




































































































































































































































































































































































THE TEN MOST BEAUTIFYL EXPERIMENTS

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

dinarilly sensitive was the instrumemt,” he later noted, “that
the stamping of the pavement about 100 meters from the
observatony, made the fringes disappear entirely!”) To keep
the device—the interferometer—steady he anchored it to a
stone pier. To minimize temperature differences, which
miight cause the brass arms to expand or contract, he covered
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them with paper boxes, and even tried surrounding the
equipment with melting ice. The precautions were not
enough. Even after midmightt, the bustle of Berlin made it
impessible to take a reading.

In search of quieter surroumdiings, he relocated to Pots-
dam and installed the equipment in the cellar of the Astro-
physical Obserwatony. At first, as he rotated the device, he
thought he saw a substantiial fringe shift. Then he realized he
was accidentally flexing the brass arms. He had the pivot
remade to turn more freely and tried again.

Day after day he measured, turning his interferometer this
way and that, but he could find no more than the tiniest
shiift—A@o of a fringe—so slight that he could only dismiiss it
as experimemtal error. By now it was early April, when the
Earth mowed in the same direction as the whalle solar systiem,
increasing its speed against the aether, yet there stilll @ppeared
to be no significant effect. Writing to his beneffactor, Bell, in
1881, he reported the negative result. Miichelson made clear
that this shouldn’t be taken as disproving the existence of the
aether. There had to be aether. But maybe, as other physicists
had suggested, the backdrop wasn't entiely fixed. Perhaps
some of the aether in the vieinity of Earth was being dragged
aleng in its joeurney areund the sun. Traveling in the eye of a
hurricahe theie weuld be Ao wind. Michelsons eonfidence
was unshakable. “I have a very high respeet fer his abilities,”
Bell weuld later write, adding: “theugh I rather suspeet from
his manmek that he has {6e.”

MicHELSON"S only hope was that the aether drag was not
comypllete, that enough of the celestial backdrop stayed put to
provide a landmark to measure by. Thiis possibility had been
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suggested earlier in the century by a French sciemtist,
Eramgiis 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 orbiting planet was approaching or retreating from the
light source. He moumited a prism on the end of a telescope,
predicting that faster light beams would be bent more
abrupitly than slower ones. He was surprised to find that
whatever the season the angles were the same.

Arago concluded that our eyes must be sensitive to only a
small range of velocities, that the faster and slower rays were
invisible. But his colleague Augustin-Jean Fresnel came wp
with a different explanation: while aether flows effortlessly
through matter’s molecular cracks, a tiny bit had become
stuck in Arago’s prism, 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 compensating amount by the aether trapped inside
the glass. The effect would be true for any transparent
medium, Fresnel proposed, and weuld depend on [t§ index
of refraction—a measurement of hew rhueh it slows and
bends light. Aether drag weuld thus be neticeable A water
but Insignifieant in alf:

In 1882, after his sabbatiical 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 vaauum
(almost dead-on at 186,320 miles per second). Then, with a
man he had befriended on a train trip to Monitieall, he began
to rethink the aether experiment.
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Edward Moriley, a chemiist at neighboring Western Reserve
University, was as meticulous a scientist as Michelson. The
two men agreed that it would be pointless to make @mother
attempt to detect the Earth’s absolute motion unless they
could first confirm Fresnel’s hypothesis—that the celestial
backdrop is fixed in space with only pinches of aether
dragged along by transparent objects. So slight an effect
could be adjusted for. Improving on an experiment Fizeau
had done, they pumped water through a loop of tubing and
split a light beam so that one penciil mowved with the current,
the ether against. They ultimately eonfirmed that there was
indeed a small push and pull by the water. (Amachrenistie
aside: theugh they teek this as eenfirmation of the aether
deag hypotirsiis, the phenemenon Is new explained as &n
effeet of special relativity.)

It was in the midst of this experiment that Micheison fell
apart. The reasons are obscure. He and his wife had been
stuck in a bad mamiage. He thought she talked too much 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
momey from the household account to buy scientific eguip-
ment. When Miichelson left for New York to be treated, Mor-
ley doubtred that he would ever return to science.

Maybe that was wishful thinking. (Michelson had been
treating Morley as shabbily as anyone.) Less than two
months later he was back in the laboratony, ready to resiume
the experiment. There was another setback—in 1886 a fire
destroyed the Case School, and Michelson had to move what
was salvaged to Western. Finallly, the next spring, the two
men were ready for what they hoped would be the definitive
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The Michelson-Monlley experiment. The lower diagram shows
the paths ofithe two light beams, which were extended by
bouncing them back and forth between sixteen mirrors.
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test, to determine, as Mouley put it, “if light travels with the
same velocity in all directioms.” Like Michelson, he @ssumed
the answer was no.

Thiis time even more care was taken to cushion the inter-
ferometer against the slightest vibration. The pieces were
mountted on a sandstone slab, about five feet square and
fourteen inches thick, which was attached to a wooden buoy,
shaped like a doughnut and floating in a cast-iron trough of
mercuny. The trough itself was set on a concrete bed atop a
brick platform. Four metal miifiors were set at each corner to
reflect the light from an Argand lamp back and ferth,
inereasing the path lengths—the one going with the E&Fth
and the ene foving across—to thitty-six feet. A woeden
cover protected the optical instruments from the air. After
earefully measuring and adjusting the distances between the
fifreis=—a ealibration so precise that It requited a serew
with 166 threads te the ineh—they began the experiment.

With a push of the hand, the interferometer was set slowly
moviing, one turn every six minuites, 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 Morlley at sixteen stations around the
dial. Between July 8 and i2 they took observations both at
noon and in the evening, and found no significant differ-
ence. The two swimmers returned at the same time.

They had intended to take samples during different sea-
sons, to see if Earth’s orbital motion made a difference, but
there seemed little point. Fresnel must be wrong: a substantial
amount of aether was indeed being dragged along with the
planet, obscuring the effect. Measuring the absolute motion
of the Earth would require carrying out measuremenits high
above ground, maybe even in outer space.
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Morley and another colleague, Dayton Clarence Miller,
continued to look for aether using interferometers with even
longer light paths. Miller even claimed to have detected the
airy stuff with an experiment atop Mount Wilson, but he was
apparently fooled by temperature fluctuations. In 1§30
Michelson’s own experiments on the mounitain reconfimmed
his original results.

It was not what he had wanted. By then he had remarried,
sired a second family, and been honored with a Nobel Prize.
But he had sought a deeper anchor: aether, “one of the
grandest generalizations of modern science—of which we
are tempted to say that it ought to be true even if it is not.”

He died a year later, in 1931, just months after meeting Eiin-
stein, whose special theory of relativity had explained the
true significance of Michelson and Moriley’s beautiful exper-
iment: they had proved, contrary to their expectatioms, that
there is no fixed backdrop of space, or even of time. As we
move through the universe, our measuring sticks shrink and
stretch, our clocks run slower and faster—alll to preserve the
one true standard. Not aether but the speed of light.
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CHAPTER 9

Ivan Paviov

Measuring the limmeasurable

Ivan Pavlov

We must painfully acknowledge that, precisely because of
its great intellectual development, the best of man’s
domestiicated animals—the dog—mast often becomes
the victim of physiologjical experiments. During duronic
experiments, when the animall, having recovered from its
operation, is under lengthy observation, the dog is irre-
placeable. Moreawer, 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.

—llvan Paviov
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To HEAR him talk, you wouid have thought they were
volunteers, these animals recruited for the research that
would make Ivan Betrovich Paviov a famous man. Lada,
Lyska, and Zhuchka had common canine names. There were
Pestryi (Spot), Laska (Weasel), Sokol (Falcon), Tsygan
(Gypsy), Ryzhaia (Redhead), Pudel (Poodle), and Veron
(Crow). There were Arleekin the Clown, Krasavietz the
Beauty, Lyadi the Lady, Postrel the Fast One, Zloday the
Thiief, and Rogdi the Old Russian Prince. There were dogs
named Baikal (after a Siberian lake) and Genghiis Khan. And
at the very beginning there was the one said to be Pavlov’s
favorite, a setter-colllie mix he called Druzhok, for Buddy or
Little Friend.

They had it better than animals in other physiology lzbs
that still employed the “acute” experiment: cutting open and
sacrificing a living animall to observe the anatomiical ticking.
To Pavlov this was like smashing a watch with a malllet to see
how it ran. Beginning with his pioneering studies of the
mamneilian digestive system, still at the core of gastroen-
terology, he favored the “chronic” approach: while the dog
was under anesthesia, its stomach, esophagus, or salivary
glands would be altered so fluids could be collected and
analyzed. Pavlov became known as one of the mest skilled
surgeons In Europe, and he eperated under antiseptic €¢on-
ditions better than these in many hespitals. Onlly when the
animal had fully reeevered weuld the abservations, &dand-
ing ever menths ar years, begin:

By the early 1960s, when his interest had turned to the ner-
vous system, the symbiosis was complete. In return for room
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and board, the dogs became experimental subjects, and also
mascots. Between sessions in the laboratony, they were taken
for walks on the institute grounds. Sometimes to clarify a
point of physiology, Pavlov resorted to acute experiments,
but onlly with regret. “When I dissect and destroy a living ani-
mal, I hear within myself a bitter reproach that with rough
and blundering hand I am crushing an incomparabile artistic
mechaniisrn. But I endure this in the interest of truth, for the
benefit of humeamiity.” In a wotld where animalls were lunted
for recreation and slaughtered for food and leather, he felt
justified in using a few for the pursuit of knowledge.

It was the usual answer one gave to the antivivisectionists,
who were a part of the scene in Russia, as they are tihrough-
out the world today. From their perspectiive Pavlov’s ex-
periments were anything but beautiful. Even a dog owner
unperturbed by foie gras on a restaurant menu or the fate of
a laboratory mouse might wince at the surgical desmriptions.
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 stai: the inside of the brain.

HE HAD intended to become a priest, like his father, in the
Russian Orthodox church. Then he discovered Darwin. It
was the late 1860s, and Ivan and his brother, Dmiitny, were
studying at the seminary in Ryazan, where the Pavlovs lived.
Early in the morming, the story goes, Ivan would sneak imto
the village library to read the recent Russian translation of
On the Oviggin of Spevies as well as George Henry Lewes's
Physiddoyy of Commaon Life, with its maplike diagrams of
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internal organs, and Ivan Sechenov’s Reffleces of the Braiin, a
radical exercise in pure materialism arguing that the mind
was nothing more than an exceedingly complex machine.

Sechenov proposed that every human behavior, from a
sneeze to a decision to read a book, consists of reflexes—
muscullar movements triggered by signals registered by the
senses. “Absolutely all the propertiies of the external manifes-
tations of brain activity described as animation, passion,
modkeny, sorrow, joy, etc., are merely results of a greater or
lesser contraction of definite groups of musdies,” he wrote,
“which, as everyone knows, is a purely mechamical act.” Even
when a thought peps Inte the head unbidden, it Is the
product of a reflex, he insisted, the eveking of a buried mem-
ery by subtle envirenmental eues. “The time will csme,”
Sechenov deelared, “when men will be able to analyze the
external manmifestations of the funetloning ef the brain as
easily as the physieist analyzes fiew a mudieal enetd of the
phenermena of a freely falling bedy.”

These were invigorating ideas for the son of a priest.
Under the reign of Czar Alexander II, a penumibra of enligiht-
enment was crossing the Russian steppes. Books and journals
that would have been banned under his father, Nicholas I,
were arriving at the libraty, where a crowd gathered at the
doots waiting for them to open, pushing and shoving to get
in. To beat the rush Pavlov would sometimes arrange for a
worker to leave a window open.

Eascinated by the notion that the animal organism could
be understood scientiifically, he left the seminary in 1870 to
study in Saint Petersburg. Dmiitry soon joined him, and they
both studied chemistry under Mendkileyew, who was devising
his periodic table of the elements. Ivan, however, concen-
trated on physiology, eventuallly earning a doctorate of med-

124



Paarbov

icine for experiments on how the canine nervous system
controlled blood pressure and the pumpiing of the heart.
In 1891 he was appointed head of physiology at the newly
formed Institute for Experimenttal Medicine, where he used
his surgiical techniques to map out the cascade of functions—
a “complex chemiical factory,” he called it—through which
food was processed and absorbed by the body.

Even before a monsel was placed on a dog’s tongue, the
flow of saliva began: water for dilution mixed with mucin to
lubriicate the food for its passage to the stomach, where a
batch of “appetite juice” was already being prepared. There
and later in the duodenum, 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 notticed, also served another function.
Give the animall a taste of something unsavory—mustard oil,
miild acid, or salt—and saliva still flowed. But it consisted
mostlly of water to protect the tongue and wash out the nox-
ious substamee. In this case there were no gastric seoretions.
The organism somehow “knew” they were unnecessary.

To measure the amount and the compaesition of the saliva,
Pavlov subjected the dogs to a minor operation. Whiile the
animal was anesthetized, the opening of the duct lemding
from 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 ehunk of meat. Each reflex was firfenenuned
by evelution te synehromize the anirmal with 1ts @nviromment.
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S

I —

Scenes from the Institute of Experimental Medicine

“Every materiial system can exist as an entity only so long
as its internal forces, attraction, cohesion, etc., balance the
external forces acting upon it,” he later wrote. “This is true
for an ordinary stone just as much as for the most complex
chemiical substamces, and its truth should be recognized also
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for the animal orgamissm ... . Reflexes are the elemental units
in the mechanism of perpetual equililbration.”

In 1904 Pavlov won a Nobel Brize for his work on the
physiology of digestion, an honor he was almost denied
when a rival laboratory discovered that he had missed an
important component of the system: hormones. “It is clear
that we did not take out an exclusive patent for the discovery
of truth,” he said fatalisticallly. It was around this time that he
decided to leave digestion to others and concentrate on what
he called the highest parts of the nervous system.

Pavieow had noticed that for salivation to occur, it was not
actually ncccssary for food to enter an animal’s mouth. The
smell, the appearance of the bowl, even the creaking of a
door hinge at dinnertime might be enough to set off the
reaction. “Psychic secretioms,” he called them.

Unlike the inborn reflexes—the instincts—these aoguired
or “conditional” responses could be modiified. Show a dog a
piece of meat and then take it away. Do this several times and
the animal will salivate less and less. There has been an “inhi-
bition” 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 imdividual
otganismm to the details of its particular locale. It has evolved
the ability te leam.

Early on, Pavlov was tempted to interpret these phe-
nomena psychologjiwlly, imagining what thoughts might be
unfolding on the dog’s inner screen. The animal stopped
drooling 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 wouild the revoiting touch of
acid bring 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, appliies to peoplle. “Does not the eternal
sorrow of life consist in the fact that human beings camnot
understand one another, that one person cannot enter into
the internal state of amother?”

The line between the menmttal and the physical was begin-
ning to blur. When a scientist studied how blood pressure
rises and falls or pancreatiic juices flow, Paviov noted, he
spoke in purely matterial terms. “But now the physiologist
turns to the highest parts of the central nervous system, and
suddenly the character of his research sharply changes.. . .He
begins to make suppositions about the internal state of ani-
malls, based on hiis own subjjectiive state. Up to this momemnt he
had used general scientific conceptions. Now he changes
front, and addhesses himself to foreign conceptions in nowise
related to his earlier ones, to psychollogiiwal ideas. In shott, he
leaps from the measurable world to the immeasurable.”

It was time 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 from
the environment were eliciting a physiologjical reaction.

THE tDEA that organisms, their brains included, are biolog-
ical machiines was broached by Descartes in the sevemteenth
centumy, but he allowed that there was something special
about his fellow humams. Although our bodies are purely
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mechamiical, constrained to obey the principles of physics,
our brains are inhabited by a higher presence, the mind. By
Pavlov’s time, Darwiin’s discoveries had made this kind of
dualism tricky to maintain. The brain presumablly evolved
along with the rest of the bodly, but how could the material
tugs of natural selection act on the ghostly mind? William
James described the problem in 1896 in The Prinnipbdes of Py-
cholkgy: “The self-seme atoms which, chaotiically dispersed,
made the nebula, now, jammed and temporaiily caught in
peeuliar positions, form our brains; and the ‘evolution’ of the
biaing, If undeistood, would be simply the account of hew
the aterms eame to be so eaught and jammed.”
Some philosophers went so far as to propese that each
atom of matter is shadowed by an atom of cunsciousness—
“primondlial mind-dust” that was carried along as the cosmos
unfolded and species evolved. James explained their rezson-
ing: “Just as the material atoms have formed bodies @nd
brains by massing themsslwves together, so the menttal #toms,
by an analogous process of aggregation, have fused imto
those larger consciousnesses.”

A baby acquiring an avoidance reflex to fire. Diagram from
William Jlames, PringigefiBgybbhipay
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Running on a parallel track, every chemiical action in the
brain was said to be miirrored by a memtal action, with nei-
ther exerting control over the other. Thomas Henry Huxiey
had put it like this: “The soul stands related to the body as
the bell of a clock to the works, and consciousmess answers
to the sound which the bell gives out when it is struck.”
When we “decide” to mowe a finger, that is an imdication,
not the instigator of the event. “The feeling we call voli-
tion,” Huxley proposed, “is not the cause of a voluntary
act, but the symbol of that state of the brain which is the
immediate cause of that act.” (A century later, the physi-
ologist Benjamin Libet claimed to have demomsitrated just
that.)

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

If we knew thoroughilly the nervous system of Shake-
speare, and as thoroughily all his environing conditions,
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 martks which we for short-
ness’ sake call the manuscript of Harider. We should
understand the rationalle of every erasure and alter-
ation therein, and we should understand all this with-
out in the slightest degree acknowledging the existence
of the thoughts in Shakespeaie's mind. The words and
sefitences would be taken, fiot as signs of aaything
beyend themsriles, But as little sutward faets, pure and
simple. 1A like manner we might exhavsinely write the
bisgraphy ef these iwe hundied peunds, Mmere o 16ss,
of warmish albumineid matter ealled Mattin Luther,
withiewt ever implying that it felt.
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Pavlov didn’t linger long on such metaphysical matters.
Whattewer might be happening inside a dog’s mind could be
approached only from the outside, objectiively. “The matural-
ist must consider only one thing: what is the relation of this
or that externall reaction of the animall to the phenomena of
the external world?"

These signs, he was quick to learn, need bear no imherent
relation to what they signify. It is natural that a dog’s mouth
would water at the smell of meat, though that too seemed to
be a learned response. (A puppy still imbibing its mother’s
miilk may turn up its nose at a harmbungssr.) But by presemting
meat at the same time as another stimulus, the experimenter
could train the animal to salivate at the flash of a light, the
rotation of an object, the touch of a hot o cold probe to the
skin, the ticking of a metronorme, or the sound of a buzzer,
whistle, tuning fork, or horn. (Pavlov hardly ever used a bell.)
Thete is no reason evolution would anticipate such arbitrary
pairings. But under the circumstances they became mean-
ingful to the dog’s survival.

e

Training a dog to salivate when two
mechaniical stimulators prick its skin
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The same was true 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 harmiless solution several times, the
reflex disappeared, only to be restored with another taste of
the acid.

So mallileable were the neural connections that they could
be plugged and unplugged like cables in a telephone switch-
board. With enough training, a positive stimulus 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 lzbora-
tory began investigating the canine sense of time. After a dog
was trained to salivate at a flash of light, the delivery of the
stimulus was postponed by three minuttes. Before long,
the dog learned to anticipate the delay. Three minuttes after
the signal, the animal’s mouth would water.

In other experiments time itself became the stiimulus.
Give a dog food every thirty minuites. When the feedings are
suspended, it will continue to salivate robetiically on the half
hour. “I am convinced,” Pavlov declared, a bit grandiosely,
“that directly along this path of exact experimentation lies
the solution of the problem of time, which has ocoupied
philosopheis for countiless generations.”

So precise was their neural machinery that the dogs could
even be conditioned to discriminate between an object rotat-
ing clockwise and one rotating counterdlodkwiise, between a
circle and an ellipse, between a metronome beating 160 times
per minute versus §6 or i04. 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 among 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 experiment might fail if it was repeated on a table, or
by a different experimemiter. Distractions had to be carefully
avoided. “Footffalls of a passer-by, chance conversations in
neighboring rooms, the slamming of a door or vilbration
from a passing van, street-criies, even shadows cast tirough
the windows into the room, any of these casual wncon-
trolled stimuili falling upon the receptois of the dog set up
a disturbance in the cerebral hemispheies and vitiate the
experimens.”

Pavlov's dogs were as temperamenmttal as Michelsom’s imter-
ferometer. Determined to control every possible variable, he
commissioned the construction of a“Tower of Silence” mod-
eled on seismological laboratoriies. The building was sur-
rounded by a straw-fiilled moat to dampen vibrations, and its
first and third floors each had four soundproof cbservation
chambers isolated by corridors and the unoccupied floor in
between. Experimenters observed the dogs remotely tlirough
periscopes, giving the impression, one visitor reported, of “a
submarine ready for battle.”

“Paviov’s physiology factory,” as the historian Daniel
Todes called it, was a sign of what experimemtal science
would become. Under Pavlov’s direction teams of re-
searchers tested hypotiheses on hundreds of different dogs.
What emerged was not, perhaps, a single beautiful experi-
ment but a suite of them. Still, one was so surpriising that it
stands 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 more
weakly—to each individual note. Pushing still further, 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 abit of food.

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

Paseee

)

The animal quiickly learned to tell one sequence from the
other. But how, Pavlov wondered, would it respond when it
heard the twenty-two other possible combinations 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 predomiimantly rising
or falling. It’s not too much of a stretch to say that the amimal
had formed a rudimentary concept. This kind of pattern
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 truth through a mathemmsitical analysis—are these not
phenomema belonging to the same order? Are they not the
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last links in an almost endless chain of adaptalilities which
appear everywhere in living crestures?”

Like many scientists with a powerful theory, he got carried
away at times, trying to explain his dogs’ persomallities and
even human neurosis as bundlles of conditional reflexes. In
the United States, John B. Watson and B. E Skinner devel-
oped the psychology of behaviorism, in which evarything
menittal was reduced to stimulli and responses. The result was
two clashing visions of the future: Skinner’s nowel Witldien
Two describes a Wtopia brought on through behavioral engi-
neering, whille in Aldous Huxlley’s Biane: New Woilld], the same
tools are tised by the state to impose a crushing dictatorship.
Neither has eomme to pass. Mote reeenitly the metapher of the
eomputter has given selentists a moie nuanced way to think
about thinking, but Pavlev’s fundamental realization has
enduied: the brain and nervous system form a precise, highly
adaptablle llving maehine.

Later in his life Pavlov’s students gave him an album with
photographs of forty of his dogs. A copy was tracked down

Pavlov’s dogs
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Monument to @ Dayg

in Saint Petersburg by a scientist at Cold Spring Harbor
Laboratory who was using Pavlovian conditioning in fruit
flies to identify genes involved in long-term memany. He
named the various muttants— fRavlow’s flies"—after the fam-
ous animals.

In 1935, Mywmenent to a Dag, an ornate fountain, 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 bas reliefs of ladveratory
scenes and quotations from Paviov: “Let the dog, man's
helper and friend since prehistoric times, offer itself as a sac-
rifice to science. But our moral dignity obligates us to ensure
that this always occurs without unmecessary pain.”

Around the top are busts of eight canines, water pouring
from their mouths as they salute in salivation.
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CHAPTER 10

Robertt MiAiliikan

In the Barderland

Robert Millikan

We have actually touched the borderland where matter
and force seem to merge into one another, the sthadowy
realm between Known and Unknown which for me has
always had peculiar temptations. I venture to think that
the greatest scientific problems of the future will fiind
their solution in this Border Land, and even beyond: here,
it seems to me, lie Ultimate Realities, subtle, far-reaching,
wonderful,

—William Crookes, 1879

A SATURDAY morming in Januany, in search of the
ast piece of equipment [ needed to persuade myself
KNOPF
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that electrons exist, I set out for the “Black Hole,” a
postapocalyptiic junkyard (“Everything goes in and mothing
comes out”) in Los Alamos, New Mexico. Run by Edward B,
Grothus, a former bomb maker and now aging peace activist,
the warehouse—comwertted from an old grocery siore—is
packed floor to ceiling with oscilloscopes, signal generators,
Geiger countrers, vacuum pumps, centrifuges, @ammetets,
ohmmeirrs, voltimeters, cryogenic storage vessels, industrial
furnaces, thermecoupke, barometiic gauges, transformets,
typewriiteis, ancient meehamical ealeuldors—more than
seventeen thousand sguate feet of electronic and meehanieal
detritus east off over the years by the natienal ldboraiory
where the Manhattan Prejeet began.

Over the years I had acquired on eBay most of what I'd
need to repeat the classic experiments: J. J. Thomsonis 1897
demonstration that electricity is a form of negatively charged
matter, followed thirteen years later by Robert Millikans tri-
umphall oil-drop experiment, isolating and measuring the
charge of individual electrons. Combing the datk aisles of
the Black Holle, I finallly spotted what I'd been looking for: &
Fluke 416B High Voltage Power Supply. Reaehing ovetr my
head, I earefully freed the long gray ehassis from the middle
of a stack—it weighed thirty peunds—and lewered it t8 the
eofietete floor. Built I the 15665 and eperated By vaawwm
tubes, 1t appeated te be In perfeet esndition. Dragging it 0
the baek of the stote, whete files of eoaxial eables hung
shakelike from Reeks or 1ay eoiled on the fleer; I found one
that fit the eutput eshneetor and made 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 archeologiists after the cmming
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holocaust, or about his Eirst Church of High Tedmnology,
where he performs a “critical mass” on Sundiays. By the time
some customers tracked him down in the depths of his lair,
he was in a cantankerous mood. “Two hundred fifty dollars
for that,” he said—about ten times what I'd been expecting, |
tried to reason with him. There was one exactly like it on
eBay for $98. But Ed is not a man to bargain. Disappointed, [
dragged the unit back to its resting place, where it is probably
still sitting, and left with just the cable. Stopping at the publie
library, next to Fuller Lodge, where Oppenheirmer and the
ether nuelear physicists partied and dined, I signed on to the
Internet and bought the othet pewer supply. Twe weeks later
it areived and 1 was ready te begin

IN 1896, Robert Andrews Millikan, a young physicist fresh
out of Columibia 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 misramem-
bered the talk as occurring on Christmas Eve.

Just two years earlier, in the United States, he had heard
the great Albert Michelson speculate that phiysics was all but
over. The laws of motion and optics were set firmly in place,
and Maxwall’s equations had drawn tight the threads Fara-
day and his generation had spun between electricity and
magnetism. Heinrich Hertz had gone on to verify Maxwell’s
theory, showing that radio waves can be reflected, refracted,
foeused, and polarized—that they are just a kind of light. But
here was a new, entitely unexpected phenomenomn. 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 matter of fundamental
physical prindiplles, as we thought we had.”

Roentgen had made 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 negatiively charged
cathode and a positively charged anode (names that had
come from Faraday). Traveling through the rarefied air, these
cathode rays were puzzling enough. If a tube was designed
with an obstruction inside—Wiilliam Crookes, a chemiist and
spirituallist, used a Malltese cross—iits shadow would appear
on the fluorescing glass, a elue that the rays moved bulletlike
in straight lines. If he held a magnet near the tube, the beam
would sway te ene side. Mount a gemstone inside and it
weuld fluetesee. The rays alse seemed te have substanee,
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Crookes tubes: cathode rays light up a diamond, project a stedow
of a Maltese cross, and move a paddle wheel along a track.
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turning the vanes of a tiny paddle wheel. “A fourth state
of matter,” Crookes claimed—salid, liquid, gaseous, @md
radiant.

What Roentgen found was even weirder: if the bemm
struck the end of the tube with enough force, it unleashed a
different kind of radiation—powerful enough to penetrate
flesh. Less than a year later Henrii Becquerel in Paris discov-
ered another form of penetrating rays emanating from lumps
of uranium, passing through an opaque shield and lesaving
their mark on a photogtaphiic plate. Both kinds of radiation,
it soon was learned, could ionize a gas, giving it an eectrical
eharge. We know new that they de this by knecking eleatrons
off atoms.

Returning from Europe to take a job at the Uniiversity of
Chicago, where Michelson now reigned, Millikan watched
from afar as some of Europe’s greatest scientists explored the
new physics. At the Cavendish Laboratory in Cambridge,
England, J. J, Thomson showed that the beams could be
repelled not just by magnets but by strong electrical fiedidis.

Hertz himself had tried and failed at the experiment, 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. Hertz took this to mean that the rays
were an immaiteniial disturbance of the aether. (The lesson of
Michelson-Miorley was still sinking in.)

Thomson suspected that Hertz hadn’t pumped enough air
from the tube—that the lingering mollecules were shorting
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 cathode rays were
made of negatiively charged matter. Particles of electricity.
Electrons.
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—

J. 1 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 meant to buy my own Thomson apparatus but its
beauty was impassible to resist: the simple wooden frame
cradling the bulbous, pointed vacuum tube, the large copper
Helmbholltz coils (named for the German physicist Hermann
von Helmhaltz) standing at either side. With the spacing
between them equal to their radius—fifteen camntimeters—
they bathe the tube in a uniform magnetic field. The device
was made in Germany for use in physics classes, and the
grayish crackled finish on the electrical junction box dated it
probablly to the i966s.

The mamwal was not included, just a heavy piece of draw-
ing paper on which someone had sketched with colored pen-
cils a wiring diagram: the filtementt required 6.3 volts to heat
the metal cathode and boiil off electrons, which would be
accelerated by a much larger positive voltage on the anode. A
third source of current would energize the Helmholltz coils. I
hooked up the wires to my power supply and turned out the
lights.

It was an eerie sight. As [ slowly increased the anode volt-
age, a greenish apple-shaped haze gathered around the cath-
ode, growing larger and fatter until suddenily, a hair @bove
160 volts, a blue ray of light shot straight up from the stem
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A modern version of the Thomson apparatus.
Drawing by Alison Kent

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

The next step was to energjize the coils. As I turned up
the knob, the beam slowly bent until—at 3.5 volts, 0.76
amperes—iit abruptly dived clockwise and formed a glowing
circle inside the tube. Whiile the anode was trying to pull the
electrons straight upward, this magnetic wind was blowing
them to the side—a perpendiicullar struggle whose outcome,
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Thomsomn had realized, depends on both the mass of the par-
ticles and their charge. His experiment can’t tell you either
value alone (lightweight partiicles with a tiny charge would
act the same as heavier partiicles with a larger charge), but it
does give you their ratio.

I plugged my numbers—the voltage on the anode, the
current in the coils, the radius of the glowing circle—into his
equation and did the arithmetiic: 2.5 x 16° coulombs of
charge per gram. (A coulomb, named in honor of the French
scientist Charles-Augustin de Coulombb, is approximaiely the
quantiity of electricity flowing each second through a i66-
watt bulb.) My result was 56 percent larger than the accepted
value, but at least I got the right number of zeros.

More important is what Thomson went on to show: that it
didn’t matter 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 from the same stuff.

And what strange stuff it was. The ratio of charge to mass
had already been measured for the hydrogen atimm—the
lightest of the elements—as it miigrated between the poles of
an electrolytic cell. The value for the electron was about a
thousand times greater. Either it had an enormous charge, or
as Thomson suspected, it was vastly smaller than an atom.
His instinets told him he had discovered something almost
unthiimiaible: a subatomiic particle.

IT WAS 1906 and Millikan was feeling like a has-lbesn—a
decade at Chicago and still an assistant professor. He consid-
ered himsellf 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 important discoveries.
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He knew that Thomnsont's experiment, impressive as it was,
hadn’t clinched the case. Eor all anyone knew, electrons came
in a slew of charges and sizes all yielding the same ratio.
Thomson had just assumed they were identical. In the face of
this uncertaiinty, the Germans remained particullarly 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 numbbers in Thomsoni’s ratio—either the mass or
the chatge of the electron.

Millikan began by repeating an experiment in which a sci-
entiist in Thomsonis lab at the Cavendish had timed how
quiickly a charged mist of water vapor—one that had been
ionized with X-rays or radium—ssttled to the bottom 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 dwoud’s
descent, you could calculate its total charge. Divide that by
your guesstimate of how mamy 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 chamiber, was rife with uncertainty and asssumptions.
The vapor was continusllly evaporating, leaving the top edge
of the cloud so irregular and indistinct that tracking its
motion was an exercise in frustration. Millikan cranked wp
the voltage, hoping he could hold the target stemdly—sus-
pended “like Mohammel’s coffin” between positive and meg-
ative. Then he could measure the rate of evaporation and
account for it in his caloulations.

Instead he flicked on the switch and blew the cloud away.
The experiment was a faillwee... 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 ferm.

in the air, just the right weight and charge so that the down-
ward pull of gravity was offset by the levitating oomph of the
electriical fiedid.

This, he realized, would make for a more decisive experi-
ment. Instead of studying the mass behavior of a whole
cloud of drops, he could observe them one by one. Peering
through a smalll telescope set up two feet away, he would pick
a drop hovering in suspension and then suddenly turn off
the voltage. Stopwatch in hand he timed the fall between the
hairlines of his eyepiece. Hour after hour he recorded the
data, comparing the estimated weight of a drop with how
much charge was required to keep it afloat. The answer, Mil-
likan reported, was always “1,2, 3,4, or some other exaet mul-
tiple of the smalllest chatge onh a droplet that I ever obtalned.”
Charge indeed seemed to ecome in uniferm portions—what
he reckoned to be 1.55 x i0~'? coulombs.
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In September 1909 he traveled to Winmipeg to present the
results—he still considered them preliminary—to a meeting
of the British Association for the Advancement of Science.
Thomsomn himself gave the presidentiial address, and Ernest
Rutherford, who had just won a Nobel Prize, lectured on
the state of atomic physics, noting that for all the recent
successes “it has not yet been possible to detect a single elec-
teon.” Then Millikan, who wasn’t even on the agenda, sur-
prised everyone by reporting that he had come close to doing
just that,

On the train back home he thought about how he might
make a more persuasive case. Because of evaporation each
water drop’s lifetime was measured in seconds. How much
better it would be if he could follow a single drop for minutes
or even hours, adjusting the voltage and buffeting it up and
down. As he was gazing out at the plains of Manitoba, the
answer, he later said, came in a flash.

After arriving in Chicago, he asked Harwey Eletcher, a doc-
toral student who had been looking for a thesis problem, to
see if the droplet experiment could be done with smmething
less evanescent than drops of water. Purchasing a perfume
atomiizer 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, mounted on a lab stand
and illuminated from the side by a bright light. He sprayed a
raist of oil above the apparatus and watched through a tele-
scope. “I saw a most beautiful 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 bottom,
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 morniing Eletcher 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 from the tiny nozzle of the atomizer having given
them negatiive or positive charges. When Millikan saw how
well the plan was working, he was elated. He and Fletcher
refined the setup and spent nearly every afternoon for the
next six months taking data,

DESIGNED and crafted by the Philip Harris Compamy of
Birmingham, England, my setup was a streamlined vexsion
of Millikan’s. But the idea was the same. The brass plates
were moumted inside a three-legged Plexiglas platform that
stood on a dark hardwood base measuring about fifteem by
twenty inches. Off to one side was the lighting source: a

=226
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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 isan X-ray source used to knock
electrons off the drops and change their charge.
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A later version. A commemiial atomiizer (A) uses filtered air
to spray oil into chamber € from which an occasional drop
makes its way through the pinhole in the top plate (M).

cylindriical metal housing, painted the familiar lkeboratory
gray, with a lens to concentrate the glow. The British-sized
bulb was missing, but I was able to substitute an erdinary
halogen lamp powered by an old Lionel train transformer.
For peering between the plates at the dancing drops there
was a telemicroscope (a cross between a telescope and a
miicroscope) fittedd with a crosshatched measuring reticule,
and a knife switch for applying the electricity. Up sent power
to the plates (“Do not exceed 2,000 volts,” warned the black
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a

Philip Harris Co. Millikan apparatus.
Drawing by Alison Kent

Bakelite instruction panel.) Domv: shorted them together and
dispelled the charge. After disassembling the parts to clean
out dust and the accumullated oil of a thousand student
experimenis, ] was ready for my fiirst run.

I loaded a perfume atomizer with ordinary mineral oil @nd
sprayed it into the chamber above the top brass plate. Then I
waited for a few droplets to fall through the tiny hole. They
looked more like dust mottes in a shaft of sunlight than like
little stars. But the effect was hypnotiizing. I'd pick out one
that was falling straight and slow and switch on the plate
voltage. If it suddenly began meoving upwatd I knew that it
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carried a charge. Elipping the knife switch up and down and
adjusting the voltage, I'd time the drops as they rose and fell
between the hairlines in the eyepiece—4.2 seconds down, 2.6
seconds up ... 6.8down,4.0up...71and2.2... 8.1and $.3.

[ was starting to get the hang of it. But to do this right I
needed to grab on to a single drop long enough to watch for
the sudden variations in rise time, which would signal that it
had gained or lost an electron. When I'd collected the data
for a dozen drops and estimated their masses (with an egua-
tion called Stokes’s law), I could calculate the fundamental
unit of charge.

These things sound so easy in the physics books. You don't
hear about the brass plates shorting out and sparking because
ametal clip slipped into the wrong position. Or about spray-
ing too much oil and clogging the pinhale. I'd confuse one
drop 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 drifted out of the focal plane. Sometimes a drop would
be so heavy that it sank like a stone, or carry so much charge
that when [ turned on the voltage it rocketed out of sight. I
tried and failed too many times before I realized: for me to
master so delicate an experiment 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 drop in his gun sights, go home for dinner, and return
later that evening to find it had barely mowved. 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 riding
a San Francisco cable car. If they needed a little boost, he
opened a smalll lead door and zapped them with radiwm.
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His data on the water drops had already come under
attack from an Austrian experimenter who soon was diim-
ing to have found “subelectrons” and suspected that there
was no smalllest unit of charge. But what Millikan had found
with his earlier, cruder experiment was confirmed in spades
by the oil drops. There really were electrons. One aftemoon,
Charlles Proteus Steinmetz, the pioneering electrical engi-
neer, came to watch the experimenis. “I never would have
believed it,” he said, shaking Fletcher’s hand. “I never would
have believed it

Early in 1910 they began writing up the results, and over
the next three years Millikan continued to improve the
experiment. The simple tabletop contraption morphed into
a high-tech device with fiittered! air, tightly regulated temmper-
ature, pressure, and voltage, and a clock capable of marking
time in milliseconds. Just as important was his progress in
learning to read the drops. He recorded the ups and downs in
his motebook:

Very low something wromg...not sure of dis-
tance ... Possibly a double drop...Beauty Pub-
lish...Good one for very small one... Exactly
Rigfitt. .. Something the matter ... Will not work
out. ... Publish this Beautiful one.

As he tuned his reflexes the frequency of beauties
increased:

Perfect Publish . ... Best one yet.

It was as though the electrons themselves were stiimmmer-
ing in the light.
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“iftfe wio has seem thett experiinerent . . . has in effect SEBN fhe
electrans,” Millikan later wrote, italicizing his italics. “He &
count the nurbber of electianss in a givem sreail] electrinat] ainarge
witth exanttly as munth certaimtyy as he cam attaiiv in cowrliigg his
ffinggess andl his toes.”

In 1913 he published his definitive value for the basic unit
of electrical charge: 15924 x 16™° coulomb. (The acoepted
value today is just slightly higher, 160217653 x i0='%.) Ten
years later he was awarded a Nobel Prize.

THE STORY has a strange denouememt. After Millikan's
former assistant, Harvey Eletcher, died in 1981, a memoir
surfaced describing both his appreciation to Millikan for
advancing his career and his diszppointment at not getting
more recognition for the oil-drop experiment. As Fletcher
told the story, his professor showed up unexpectedly one
day at his apartment offering to cut a deal. Millikan would
be the sole author of the paper on the charge of the elec-
tron, but Fletcher would get full credit for a less irmportant
collaboration.

Eletcher’s insistence that his account be published postiu-
moussly added to its credibility but also denied Millikan (who
had died in 1958) an opportumity to respond. Judging from
his autobiiography, Millikan was not someone you'd want to
be stuck with on a desert island, or even a cress-aountry
flight. He could be patronizing and even a little bigoted.
Though he was the indisputable force behind the isslation
and measurement of the electron, he probably could have
been more generous to his student. The beauty here lies with
the experiment not the experimenter.

More troubling were accusations, coming still later, that
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Millikan had cooked the books. The annetations in his lebo-
ratory jourmdls, retrieved from the archives, were comstrued
as evidence that he had combed his data for results that sup-
ported his preconceptions.

This is not an accusation that rings true to someone who
has struggled with the oil-drop experiment. Miilikan, I sus-
pect, had simply developed a feeling for the mechanism, a
sixth sense for when something had gone wrong;: a slip of the
thumb on the stopwatch, a sudden fluctuation in tempera-
ture or plate voltage, a dust partiicle masquerading as an oil
drop. He knew when he had a bad run.

More interesting than the unfounded allegations is the
question of how you keep from confusing your instincts with
your suppasitions, uncomssiously 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
temperamemtal piece of laboratory equipment will always be
the human brain.
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The Eleventh Most Beautiful
Experiment

IN THE AUTUMN of 2006, while I was science writer in
residence at the Kavli Institute for Theoretical Physics in
Santa Barbara, California, I gave a talk on The Ten Nost
Beautififul Expeiirergats. Afterward a woman came forward to
ask why there would be only men in the book.

I'd thought of including Marie Curiie for her discovery of
radium, laboriously distilling a smidgen of the glowing stuff
from tons of radioactiive ore. But that struck me as more of a
heroic exploration than a contrallled interrogation of nature.
Lise Meitner seemed a likelier candidate, but her pioneer-
ing experiments in nuclear fiission in the 1956s were done
with Otto Hahn and Fritz Strassmann. Science was already
becoming the collaboratiive effort that it is today. There were
439 names on the paper announcing the discovery of the top
quark.

If I were to go beyond my arbitrary cutoff, maybe the
eleventh most beautiful experiment would be Rita Levi-
Monmitzlcini’s discovery of nerve-growth factor, Barbara
McCllintock’s work on genetic regulation and jumping genes,
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or Chien-Shiung Wu's glorious demomstration that decaying
electrons violate a law called conservation of parity.

Bve barely fimishatl the book and already I'm sewomd-
guessing myself. Why not Rutherford and the atomic
nucleus, James Chadwiick and the neutron, or Heike Kamer-
lingh Onmes and supercondhinttirity? In biology there were
Gregor Mendel with his garden experiments in genetics, and
Oswald Avery, who showed that genes are made from DNA, a
point beautifully driven home by Alfred Hershey and Martha
Chase’s famous Waring blender experiment. In what some
have called the most beautiful experiment in biology
Matthew Meselson and Franklin Stahl confirmed 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 scaffalding could be
exposed on a tabletop might be behind us. But you never
know. The eleventh most beautiful experiment may be yet to
come.
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Library, 2001; originally published 1574,

Koestler, Arthur. The Slagpwdliees SAAsigr yoMdel' Shdagiggndiisopf of
the Unilierese. New York: Macmillan, 1959.

Rowland, Wade. Galileed sMilistikeA ANedeul dodoleaththEripi Coahu priiak on
Betwean Gidlltem addlibeBhrichs 0.9, SdedN SeWorkr K réaderspag03.

Shea, William R, and Mariano Artigas. Galilkeoi inieerecT b & ReserahBdfal |
of a Troudtesonare Geriisss. New York: Oxford University Press, 2003.

Sobel, Dava. Galiled TinaghhterA AMisictan Ll e S¢igoienda;thaitind anc
Love. New York: Walker, 1599.

3 epigraph: Galileo Galilei, Discorsi e dirmostrazitmii rmtematiche
intormo @ duemuoressitenzep phbklsbddrirLe ORpend ddbide Saldaiil e,
edizione nazionale (Firenze: Tip. di G. Barbara, 1890), p. 204. Trans-
lated into English by Henry Crew and Alfonso de Salvio as [Didisgues
Concerniing Two New Sciencesand by Sillman Drake as Twio New Sii-
ences. Quotations are from the Crew translation; pagination is from
Le Opwez, which Drake also uses.

4 debunking Galileo: Arthur Koestler is particularly harsh in The
Sleepwallkers, pp. 425-509.

6 “Now you would not hide behind”: Opexz, p. 169.

6 “A piece of wooden moulding or scantling”: Ibid., p. 21&

8 alittle too good to be true: See Paul D. Sherman, “Galileo and the
Inclined Plane Comtrorersy,” Physiss Teachsr 12 (1974): 348-48.

9 “A bronze ball rollingg...!": Alexandre Koyréd, “An Experiment in
Messurement,” PracedifiggeOfiiha AdrinaR lodashishicilctiogi gy 97,
no. 2 (1959): 222-37.

9 Stillman Drake on Galileo’s inclined-plane experiment: “The Role of
Music in Galileo’s Experimenits,” Scienttiific Aneeidann 232, no. 6 (June
1575): 98-104.

12 Galileo could have started with the odd-numiber progression: For
more layers of Drake’s analysis, see “Galileo’s Discovery of the Law
of Free Fall,” Scienttiiic Aneeidann 228, no. § (May 1979): 84-92; the
introduction to his translation of Two New Sciemss; and his essay
“Diiscovery of the Law of Fall,” which is appended to the second edi-
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tion. There is still more on the subject in his books Galilw SRudies,
pp. 214-39, and Galileo at Work, pp. 76-96.
i3 Thomas Settle’s reconstruction of the experiment: “An Exqperiiment
in the History of Science,” Sciennee 133 (1961): 1kp-23.
“The conductor of an orchestra™: “Role of Music,” p. §8.
“Even in his day”: 1bid., p. 160.

& &

2. William Harvey: Myysbeiees Offibdletoart

Aubrey, John, and Oliver Lawson Dick. Audegiss Briidf Lives. Ann Arbor:
University of Michigan Press, 1957.

Harvey, William. On the Motion of the Heart and Bload im Amimnals. Treans-
lated by Robert Willis. Great Minds Series. Buffalo, N.Y.: Prometheus,
1693; oriiginally published i16.

. The Worlks of Willliarn Hamegy. Translated by Robert Willis. Classics
in Medicine and Biology Series. Philadelphiia: Uniiversity of Pennsyl-
vania Press, 1989; originally published 1965,

Keynes, G. L. The Life of Willizam Haregy. New York: Oxford University
Press, 1966.

Pagel, Wediter. Williiamiftamesys SRilolgiond 3l tdesSrl Saelreg Agpertd Ahistbtistor
ical Bazkgooned. Basel, Switzerland: S. Karger, 1967.

————. New Ligit em William Harvey. Basel, Swiitzarand: $. Koangar, 13983,

Park, Roswell. An Epitome of the History of Medicine. Philadelphia: E A.
Davis, 1897.

i7 epigraph: Harvey, On the Motion of the Heart and BlamtimAwnimnais.

(I have used Harwey’s chapter and paragraph mumbers.)

“Betwixt the visible and invisible”: Mfattéon of the Heatt, 1V.17.

“as though it had been seen through a window™: 1bid., IV.16.

The best source of biographiical details for Harvey is Keynes, The Life

of Williamn Harusgy.

20 “Hewaswont to say”: Aultwrey'siiefilivesspppmstBRB1L

21 “For I could neither rightly perceive”: Miatéon of the Heartt, 1.1.

23 “abundmtly, impetuoussly: 1bid., 1X.8.

24 “These two motions”: 1bid., V.-6.

25 “the sun of the microcosm": Ibid., VIIL3.

26 “Just as by air God makes ruddly": Stephen Einney Mason, A Hiigary
of the Sciemees, new rev. ed. (New Yark: Collier, 1962), p. 219.

27 Harvey decided to do the math: Mftéon of the Heatf, 1X.2-5.
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27 “if alive snake be laid open™: Ibid., X.6-7.

28 “detractors, mummens, and writers”: “A Second Disquisition to
John Riolan,” The Works of William Hamegy, p. 109.

30 “But he often sayd”: Aulresyss Brieff Lives, p. 128.

3. Isaac Nemtton: Whatt a Color Is

Fauvel, John, ed. Let Newtton Be! Reprint. New Yark: Oxford University
Press, 1990.

Feingold, Mordechail. The Nesttoisian Maomeet1t: Isaac Nestoon andl the NMiak-
ing of Maukerm Culltsree. New York: Oxford University Press, 2604.

Gleick, James. Isaac Newmttor. New York: Pantheon, 2603.

Hall, A. Rupert. All Was Light: An Intailoition to Nestoords Q@pticks.
Reprint. New York: Oxford University Press, 1§95.

Hooke, Robert. Minageagpisia; or, Somee Physitlagiat! Descrigitooss of
Mimtge Bodizs Mante by Magmitfinigg Glasses, witth Obsemattsoss and
Inquiirées Theneugeon. Dover Phoenix Editions, Mineolla, N.Y.; Dover,
2003.

Sabra, A. I. Thewriées of Lightt: From Descantes to Nesteor. New Yark: Cam-
bridge University Press, 1§81.

Westfall, Richard S. Neser at Rest: A Biogragtly of Isaac Newtton. New Yark:
Cambriidge University Press, 1986.

epigraph: From the preface of Mimagappisia (unpaginated).

Eor the early history of optiics, see Sabra, Thewrizs of Light.
Descartes describes his experiment with the water-filled sphere in
his treatise Les Méteores,” which is extracted in William Brancis
Magie, A Souree Book in Physies (New Yark, London: McGraw-Hill,
19%5): PP- 27878

36 "Blueisan impression on the Retina”: Hall, All Was Light, p. 18,

36 Newton’s early optical experiments are described in his paper Of
Colowrs (Cambriidge University Library Add. Ms. 3975, pp. 1-22) and
summatized and interpreted in Isaac Nestton, pp. 79-89, Newsr at
Rest, pp. 93-96, and All Was Light, pp. 35-38. All of Newtom’s scien-
tific manuscripts—as well as his writings on alchemy and relligjiom—
are available online through the Newton Project.

“twixt your eye & a candle”: Of Colowss, L. (I have used the para-
graph numbers from the manuscript. )

Shut away from the plague: The precise chronology of Newton's
optiical experiments is somewhat confused, and there is reason to

e
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wonder how much of the work was performed in Woolsthorpe and
how much in Camibriidige. See Neuerr at Rest, pp. 1556-58.

“mulltitude of reflecting surface”: Of Colowrzs, 56.

“Accordingly as the glasses”: Ibid., 36.

“betwixt my eye & the bone™: Ibid., £8-60.

“from the center greene”: 1bid,, 62-63.

*a vast multitud of these slender pipes™: Ibid., 64.

“good deepe red”: Ibid., 6.

The experiment with the window shutter and prism is described in
“Fair Copy of ‘A Theory Concerning Light and Colors'” (Cam-
bridge University Library, Add. Ms. 397003ff)), pp. 460-66. It was
later published as“New Theory About Light and Colors,” PRiidssgp-
ieal TransaeiimssopithbeRBaybiStoigtys80((JOFEBhiuayy 16GAGHP).
Both versions are online at the Newton Project. For narratiives and
analyses of the experiment, see Never at Rest, pp. i56-75, and Tleo-
FiesdytLight ppP2334z44.

“It was at first a very pleasing divertisement™ All quotations here are
from “Theory Concerning Light and Colors.”

a multitude of experiments: Westfall lays out the detaills in Nexer at
Rest, pp- 94-96, and notes that Newton had a hunch about the het-
erogeneity of white light as early as 1664 in Cambridge.

“blew rays suffer”: Of Colourss, 6.

“consists of rayes differently refrangible”: “Theory Concerning
Light and Colors™

“To the same degree of refrangibility”: Ibid.

“bright cloud™: “A Letter of the Learn’d Eranc. Linus ... ainimad-
verting upon Mr Newtons Theory of Light and Colors” and “An
Answer to this Letter,” PhilasgiticedTTaessatsiong ohéHivoRalGb Setiety
116 (25 January i674-1675). Available online at the Newton Project.

4. Antoine-Laurent Levoisier ThhdEranmér BDghgiter

Bell, Madison Simartt. LavisieeriintbiacYseaO@nd TEBiBi ibf of NéveSc Brience

in an Age of Rewolnition. New York: Norton, 2005.

Dijerassi, Carl, and Roald Hoffmann. Oxygen: A Play in Two Acts. New

Yerk: Wiley-VCH, 2001.

Donovan, Arthur. Antoine Lanaisier :S&eiarcel dxdimiisi sitatron reh@ Relntu-

tion. New ed. New York: Cambuiidige University Press, 1996.

Guerlac, Henry. Antoine-Laurent Lewvoisiey , CBbenistaarid RRevbittoonayy .

New York: Scribner, 1975.
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. Lawwisier—Tne Crucive Yeear : TheeBBelokgnouha rahdDigigi nfokiitis
First Experimentts on Combusstiin: in 1772, Itineca, INLY.:: Qomelll Wiritesr
sity Press, 1961.

Holmes, Fraderic Lawrence. Antoine Lanoisier | ThnéNdextOtwcialakeargr,or,
The SourcafifHi <Queniitaivecfestioadin(aeni styyP RricateboiNN.J.:
Princeton University Press, 1998.

Lavoisier, Antoine-Laurent. Elemeends of Chemisstyy. New York: Dover, 1965.

Poirier, Jean-Pierre. Lawoisier: Chemist, Biolagjstt, Economist. Reprint.
Philadelphiia: University of Pennsylvania Press, 1998.

45 epigraph: Djerassi and Hoffmann, Osygen, p. 169,

46 the particle accelerator of its day: Donovan, Anttoige Lavdiiséer, p. 47.

46 The diamond-burmimg experiment is described in Poirier, liaxeisier,
pp- §8-60.

47 “the air contained in matter”: Poirier, Lawaséer, p. 58.

47 “Camphiire dissolved in well deflegmed spirit®: Portsmouth Collec-
tion (Add. Ms. 3975), Camibmiidge University Library, Cambridge
University, pp. $2-44.

48 “In [Saturn] is hid an immeontal soul”: The manuscript is at Yale
University (Beinecke Library, Mellon M. 79) and online at the New-
ton Project. The passage was copied from George Starkey’s The Mtar-
row of Alsiernty (1654). For the meaning of the alchemiical terms, I
relied on an anallysis by William Newman, a historian of science at
Indiana University, on the PBS Web site for the Nesm show “New-
ton’s Dark Secrets.”

48 For the history of the phlogiston hypothesis, see Stephen Fimney

Mason, A Histtoyy of the Sciemnees, new rev. ed. (New Yark: Collier,

1962), pp. 303-13:

“imypelled by forces™: Poirier, Lavaiséer, p. 63.

“gave wings to earthly molesules™ 1bid., p. 62.

Lavoisier's 1769 experiment: Ibid., pp. 32-34.

Lavoisier's maniage: 1bid., pp. 30-41.,

Details about Laveisier's wife and her role in his experiments are in

Roald Hoffmann, *Mime. Lavoisiery” Ameeriean Sciemtést 90, ne. 1

(benuary-February 2002): 22, A virtual museum of Lavoisier’s work,

including a detailed chronology of his experiments and pho-

tographs of some of his equipment, is being assembled online at

Panopticon Lavoisier. In addition, the complste works of Lavoisier,

in French, are available on the Web at Les@fEuresefedaveiviisier .

52 *different kinds of air”: Priestley wrote a three-velume work, Fxfper-
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iments and ObserwatimnsoeniDijfeerentdtidsiafidi( Joadden:pphiveed
for ]I Johnson, 1774). For a brief history of this work, see Mason’s
History off feSoieaoessppp 03P4:6.

Lavoisier’s experiments with phosphorus, sulfur, tin, and litharge:
Poirier, Lavaiséer, pp. 65-66, and Guetllac, Lavaisfer, pp. 79-80. The
tin experiment Is described in History of the Selanasspp3888.THae
apparatus in the litharge experiment, called a pneurmatic trough,
was a variation of one devised by Stephen Hales.

He thought he knew the answer: In the experiments with phospho-
rus and sulfur he also saw signs of air absorption, and a Parisian
chemiist had reported a similar result. See Guerlac, Lavaiiter, p. 79.
Estimates of the price of menuuivas calcinateas are from Poirier,
Lavasisiry ppy4/4.

“without addition™: 1bid.

“What surprised me more™; 1bid.

“I fancied that my breast”: Poirier, Lavaiter, p. 76.

Lavoisier’s first experiments with mercury are described in Poirier,
Lawsisier pppy§9860.

“eminentily breathablle™: Ibid., p. 163. Lavoisier used these words in a
talk to the French academy in Apxiil i775 that was published as “On
the Nature of the Principle Which Combines with Metals During
Calcinations and Incieases Their Weight.” Thiee years later, he
tevised the paper with his new interpeetation. James Bryant Conant
compared the twe versions in “The Overthiew of the Phlegision
Theerys® iR Harvarg Case Historiesin Experimenial SEIene vepl 11
(Cambridipe, Miass.: Harvard University Press, 1667).

Lavoisier reported the results of his experiment with the matrass to
the Académie des Sciences on May 3,1777, as “Experiments on the
Respiration of Animals and on the Changes Which Happen to Air in
Its Passage Through Their Lungs,” and later in chapter 3 of his Ele-
raents of Chemisiry, i 33257/

“when a taper was plunged”: Elemestss of Chemisisiyy, p. 35.

*with a dazzling splendor™: Ibid., p. 36.

“Here is the most complete kind of proof™: Poirier, Lavaifter, p. 164,
Lavoisier’s execution: Ibid., pp. $81-82.

A story ricocheting through the Internet: It apparently originated
with a comment made on a Discovery Channel program, and in
some versions the assistant counting the blinks was Lagrange. Fot a
debunking of the legend, see William B. Jensen, “Did Lavoisier
Blink?” fiauimalop'CHapmtaAERAN6081 2. d399402629.
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Fara, Patricia. An Enterta@imment for Angehs Bldaricicytiyi rehEritighghterment.
New Yark: Columibia University Press, 2003.

Galvani, Luigi. Galvami Commentary of the Effect off Ebettidytyedddidsis-
cular Miotéon. Translated by Robert Montiaviille Green. Cambridge,
Mass.: E. Licht, 1953.

Heilbron, ]I L. Eleenivityyiintteer iittn edid8tBt Ceaantissies: Sudyudy Bitharly
Magtern Physirs. Berkeley: University of California Press, 1979.

Ostwald, Wilhelm. Elecrobtaenistyy: HiltsigryaaddT/iéwgryNelewDElBRI:
Amerind. Published for the Smithsonian Institution and the National
Science Foundation, Washington, D.C., 1686.

Pancaldi, Giuliano. ViaWa:StenceahCOulvarie ithehegAof Bhlrghitghteament.
Princeton, N.J.: Princeton University Press, 2008.

Pera, Marcello. The Ambiguous Frayg: ThheJahwairiValoitadcontresrsysgron
Anifrail Electrinifty. Princeton, N.).: Princeton University Press, 1992,

60 epigraph: Galvani, De Viribus Elbectidiriteis & didotMssdariCaon
mentanigs, p. 40. (Unless othenwiise indicated all quotations are from
the English translation by Robert Montraville Green, Galvai Gumr
mentary on the Effetttafiftitettidityty addMussdaraMorition.)

61 Symmer's experiment is described in Heilbron, Electritgity i the 17th
and 1®Bih@anunrespppIN3sBAnhdn el hd mbighausus Fhap-pp.
38-39.

61 “When this experiment is performed™: The Awthigvays Frag, p: 39,
queting frem Rebert Symmer, *New Experiments and Observations
Goneserning Electrisity;” Plillossitiésn! Transadtiens 61 (1758): 340-89.

61 The eighteenth-century electrical vogue is deseribed in Elestrisity in
the 17th aado1detHleasmnidesppp. 2663770, THaendtiggatssiresoPip.
3-18; and Fara, An Emtertainmrent for Angels.

63 “said to proseed from some animals”: The Amhiguoys Frog, pp:
60-61, quoting Priestley’s Experimaités and Observations ot Different
Kinds of i, pp- 277-79-

64 Galvani’s experiment near the Palazze Zambeni is dessribed in The
Amibiguous Fraggpp3e0.

67 The experiments with the railing and silver bex: Cerireattiary pp:
40-4, and The Arthiiginuss Eregy, pip. B8R,

67 “crept inte the animal and aceumulated”: Cemreattiary: p: 490

67 “At the very moment the foet toushed’: Tie Anthiguays Frag, p: 82:
Galvani deseribes the scene in Comtteattiary, pp: 43-44.
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68 Galvani’s wide-ranging speculations are in Commaeratgry, pp. 78-81.

68 “But let there be a limit to conjecturest”: Ibid., p. 8L

68 “among the demomstrated truths”: The Amibigeasts Frog, p. 98.

68 “the same convulsions, spasms and jerks”: Ibid., p. 10.

69 Volta's experiment with tin and silver clips: Ibid., p. 165.

69 “Galvani’s theory and explanations™ Ibid., p. 114.

69 “If that is how things are®: Ibid., p. 113

70 the Galvanists’ experiments challenging Volta’s bimetallic lnypothe-
sis: Ibid., pp. mt9-22.

70 “Why then ascribe™: Ibid., p. 122.

71 “Each time I touch it™: Ibid., p. 123,

71 Galvani’s experiment without external conductors {often referred to
as his “third experiment”): Ibid., p. 129.

71 “But if that is how things are”: The Amifijguonss Frog, (p.133

72 Volta's battery: described in ibid., pp. 1533-58.

73 Galvani’s final (“fourth®) experiment: Ibid., pp. 4y748.

74 “Now what dissimilarity™ Ibid., p. 148.

6. Miiikheld drariagiaSo erhaily idpEpderitlddiniden

Cantor, Geoffrey. Michad Faratigy, SearieemanaraardSteeritistNeavedd.
London: Palgrave Macmiillan, 1993.

Dibner, Barn. Oersietl and the Disaoveyy off FitenivompapritismNOtoralklk,
Conn.: Burndy Library, 1961.

Faraday, Michael. The Chanidanl Hixtoyy of a Cantde. New York: Dover,
2003; originally published 1861.

. Experinrental Researbtiaes i nElebedirigi tyNeleXo Naorlkd dven erg 6565,
originally published 1539-1855.

——. The Forces of Matéer. Great Minds Series. Buffalo, N.Y:
Prometheus, 1993.

Faraday, Michael, and Howard Ji Eisher. Faradijss Experiinaaiatal Ressarrches
in Eleativiipy. GaideledmaFtrist SRéehidgnGaantze, Y. MMG r&nechidrion,
2001.

Faraday, Michael, and Thomas Martin. Faradgyss Diaxy. London: Bell, 1932,

Hamilton, Jlames. A Life of Discoveyy Miikindd draciayag;i@ioof didiSeigeien:
tific Revaltition. New York: Random House, 2004.

Jones, Bence. Tt Life amd Letters of Faraday. London: Longmans, Green,
1B70.

Lehrs, Ernst. Spiritual Science: Fiemetrigityahdidhdabdidradagal/ondindon
Rudolph Steiner Press, 1975.
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Russell, Colin Archibald. Mittaet! Faraday: Physis and Faith. New Yark:

Oxford University Press, 2660.

Williams, L. Pearce. Miitinet! Faraday: A Biograply. New York: Da Capo,

1987

Woolley, Benjamin. The Bridz of Scienze: Rowamee, Reasow, and Byron's

75

75

76
76
76
76
78

79

79
79

79
80

80
8i
82
82

82
82

Daugtheer. New York: McGraw-Hiill, 2660.

fiisst epigraph: Jones, The Life and Letiens of Faraday, vol. 2, pp.
473-74 Jones dates the letter April 22,1867.

second epigraph: Faraday, Expeiineetelal Reseaches in Hlbestricity,
Third Series, para. 286.

“Enchantress of Numbers”: Woollley, The Bridi of Scienazz, p. 274.
“Bride of Science”: Ibid., p. $66.

“calculus of the nervous system™: Ibid., p. $65.

“ladye-fairy”: Hamiilton, A Life of Diiscouersy, p. 318,

Oersted described his discovery in “Experimenits 61i the Effect of a
Current ofiElectricity on the Magnetic Needle,” Ametds of Pbhilbszpny
16 (i826): 276.

Faraday’s experiments with a crude electric motor are described in
Faraday’ Diary, pp. 50-51, and are summeniized in Williams, Michael
Faraday, p. 156, and A Life of Discovarsy, pp. 163¢-65.

errands of the Industrial Age: A Life of Diszowsy, pp. 151--66.
“unfortumately occupied”: Williams, Miatineb! Faraday;, p. 169.
crispations: Ibid., pp. ¢77%78.

“Mercury on tin plate™ A Life of Discoversy, pp. 296-37, quoting Fara-
day’s diaries.

The induction ring experiment is described in Williams, Nichae!
Faraday, pp. i82-83; in Faradays Diany, August 29,1331, p. 367; and in
Expeiiineeisial Reseancies in Electriidly, First Series, pata. 27-38,
“wave of electricity”: Williams, Miiiaet! Faraday, p. i85,

as a German scientist proposed: This was Johann Ritter, ibid., pp.
228-306.

Faraday’s breakdown: A Life of Discowarsy, pp. 298-84.

“You drive me to desperation™: Ibid., p. 315.

Maybe it is too great a reach: Another inspiration for wndertaking
the polarization experiment may have been a letter from William
Thomson, the future Lord Kelvin: Williams, Miiingkl Faraday, pp.
383-84,

a question that had been gnawing at him: Faraday describes an ear-
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lier attempt using a trough of electrolytes in his diary entry for Sep-
tember io, 1822, p. 71.

83 “so that they might regulate”: Erom the official history posted on the
Trinity House Web site.

83 Faraday’s work in lighthouses: A Life of Diszoueryy, pp. 322-23.

83 Faraday describes his experiments with light beams in vol. 4 of his
diary, paragraphs 256-67, and in the Nineteenth Series of Exgrexi-
menéhl Reseaxtless, 2146-72. There is also an account in Williams,
Michae FaveldayppaBR4S87.

85 At present I have scarcely a moment”: A Liffe of Ditssoueeyy, p. 327.

86 “BUT when contrary magnetic poles”: Williams, Miitler! Faavaday,
p. 386. The 1932 edition of the diary, edited by Thomas Martin,
includes a facsimile of the handwriitten page with the triple under-
scoring.

86 “ALL THISISA RN Alliffepl Dicomrss y,. 3834

86 *You see what you do”; Ibid., p. 320.

7. Jianasd dold-eibiow e loNor ks

Baeyer, Hans Christian von. Maxwell'siDzenwon: Wiinj\iermhH Bigpeesesshd
‘Tumee Passes. New Yark: Random House, 1999.

Caneva, Kameth L. Robent Mgyer antl theQaneerutivoro CEEngygPr rince-
ton, N.J.: Princeton University Press, 1993.

Cardwell, Donald S L. FreamWyattrooO8! asisisisT FienRiR o GFiEnerevipelmaini cs
in the Early Industtiad! Age. London: Heinemann, 1671.

—————. Jrewmes Jinde: A\ Biuggregihy. Mrardiestess, Higdhard: Mrardietear Wini-
versity Press, 1991,

. Wihnadss, (lideksyrah@ debalsetd: Histigronf) Bfckeofmpl oggwNewky orl
Norton, 2001.

Carnot, Sadi. ReflecinanhiecibotivePawenfafiFér & nénGthén papers on
the Secont! Law of Tharrodghemdusics. New York: Dover, 2005.

Joule, James Prescott, William Scoresby, Lyon Playfair, and Wiiliam Thom-
son. The Soientficciapper sfdidaese? Buestdttdoulend ondbhe Soe Sy ety
1963; originally published 1887,

Lindley, David. DegyeesskichivinA Alileld (eGi ubvewtationnandiragedyedy.
Washington, D.C.: Joseph Henry Press, 2005.

Thompson, Silvanus Phillips. The Life of Lord Kelviin. 2nd ed. New Yark:
Chelsea, 1977; originally published 1910.
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Truesdell, Clifford A. The Tragioemicdl Histary of Thermodynariics,

8

89

89

90

o1
92

92
02

96
96
97
97
98

08

1822-1854. New York: Springer, 1s80.

epigraph: Truesdell, The TragjroamiieblHibigigr pHiTlaemmdshmaniss,
pp- 164-65.

“inocullated with Faraday fire™: Thomypson, The Liffe of Lovd Keduim,
p. 19.

The encounter on the trail with Kelvin is described in Life of Lord
Kewirn, 1p2865aadinCaadived]) Jdarmsioide)l pppps-88:89.

Joule and Thomson’s meeting in Oxford: James Joule, pp. 82-83, and
Lindley, Degresiélivi pinp4745(5.

“Joule is, | am sure’: Jiames [lovs, p. 85.

The mariage of Rumford to Mine. Lavoisier is recounted in Poirier,
Lavoiseer, pp. 407-9 (cited in my notes for chapter 4). Poirier also
describes, pp. 125-26, an extramarital affair she had with the econo-
mist Pierre Samuel du Pont de Nemouwns, father of the founder of
the chemiical company.

“en bon point™: Ibid., p. 407.

“merely by the strength”: Benjamin Thompson, “An Inquiry Con-
cerning the Source of the Heat Whiich Is Excited by Friction,” Fitile-
sophicdl Traansadbians/oihRdiaySbSenydy &5 ¢BJO8y-804@X cexpesdied
in Magiie’s A Sowrs Bodk in Physias (cited in my notes for chapter 3),
pp. 1535-66.

“avery brigkand wedieeneentagifadiontl’ Hololke\itrogogpaghi @b@hserv.
VI. “Of Smalll Glass Canes” (cited in my notes for chapter 3), p. 12.
Joule’s shocking childhood experiments and other biographical
details are from Jares Joule, pp. 133-16.

“I can hardly doubt that electro-magnetiism™: The Scientific Papers of
JamesiPessontiolde eolial i, . 14

“there seemed to be nothing to prevent”: Ibid., p. 47; Jamess Janle,
p- 6.

Joule’s motors are described in Scienttific Papers, vol. 1, pp. 1-3,16-17,
and in Jemesidalécpp BAAT.

“The compariison is so very unfavourable”: Jarmes Joulke, p. 37, quot-
ing a public lecture at the Royal Victoria Gallery, February 16,1841
Joule reported on his experiment with the crank in part 1 of [oule,
“On the Calotific Effects of Magneto-Bleatiiity, and on the
Mechaniical Value of Heat,” Scienttiific Papens, vol. 1, pp. 128-59; see
also James Joule, pp. 53-56.
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100 The experiment with the pulleys is in part 2 of “Calorific Effects,” pp.
1419-57, and in James Joule, pp. 556-58.

160 “the subject did not excite”: SciemtificFoppes,srolok, 321815,

101 Joule published the experiment presented at Oxford as “On the
Mechamiical Equivalent of Heat, as Determined by the Heat
Evolved by the Eriction of Eluids,” Scientiific Papers, vol. 2, pp.
277-81. For later refinements see the similarly titled “On the
Mechamiical Equivalent of Heat,” Sciemtific Papers, vol. 1, pp.
298-328.

08 “irrecoverably lost”: Life off Lot Kediiin pp2288.

103 “Within a finite period of time past™: Ibid., p. 291.

8 A A MidrdteanLboshi Spaeace

Livimgston, Dorothy Michelson. Master of Ligit: A\ IBiganphpyOiliberAA.
Miitietdson. Reprint. Chicago: University of Chicago Press, 1979.

Maeh, Einst. The PringighespiPiyiicbDpntscs »H klistionical durd iRizd pboph
ical Treatneant. Translated by John S. Anderson and A. E A. Young.
London: Methuen, 1$26; originally published 1§21.

Maxwell, James Clerk. Matteer and! Miotion. New York: Dover, 1952; origi-
nally published 1876.

Michelson, Albert Abraham. Experiimentai! Determinatidon of the Vlaity of
Light. Minneapglis: Lund, 1964. A reproduction of Michelson’s liand-
written report on his experiments of 1878, commiissioned by Honey-
well, Inc.

. Light Wevesand Their Ussss Cinaggo:Uiniieesit pyoffClioaggoPresss,

1961; originally published 1903.

. Studlées in Opinss. Phoenix Science Series. Chicago: University of
Chicago Press, 1962; originally published 1927.

Saanson, Lloyd S Ethered Awiieer: A RMisttoyy off tHee MivbaticorMidoldey-

Miller Aether-Drift Experimnents, i838010980.Awstiin:Ubimiarsigityobf
Texas Press, 1972.

104 epigraph: Maxwell, Miatéer aral Mintéon, quoted in Swenson, Btfrereal
Aether, 1p.380.

Michelson’s breakdown: Livingston, Mésster of Lightt, pp. 1m-15.

“soft in the head™: In a letter to his father, September 27,1885, Mor-
ley referred to “some symptoms which point to softening of the
brain.” Quoted in Master of Light, p. fit2.
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“rendering all the fancies, moodls, and emotions™: Michelson, Light
Waavssau THediTUdaegp. 2. 2.

Galileo’s experiment on the speed of light: Two New Sciemves (cited
in the notes for chapter 1), Opere, p. 83.

“if not instantaneows": Ibid.

early history of light-speed measurements: Master of Light, pp.
47-49, and Norriiss S. Hetherington, “Speed of Light,” in J L. Heil-
bron, ed., The Oxfordl Companion to the History of Moderin Sisziee
(New Yark: Oxford University Press, 2603), pp. 467-68.

Roemer’s paper 011 the speed of light was translated into English as
“A Demonstration Concerning the Motion of Light,” Fhtlisegrhical
Trarsauiioss of the Royal Society 12 (June 25,1677): 893-94. Bradley
described stellar aberration in “An Account of a New Discovered
Motion of the Fixed Stars,” Philosgiitodl Thressaiiensf ohéhRoRayal
Sociietty 35 (1727-28): 687-61. Both can be found in Magie’s A Source
Book in Physics (cited in the notes for chapter 3), pp. 385-46. The
actual values of their estimates vary depending on whether they are
based on what was known then or now about planetary distances. [
used the numbers in the Encydlopaeetitin Brittamivaa entries for Roe-
mer and Bradley.

Eizeau’s experiment appeared as “Sur un expérience relative a la
vitesse de propagation de la lumiidre,” Compess Rendliss 29 (1849): 90.
An English translation isin SouraelBodkinFRpSECHIPR4344242.
Eoucault described his experiment in “Détermination experimmen-
tale de la vitesse de la lumifére: parallaxe du Soleil,” Compess Reendus
55 (1862): 501-8,792-96, which is excerpted in Sownze Book in Physics,
Michelson’s early biographiical history is from Ethereat! Aetieer, pp.
$8-43, and Master aff Light, jap.11344.

Michelson describes his light-speed experiment in “Experimental
Determination of the Velocity of Light,” Proceedinggs A4S, vol. 27
(1878), pp. 71-77. For a summary see Metter of Light, pp. §1-63. His
original handwritten paper was reprinted and published as a fac-
simile by Homeywell in 1964.

“being about 200 times that™: Velocity of Light, p. §.

“It would seem that the scientific world™: Masteer of Light, p. 63.
“globular bodyes” and “a Tennis-ball struck with an obligue
Racket”: Newton used these words in “A Theory Concerning Light
and Colors,” cited in the notes for chapter 3.

“fits of easy reflexion”: Newton uses the term in his Optiftks; or, A
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TreatsopthackBifiettionBeRetmintivhs/linitex and Gl ofilsgiit.ight
2nd ed., with additions (London: 17#7), 3rd book, part 1, p. 323.

The trip to Europe is described in Ethema! Aetleer, pp. 67-68.
According to Masteer of Light, pp. 74-75, Michelson goes to Berlin
first and then to Paris in 1881.

“struggling upstream and back”: Msster of Light, p. 77.

Michelson’s Berlin and Potsdam experiments: Michelson, “The Rel-
ative Motion of the Earth and the Luminiferous Aether,” Atmasrican
Jourrai! of Scienze, Third Series, 22 (August): 1209-29. Described in
Ethered Aether ppre $S7asadvMasiesfdigiahppp 77884

“So extraordimariily sensitive®: Albert A. Michelson and Edward W.
Morley, “On the Relative Motion of the Earth and the Luminiferous
Ethex,” Amesiivam Journal of Science, Third Series, vol. 34, no. 263
(November i887), p. i24. The event he refersto took place in Rstisstam.
“I have a very high respect”: Bell made the observation in 1883 in a
letter to his wife quoted in Masttzr of Light, pp. 96-97.

measuring light speed in a vacuum: Ibid., pp. §5-66.

repeating the Fizeau experiment: Ethereall Aetleer, pp. 8187, and
Master aff Light, ppaideil

the fire at Case: Mitter of Light!, pp. 1222,

“if light travels with the same velocity”: Morely wrote this in a letter
of April £7,1887, to his father; quoted in Etheneat! Aettieer, p. 91.

the Michelson-iMonlley experiment: “The Relative Motion,” summa-
tized in Eithered Aativs pppeBle9/anddvidsatenOLighhty po2626:83.
Miller on Mount Wilson: Ethereat! Aetieer, pp. 205-6.

Michelson on Mount Wilson: 1bid., pp. 225-26.

“one of the grandest generalizations”; Ligint Wizwessamabl THeeir Useses,
p. 162.

It took the publication of Einstein’s special theory: Einstein, how-
ever, denied that the Michelson-Moniley results were in themselves a
motiivation for his work.

9. Ivan Padov:Nikessuinggthéhmemeasaldbl e

Babkin, B. P. Pavlov. Chicago: University of Chicago Press, 1975.
Frolov, Y. IPPRelohowrahHH S fiobbdherRbebinpafyCortitiditedRxfIRaf ekl Ne

Yark: Jiohnson Reprint, 1970.

Gray, Jleffirey A. Ivan Pavlov. New Yorrk: Viking, 15888
James, William. The Pringipées of Psychollogy. New York: Dover, 1950; origi-

nally published 1896.
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Paviov, Ivan Petrovich. Conditioned ReffevassAhrnveseigigésioof oheRphigsi o-
loglad AstiintpyofitieaZerbhrbCGoesed  Anahdlaticblyt. G WnfapradeNew
Yerk: Dover, i960; originally published 1927.

. LacwrssenGoerddiseaddtefiexes/dlol. Tramnshakedcolydw\H disesey
Gantt. New Yark: International, 1928; originally published 1923.

Sechenow, Ivan. Refleses of the Braiim. Cambuiidge, Mass.: MIT Press, 1965.

Todes, Daniel Philip. Iven Pavlov: BxpibeingohleeAdninad] Nifmbiae. Ndew
York: Oxford University Press, 2660.

----- —. Pavibons PRisisilolgglide acorkx fexperdmeht erpee pristatj dapbabor ptory
Entenpiise. Baltimore: Johns Hopkins University Press, 2602.

121  epigraph: Todes, Paviov’s Physiubagy Factory, p. 123, quoting Pavlov's
1893 essay, “Vivisection.”

The names of some of Pavlov’s dogs are in Tim Tully, “Pavlov's
Dogs” (Current Biollogy 18 no. 4: Rif7-19), and on a page at the Web
site for Cold Spring Harbor Lalboratory.

“When I dissect and destroy”: Babkin, Pavlov, . 1832,

Details of Pavlov’s lifeare from a biographiical sketch by his collezgue
and translator W. Horsley Gantt in Pavlov, Lectures on Conditioned
Reflexess ppp1ils L PRAsOpppp- 25280 dribdesdndiv@ailor py. np431-43.
Pavlov and the library: Todes, Ivan Paviov, p. 1§.

“Absolutely all the propertiies™: Sechenov, Reflesas of the Braim, p. 4.
“complex chemiical factory”: Todes, Ivan Paviov, p. §9.

Pavlov’s digestive experiments: Todes, Ivan Paviov, pp. §8-65; Paviov,
pp. 224-30; and Gray, Ivam Pavio, pp. 26-25.

“Every materiial system”: Pavlov, Coruiittnedd Refflesess, lecture 1, p. 8.
an honor he was almost denied: For a fascinating account of the
Nobel politicking, see Paviov’s Physiology Fadiany, ap.333245.

“It is clear that we did not™: Pavov, p. 229.

Pavlov's fitsthamtl accounts of his salivation experiments can be
found in his two books, Conditioned ReflexsaaidilleeairyesnCstidi-
tioned Reflexes votl 1 1G60dd cesndaiey\ssartesa i QragyivaPRduiov,
pp. 26-51, and Todes, Ivan Pavioy, pp. 71-78.

“convinced of the uselessness™ Laotuwason Conditionad Refless,
p. 71

“Indeed, what means have we”: Paviov, p. 277.

“Does not the eternal sorrow”: Lectures on Conditiioned! Reflexes,
p- 50.

“But now the physiologist turns”: Ibid., p. 121

“The self-same atoms™: James, The Prindijpéss of Psychollogy, p. 146.
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“primondiial mind-dust™: Ibid., p. 150.

“Just as the materiial atoms™: Ibid., p. 149.

“The soul stands related™: Ibid., p. 131

Benjamin Libet describes his experiments on free will in M/ Time:

The Temporal Factor in Consciousness (Cambriidge, Mass.: Harvard

University Press, 2004).

“If we knew thoroughily™: Primcipéss of Psychology, pp. 132-33.

“The naturalist must consider”; Leoturesonn @it tooedd Refaess,

p. 82.

drooling at an electric shock and after a three-minute delay: Ibid.,

pp. 1448, 186-87.

salivating on the half hour: Condlitéontd Reflexss, lecture 3, p. 41,

“I am convinced”: Legwraan@endiiomeddRrftezes. 23333,

discriminating between clockwise and counterdloskwmiise, etc.: Qum-

ditiiomeni Reflexes, lecture 7, pp. 17780, and letture 13, 1p.2222; lleatunass

on Conditioned Refleses pp1440.

“Eootfalls of a passer-by”; Comdlitérudd Reflexss, lecture #:1p.220.

“Tower of Silence”; Lectures on Condiiomsil Reflexes, pp. 14u-46;

Frolov, PawlowantifHisSebinobl pps Gose2amdd adeed iva®dotop ppp.

77-78.

*a submarine ready for battle”: Paviov ard His Sches!, p. 61,

Pavlov describes the experiment on ascending and descending scales

in Ledwres oon oot fomee Rt aresp.p 4141 Tt otsiesverer ODEE,

E-sharp, and G-sharp.)

“The movement of plants™: Ibid., p. 59.

conditional reflexes: Todes and others argue that this is a better

translation of Pavlov’s term uslovmii refleks than the mere familiar

“conditioned reflex.” See Pawlax/sRisiolegy Feattony, nip 2844 466,

135 A copy was tracked down: Tim Tully described his search in
“Pavlov's Dogs” (Current Biclogy 13 ne. 4: Ru).

1% “Pavlov's flies™ from a Cold Spring Harbor press release, Felvrvary
17,2003, available on the lab's Web site.

37 “Let the dog, man’s helper”: Todes, fvan Pawiov, p. 100.
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6. Robent Millikae: I eeBedeldd ard

Goodstein, Judith R. Millikan's Sidtwadl AAH#istoy pHfbéahfvhoriai dnisnitittate
of Technallugy. New Yark: Norton, 1991

Holton, Gerald Jlames. The Scientific magimation. CessSBusioesNanYs okk:
Cambriidge University Press, 1978.
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Millikan, Robert Andrews. Autiboggapp/y. London: Macdonald, 1951
—. The Elettoan:1¢dddaldvionrahdkbeasenamentahdithDElereninina-
tiom of Somee of Its Propentées. Chicago: University of Chicago Press,
1924,

- jion in Soieneeant IReby ian Nidew Hiaven: YekeUiveessify
Press, 1927.
—. Science and Life. Bostion: Pilgrim, 1994,

Thomson, Joseph John. Recolliectttss ami! Refleattvss. New York: Macmil-
lan, 1937.

Weinberg, Steven. The Discouesy of Sutaitonicic Partittes. New York: Free-
man, 990

158 epigraph: William Crookes, “On Radiant Matter I1,” Nattuee 20 (Sep-
tember 4,1879): 439-40.

140 Millikan misremembered the talk as occurring on Christmas Eve:
He described listening to the Roentgen lecture in Evolutéon in Sxi-
ence andl Religom, pp. 16-11, The actual date of the meeting was Jran-
uary 4,1896. (Roentgen had, in fact, given another talk in December
1895 in Wurzburg.) The oft-cited Michelson lecture is recalled in
Auitobiogrtyy ppp3 39460.

140 Hertz on radio waves and light: “On Electric Radiation,” Amaiden der
Physik 336((B830): 7668, it A\ SsovrcedBBabliri IPRRYS Cpp iy $4G 51.

141 “We had not come quite as near™: Autiivggapiphy, p. 1L

141 The history of the discharge-tube experiments is described in Wein-
berg, The DisconepyopiSalpatoniciaaniilesed popo205250203-5.

141 Crookes’s work is described in two beautifully illustrated papers in
volume 20 of Nattmee: “On Radiant Matter” (August 28,1879): 419-23,
and “On Radiant Matter 1I” (September 4,1879): 456-40. Both are
reprinted n David M. Knight, ClassiadlSSussifiti ijaperShehamstry,
SeanntiSwitesPhippeunahd hedNpleina Rt Arigngenesf it Db dienti ca
Eferseras (New York: American Elsevier, i976), pp. 8$9-88.

143 *“A fourth state of matter”™: “Radiant Matter I1,” 439. Crookes bor-
rowed the term from Faraday.

143 Roentgen’s penetrating rays: “On a New Kind of Rays,” translated by
Arthur Stanton, Nattuee §3 (1896): 274-76. A different translation is
excerpted in A Sowns Book in Physas (cited in my notes for chapter
3), pp. 666-16.

143 Becquerel’s uranium experiment: “On the Rays Emitted by Phos-
phorescence,” Conpies Rendius 122 (I889): 429-21,501-3; in A Sowrce
Baok v PHssis;Sp p6 o33,
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JL Il Thomson described his experiments in “Cathode Rays," Riilo-
sophitatl Magwzine 44, no. 293 (1897): 293-316. A facsimile appears in
Stephen Wright, Classiadl Sciemtific Papess: Physics (New Yark:
American Elsevier, 1964). Weinberg anallyzes the experiment in Dis-
conanyafi Subaiomic Rat it ep pp2i2il.

Electrons: The name had first been used by the Irish physicist
George Johnstone Stoney in “Of the Electron or Atom of Blectric-
ity,” PhilseppiiebMdgupriassi0 §389/p. 1818,

My Thomson apparatus, made by Leybold, also included a focusing
grid, or Wehnelt (named after the German physicist who invented it).
2.5 X 16f coulombs of charge per gram: The formula for the charge-
to-mass ratio is v/ilir where v is the velocity of the electrons, B is the
strength of the magnetic field, and r is the radius of the curving
beam. This turns out to be equivalent to

2V (sla))d
(NsR)S?

a = the radius of the coils

N = the number of turns of wire in the coils

V = the accdarating voltage on the anadie

I = the amperes of current in the coils

r = the radius of besm
Hq is a number called the permeability constant (47c X i0~"), a con-
version factor that makes all the units—wolts, amperes, coulombs,
centimeters, and grams—iplay well together.
the quantitty of electricity flowing each second through a mom-watt
bulb: assuming, of course, a power source of 100 volts.
The value for the electron was about a thousand times greater:
Thomson also considered the possibility that electrons might have a
larger mass and a smaller charge, but that would have contradicted
experiments by Philip Lenard suggesting that cathode-ray corpus-
cles were considerably lighter than molecules of air.
feeling like a has-been: Millikan tells the story in Autibbogagphy, pp.
84-85.
The Cavendish experiment with the vapor cloud was done by H. A.
Wilson and marked an improvement over earlier attempts by
Thomson and ] S. E. Townsend. The experiments are summarized
in Autiboggapphy, pp. 85-87, and in The Electrom, pp. 45-57. Wein-
berg analyzes the work in Discosasy of Suteitovitic Partiidles, pp. 91-95.
The device used in the experiments, a Wilson cloud chamber, was
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invented by the Scotsman C. T. R. Wilson, who used it to observe the
tracks of cosmic rays.

*“like Mohammel’s coffin": Auttbiggapiphy, p. 89. Curiousily, Thom-
son used the same analogy fourteen years earlier in his own mem-
oits, Reaillbenionna s REgtfteiinng, 35343,

Millikan’s water-drop experiments: Aunttluggapphy, pp. 89-31. For an
analysis see “Subelectrons, Presuppositions and the Millilkan-
Ehrenhaft Disputie,” in Holton, Tte Scientiiific Irragivatition, pp. 42-46,
“1, 2,3, 4, or some other exact muiltiple™: Antaluggpiphy, p. 90. Mil-
likan reported his result as 4.6§ x 16™'° electrostatic units (also called
statcoulombs), which converts to .55 x i6™° coulombs.

The Winnipeg meeting is described in The Sciemtiiic Imagiination,
pp. 48-50. Millikan’s recollection about the train trip home is in
Autobiogranyy pppo91e3?2.

“it has not yet been possible™: The Scientificlrmaginaion p.5%0.

“I saw a most beautiful sight”: Harvey Eletcher, “My Work with Mil-
likan on the Oil-Drop Experimemt,” Physiass Today (June 1982): 45.
Stokes’s law (named after the nineteenth-century scientist Sir
George G. Stokes) describes how smalll spheriical objects fall in a vis-
cous medium like water or air. Millikan later adjusted the eguation
so that it appllied more closely to objects as tiny as his oil drops.
“subelectroms™ The physicist was Felix Ehrenhaft of the University
of Wienna.

“I never would have believed it”: Eletcher told the story in “My Work
with Millikan,” p. 46.

Millikan and Fletcher wrote up the results: “The Isolation of an Ion,
a Precision Measurement of Its Charge, and the Correction of
Stokes’s Law,” Sciennee 30 (September 1916): 456-48.

“Very low something wrong”: The Scienttific Imagiatitign, pp. 70-71,
and “In Defense of Robert Andrews Millikan,” Engiineeenigg and! Sici-
ence 63, no. 4 (2000): 84-35.

“He whohasseeertihabepparimen it A drotobeapaphyp pis-83.98.
15024 X 167 coulombs: oF 4.774 X 10°° siatcoulombs.

Eletcher told his story in “My Werk with Millikan.?

Millikan's patroniizing manner: See, for example, Awtebingiaphy,
p. 70. David Goodstein gives other examples in “In Defense of
Robert Millikan."

The controversy over Millikan’s data is described in the essays by
Holton and Goodstein.
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aether, 183 $4, 1b2-163, 1138-26, 143
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Becquerel, Henri, 143

behaviorism, 135

Bell, Alexander Graham, 118115
Bernouilli, Daniiel, 93

bimetalllic arc, 69,72

blood, circulation of, 1;-30,29, 68
blood pressure, 128

Boyle, Robert, $5-6

Bradley, James, 166

brain, $-4, 38, 62,123-4,128-30,13§
brass, 69, 72,101
Brasue Niow Weéoith{ Hicctbsy) 1155

Browne, Lancelot, 19

Caius, Jiohn, 19

calcination, 48-9,53,57

calculus, 32

caloriic, §9-3,95,98-9,103

calx, 48,546

Carmott, Lazare, §5

Carnot, Sadi, 85

Case School of Applied Science,
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