported, was always "1,2,3,4, or some other exact mul -
tiple of the smallest charge on a droplet that I ever obtained." 
Charge indeed seemed to come in u n i f o r m por t ions—what 
he reckoned to be 1.55 x io~19 coulombs. 
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In September 1909 he traveled to Winnipeg to present the 
results—he still considered them pre l iminary—to a meet ing 
of the British Association for the Advancement of Science. 
T h o m s o n himself gave the presidential address, and Ernest 
Rutherford, who had just won a Nobel Prize, lectured on 
the state of a tomic physics, not ing that for all the recent 
successes "it has not yet been possible to detect a single elec-
tron." Then Millikan, who wasn't even on the agenda, sur-
prised everyone by repor t ing that he had come close to do ing 
just that. 

On the train back h o m e he thought about how he might 
make a more persuasive case. Because of evaporat ion each 
water drop's lifetime was measured in seconds. How m u c h 
better it would be if he could follow a single d rop for minutes 
or even hours , adjust ing the voltage and buffet ing it up and 
down. As he was gazing out at the plains of Mani toba, the 
answer, he later said, came in a flash. 

After arriving in Chicago, he asked Harvey Fletcher, a doc-
toral s tudent who had been looking for a thesis problem, to 
see if the droplet exper iment could be done with someth ing 
less evanescent than drops of water. Purchasing a p e r f u m e 
atomizer and watch oil at a local drugstore, Fletcher began 
assembling the equipment : two round brass plates, the top 
one with a hole drilled at the center, m o u n t e d on a lab s tand 
and i l luminated f rom the side by a bright light. He sprayed a 
mist of oil above the appara tus and watched through a tele-
scope. "I saw a most beaut iful sight," he later recalled: 

The field was full of little starlets, having all the colors of 
the rainbow. The larger drops soon fell to the bo t tom, 
but the smaller ones seemed to hang in the air for nearly 
a minute . They executed the most fascinating dance. 
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By the next morn ing Fletcher had wheeled in a large bank 
of batteries capable of producing one thousand volts and 
connected them to the brass plates. Turning on the current , 
he watched with excitement as some of the droplets were 
pushed slowly upward while others were pulled down, the 
friction f rom the tiny nozzle of the atomizer having given 
them negative or positive charges. W h e n Millikan saw how 
well the plan was working, he was elated. He and Fletcher 
refined the setup and spent nearly every a f te rnoon for the 
next six m o n t h s taking data. 

DESIGNED and crafted by the Philip Harris Company of 
Bi rmingham, England, my setup was a streamlined version 
of Millikan's. But the idea was the same. The brass plates 
were m o u n t e d inside a three-legged Plexiglas p la t form that 
s tood on a dark hardwood base measur ing about fifteen by 
twenty inches. Off to one side was the lighting source: a 
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Early version of the Millikan oil-drop experiment. Droplets 
fall through the pinhole and into the space between brass 
plates C and D, which are connected through a switch to 

a battery. To the left is an X-ray source used to knock 
electrons off the drops and change their charge. 
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A later version. A commercial atomizer (A) uses filtered air 
to spray oil into chamber C f rom which an occasional drop 

makes its way through the pinhole in the top plate (M). 

cylindrical metal housing, painted the familiar laboratory 
gray, with a lens to concentrate the glow. The British-sized 
bulb was missing, but I was able to substi tute an ordinary 
halogen lamp powered by an old Lionel train t ransformer . 

For peering between the plates at the dancing drops there 
was a telemicroscope (a cross between a telescope and a 
microscope) fitted with a crosshatched measur ing reticule, 
and a knife switch for applying the electricity. Up sent power 
to the plates ( "Do not exceed 2,000 volts," warned the black 

151 



T H E T E N M O S T B E A U T I F U L E X P E R I M E N T S 

Philip Harris Co. Millikan apparatus. 
Drawing by Alison Kent 

Bakelite instruct ion panel.) Down shorted them together and 
dispelled the charge. After disassembling the parts to clean 
out dust and the accumulated oil of a thousand s tudent 
experiments , I was ready for my first run . 

I loaded a pe r fume atomizer with ordinary mineral oil and 
sprayed it into the chamber above the top brass plate. Then I 
waited for a few droplets to fall th rough the tiny hole. They 
looked more like dust motes in a shaft of sunlight than like 
little stars. But the effect was hypnotizing. I'd pick out one 
that was falling straight and slow and switch on the plate 
voltage. If it suddenly began moving upward I knew that it 
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carried a charge. Flipping the knife switch up and down and 
adjust ing the voltage, I'd t ime the drops as they rose and fell 
between the hairlines in the eyepiece—4.2 seconds down, 2.6 
seconds up . . . 6.8 down, 4.0 up . . . 7.1 and 2.2 . . . 8.1 and 3.3. 

I was start ing to get the hang of it. But to do this right I 
needed to grab on to a single d rop long enough to watch for 
the sudden variations in rise t ime, which would signal that it 
had gained or lost an electron. W h e n I'd collected the data 
for a dozen drops and estimated their masses (with an equa-
tion called Stokes's law), I could calculate the fundamen ta l 
uni t of charge. 

These things sound so easy in the physics books. You don ' t 
hear about the brass plates shor t ing out and sparking because 
a metal clip slipped into the wrong posit ion. Or about spray-
ing too m u c h oil and clogging the pinhole. I'd confuse one 
d rop with another or with a floater in my eye. I'd lock on to 
what seemed the perfect specimen and then watch helplessly 
as it dr if ted out of the focal plane. Somet imes a d rop would 
be so heavy that it sank like a stone, or carry so m u c h charge 
that when I tu rned on the voltage it rocketed out of sight. I 
tried and failed too many t imes before I realized: for m e to 
master so delicate an exper iment would be like learning to 
play the violin or at least make good cabinetry. 

MA ESTRO Millikan's touch was so deft that he could snag an 
oil d rop in his gun sights, go h o m e for dinner, and re turn 
later that evening to find it had barely moved. With his assis-
tant Fletcher at his side, he'd call out the changes in speed as 
electrons hopped on and off a droplet like passengers r iding 
a San Francisco cable car. If they needed a little boost , he 
opened a small lead door and zapped them with rad ium. 
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His data on the water drops had already come under 
attack f rom an Austrian exper imenter who soon was claim-
ing to have found "subelectrons" and suspected that there 
was no smallest unit of charge. But what Millikan had found 
with his earlier, c ruder exper iment was conf i rmed in spades 
by the oil drops. There really were electrons. O n e af te rnoon, 
Charles Proteus Steinmetz, the pioneer ing electrical engi-
neer, came to watch the experiments. "I never would have 
believed it," he said, shaking Fletcher's hand. "I never would 
have believed it." 

Early in 1910 they began wri t ing up the results, and over 
the next three years Millikan cont inued to improve the 
experiment . The simple tabletop contrapt ion m o r p h e d into 
a high-tech device with filtered air, tightly regulated temper-
ature, pressure, and voltage, and a clock capable of marking 
t ime in milliseconds. Just as impor tan t was his progress in 
learning to read the drops. He recorded the ups and downs in 
his notebook: 

Very low someth ing w r o n g . . . not sure of dis-
tance . . . Possibly a double d rop . . . Beauty Pub-
lish . . . Good one for very small one . . . Exactly 
R i g h t . . . Something the mat ter . . . Will not work 
o u t . . . Publish this Beautiful one. 

As he tuned his reflexes the f requency of beauties 
increased: 

Perfect Publish . . . Best one yet. 

It was as though the electrons themselves were sh immer -
ing in the light. 
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"He who has seen that experiment... has in effect SEEN the 
electron," Millikan later wrote, italicizing his italics. "He can 
count the number of electrons in a given small electrical charge 
with exactly as much certainty as he can attain in counting his 
fingers and his toes." 

In 1913 he published his definitive value for the basic uni t 
of electrical charge: 1.5924 x 10"19 coulomb. (The accepted 
value today is just slightly higher, 1.60217653 x io~19.) Ten 
years later he was awarded a Nobel Prize. 

THE STORY has a strange denouemen t . After Millikan's 
fo rmer assistant, Harvey Fletcher, died in 1981, a m e m o i r 
surfaced describing both his appreciat ion to Millikan for 
advancing his career and his d i sappoin tment at not getting 
more recognition for the oi l -drop experiment . As Fletcher 
told the story, his professor showed up unexpectedly one 
day at his apar tment offering to cut a deal. Millikan would 
be the sole au thor of the paper on the charge of the elec-
t ron, but Fletcher would get full credit for a less impor tan t 
collaboration. 

Fletcher's insistence that his account be published pos thu-
mously added to its credibility but also denied Millikan (who 
had died in 1953) an oppor tun i ty to respond. Judging f rom 
his autobiography, Millikan was not someone you'd want to 
be stuck with on a desert island, or even a cross-country 
flight. He could be patronizing and even a little bigoted. 
Though he was the indisputable force behind the isolation 
and measurement of the electron, he probably could have 
been more generous to his s tudent . The beauty here lies with 
the exper iment not the experimenter. 

More t roubl ing were accusations, coming still later, that 
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Millikan had cooked the books. The annota t ions in his labo-
ratory journals , retrieved f r o m the archives, were construed 
as evidence that he had combed his data for results that sup-
por ted his preconceptions. 

This is not an accusation that rings t rue to someone who 
has struggled with the oi l -drop experiment . Millikan, I sus-
pect, had simply developed a feeling for the mechanism, a 
sixth sense for when someth ing had gone wrong: a slip of the 
t h u m b on the stopwatch, a sudden f luctuat ion in tempera-
ture or plate voltage, a dust particle masquerad ing as an oil 
drop. He knew when he had a bad run . 

More interesting than the u n f o u n d e d allegations is the 
question of how you keep f rom confusing your instincts with 
your supposi t ions, unconsciously nudging the apparatus, 
like a Ouija board, to come up with the hoped- for reply. It's 
something every experimenter must struggle with. The most 
temperamenta l piece of laboratory equ ipment will always be 
the h u m a n brain. 
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Afterword 
The Eleventh Most Beautiful 

Experiment 

IN THE AUTUMN of 2006, while I was science writer in 
residence at the Kavli Insti tute for Theoretical Physics in 

Santa Barbara, California, I gave a talk on The Ten Most 
Beautiful Experiments. Afterward a w o m a n came forward to 
ask why there would be only men in the book. 

I'd thought of including Marie Curie for her discovery of 
r ad ium, laboriously distilling a smidgen of the glowing stuff 
f rom tons of radioactive ore. But that s truck me as m o r e of a 
heroic exploration than a controlled interrogation of nature. 
Lise Meitner seemed a likelier candidate, but her pioneer-
ing exper iments in nuclear fission in the 1930s were done 
with Ot to Hahn and Fritz Strassmann. Science was already 
becoming the collaborative effort that it is today. There were 
439 names on the paper announc ing the discovery of the top 
quark . 

If I were to go beyond my arbi t rary cutoff, maybe the 
eleventh most beaut iful exper iment would be Rita Levi-
Montalcini 's discovery of nerve-growth factor, Barbara 
McClintock's work on genetic regulation and j u m p i n g genes, 
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or Chien-Shiung Wu's glorious demons t ra t ion that decaying 
electrons violate a law called conservation of parity. 

Pve barely finished the book and already I 'm second-
guessing myself. Why not Rutherford and the atomic 
nucleus, James Chadwick and the neut ron , or Heike Kamer-
lingh Onnes and superconductivity? In biology there were 
Gregor Mendel with his garden exper iments in genetics, and 
Oswald Avery, who showed that genes are m a d e f rom DNA, a 
point beautifully driven h o m e by Alfred Hershey and Martha 
Chase's f amous Waring blender experiment . In what some 
have called the most beaut iful exper iment in biology 
Mat thew Meselson and Franklin Stahl conf i rmed that DNA 
replicates as predicted by Watson and Crick's double helix. 

As the twentieth century wears on , the pickings grow 
slimmer, with nature holding tightly to what secrets remain. 
The days when an unknown piece of the scaffolding could be 
exposed on a tabletop might be behind us. But you never 
know. The eleventh most beautiful exper iment may be yet to 
come. 
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T H E S E N O T E S are intended to serve double duty as a suggested read-
ing list, with the books grouped chapter by chapter. Because of the mercu-
rial na ture of the Web and the jagged appearance of URLs (never meant 
for h u m a n consumpt ion) on the pr inted page, I've put links to Internet 
resources on my own site, talaya.net, where readers can find o ther supple-
mentary material as well. 

v "something like my own obituary": Paul Ar thur Schilpp, Albert Ein-
stein: Philosopher-Scientist (La Salle, III.: Open Cour t , 1979, origi-
nally published 1949), pp. 3,9. 

Prologue 

xi "The appearance of this drop": Robert Millikan, Physical Review 32 
(1911): 349, excerpted in Morr is H. Shamos, Great Experiments in 
Physics (New York: Dover, 1987), p. 243. 

xii The Physics World survey appeared in September 2002 (Robert P. 
Crease, "The Most Beautiful Experiment," pp. 19-20) and formed 
the basis of Crease's book The Prism and the Pendulum: The Ten 
Most Beautiful Experiments in Science (New York: Random House, 
2003). 

xiv "Quest ions of personal priority": Quoted in the first volume of Sil-
vanus Phillips Thompson, The Life of Lord Kelvin, 2nd ed. (New 
York: Chelsea, 1976), p. 292. 

1. Galileo: The Way Things Really Move 

Drake, Stillman. Galileo Studies: Personality, Tradition, and Revolution. 
Ann Arbor: University of Michigan Press, 1970. 

. Galileo at Work: His Scientific Biography. Chicago: University of 
Chicago Press, 1978. 
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21 "For I could neither rightly perceive": Motion of the Heart, I.i. 
23 "abundantly, impetuously": Ibid., IX.8. 
24 "These two motions": Ibid., V.3-6. 
25 "the sun of the microcosm": Ibid., VIII.3. 
26 "Just as by air God makes ruddy": Stephen Finney Mason, A History 

of the Sciences, new rev. ed. (New York: Collier, 1962), p. 219. 
27 Harvey decided to do the math: Motion of the Heart, IX.2-5. 

1 6 1 



Notes and Bibliography 

27 "If a live snake be laid open": Ibid., X.6-7. 
28 "detractors, mummers , and writers": "A Second Disquisition to 

John Riolan," The Works of William Harvey, p. 109. 
30 "But he often sayd": Aubrey's Brief Lives, p. 128. 

3. Isaac Newton: What a Color Is 

Fauvel, John, ed. Let Newton Be! Reprint. New York: Oxford University 
Press, 1990. 

Feingold, Mordechai. The Newtonian Moment: Isaac Newton and the Mak-
ing of Modern Culture. New York: Oxford University Press, 2004. 

Gleick, James. Isaac Newton. New York: Pantheon, 2003. 
Hall, A. Rupert. All Was Light: An Introduction to Newton's Opticks. 

Reprint. New York: Oxford University Press, 1995. 
Hooke, Robert. Micrographia; or, Some Physiological Descriptions of 

Minute Bodies Made by Magnifying Glasses, with Observations and 
Inquiries Thereupon. Dover Phoenix Editions, Mineola, N.Y.; Dover, 
2003. 

Sabra, A. I. Theories of Light: From Descartes to Newton. New York: Cam-
bridge University Press, 1981. 

Westfall, Richard S. Never at Rest: A Biography of Isaac Newton. New York: 
Cambridge University Press, 1980. 
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