
Free 
The Perfect Machine: Building the Palomar 

Telescope
 PDF Download

 Ronald Florence

http://www.neutronbyte.com/api/Wa18oYTP/e/Eaoo/OPMw/JBbRj/The-Perfect-Machine-Building-the-Palomar-Telescope
http://www.neutronbyte.com/api/Wa18oYTP/e/Eaoo/OPMw/JBbRj/The-Perfect-Machine-Building-the-Palomar-Telescope
http://www.neutronbyte.com/api/Wa18oYTP/e/Eaoo/OPMw/JBbRj/The-Perfect-Machine-Building-the-Palomar-Telescope
http://www.neutronbyte.com/api/Wa18oYTP/e/Eaoo/OPMw/JBbRj/The-Perfect-Machine-Building-the-Palomar-Telescope
http://www.neutronbyte.com/api/Wa18oYTP/e/Eaoo/OPMw/JBbRj/The-Perfect-Machine-Building-the-Palomar-Telescope
http://www.neutronbyte.com/api/Wa18oYTP/e/Eaoo/OPMw/JBbRj/The-Perfect-Machine-Building-the-Palomar-Telescope


Almost a half-century after is completion, the 200-inch Palomar telescope remains an

unparalleled combination of vast scale and microscope detail. As huge as the Pantheon of

Rome and as heavy as the Statue of Liberty, this magnificent instrument is so precisely built

that its seventeen-foot mirror was hand-polished to a tolerance of 2/1,000,000 of an inch. The

telescope's construction drove some to the brink of madness, made others fearful that mortals

might glimpse heaven, and transfixed an entire nation. Ronald Florence weaves into his

account of the creation of "the perfect machine" a stirring chronicle of the birth of Big Science

and a poignant rendering of an America mired in the depression yet reaching for the stars.

About the AuthorRonald Florence was educated at Berkeley and Harvard. The author of five

previous books, he lives with his wife and son on the Connecticut shore, where they raise

Cotswold sheep. --This text refers to an alternate kindle_edition edition.Review"A superb

history by a super writer and historian."-- Allan Sandage "Over to you, Pulitzer Prize

Committee."-- Arthur C. Clarke --This text refers to an alternate kindle_edition edition.
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FlorenceCopyrightAbout the Publisher1April 1920The two men met on the platform of the

Southern Pacific depot in Los Angeles. In their wool suits and stiff collars, they might have

been mistaken for commercial travelers starting out on a week’s run to peddle their wares—at

least until they bought tickets straight through to Washington, D.C. Transcontinental travel was

enough of a novelty to turn heads in 1920.The area around the depot looked like the

backgrounds of the Mack Sennett Keystone Kops comedies, which were filmed nearby. Elegant

homes abutted vacant lots. Trolley cars ran down streets lined with palm and eucalyptus trees,

past incongruously empty pastures. Signs of construction were everywhere. Civic boosters,

buoyed by preliminary reports of the 1920 census, were already bragging that Los Angeles had

passed San Francisco in population to become the fastest-growing city in the United States.At

the depot the men exchanged pleasantries and agreed to share a compartment, but neither

said much to the other, letting the flurry of boarding passengers, conductors checking tickets,

baggage handlers, and porters fill the silence until the train left. Outside the Pullman window

they watched cart after cart being wheeled down the platform to the dining car, laden with food,

linen, and menus. Prohibition had eliminated the wine list and the prospect of a bar car, but

even in the infancy of transcontinental travel, the railroads knew that leisurely meals served by

porters in starched white jackets were one way to fill the long hours of the journey.The trolley

cars had a nine-story terminal at Sixth and Main, but railroad passengers didn’t count for much

in the City of the Angels. Eager to match the splendor of the great eastern stations, like the

grand concourse of New York’s Penn Station, where departing passengers on the famed

Limited trains were greeted by a stationmaster in tails, top hat, and white gloves, Los Angeles

had long campaigned to get the Southern Pacific, Union Pacific, and Atchison lines to build a

grand Union Station as part of a grandiose civic center plan. But by the 1920s Southern

California already seemed hell-bent on the automobile. The ambitious plans of the tire,

gasoline, and auto companies were open secrets, and the railroads, unsure of the future of

passenger traffic, resisted municipal entreaties. Eastbound passengers in Los Angeles had to



settle for a cluttered platform in a dilapidated depot, where the train pulled away with no more

ceremony than an everyday local, and the engineer had to ride his whistle to clear the way over

a series of annoying grade crossings along busy Alameda Street. Automobiles had already

wrought havoc in Los Angeles.The train didn’t pick up speed until it emerged from the built-up

downtown area. By then the travelers could see billboards advertising canary farms, artificial

pools for fishing, stands selling fried rabbit, dogs at stud, grass-shack eating huts, psychic

mediums, vacant-lot circuses, storefront evangelicals, bicycles for rent, and frogs for sale.

California was like no other economy in the world. Real estate companies sprang up and

disappeared overnight. Where most cities had restaurants, Los Angeles had cafeterias. Signs

advertised the eternal glories of Forest Lawn and the Hollywood Pet Cemetery. There were

stores that sold pet caskets, as well as dog beauty shops and dog restaurants. Los Angeles

had more telephones and automobiles than any city of comparable size in the United States.

Its divorce and suicide rates were double the national average.Some attributed the madness to

Hollywood, a boomtown even by California standards. The studios had started making movies

in Los Angeles only a half-dozen years before and were already one of the biggest industries

in the state. All over the country people eagerly followed the antics, orgies, fame, depravity,

scandals, and successes of the stars. Thousands flocked to California every week in pursuit of

fame, stardom, or quick money in the movie business. Street-corner vendors were already

hawking maps with addresses of the stars.Although they were interested in stars and, like the

moviemakers, had been drawn to California by the weather and skies so clear that the nearby

mountains seemed to reach up and touch the heavens, the two men who boarded the train at

the Southern Pacific depot hadn’t come to California because of the movie industry. They were

astronomers, from what were then the two most advanced observatories in the world: Heber

Curtis, from the Lick Observatory on Mount Hamilton, near San Jose; and Harlow Shapley,

from the Mount Wilson Observatory, above Pasadena. For years they had been engaged in an

exchange of articles in the professional journals, criticizing each other with the remarkable

vehemence that scientific journals seem to encourage. To a layperson who tried to wade

through the articles, the spirited exchange about “globular clusters” and “spiral nebulae” might

have seemed a tempest in a teapot. But this tempest had ultimately gathered national

attention, finding its way onto the pages of newspapers that normally favored murders,

adultery, and political scandal to serious science. At the end of their journey across the country,

the two men were scheduled to debate at the annual meeting of the National Academy of

Sciences, in the presence of an august audience that—and this was one detail the newspapers

never failed to mention—would include the famous professor Albert Einstein.From the

sprawling Los Angeles Basin, a refuge ringed by mountains, the train climbed through the San

Bernardino Mountains toward the Cajon Pass. Beyond the pass the open desert stretched for

hundreds of miles, its bleakness punctuated only by chaparral, cactus, and the occasional

mountain that pierced the clear air. The desert mountains were strange geological formations,

isolated from the dangers of earthquake, remote enough to be untainted by the urban light

pollution that even then affected most astronomical observatories. Their peaks thrust up into air

so still that stars were pinpoints against the black heavens.The great California observatories,

like Lick and Mount Wilson, were themselves isolated by traditional standards. Before they

were built most astronomical observatories were located more for convenience—usually on the

campuses of urban universities—than for optimum seeing, the term astronomers use to

describe the stillness and transparency of the atmosphere. Yet, compared to the remoteness of

the desert peaks that Shapley and Curtis saw from the train window, the Lick and Mount

Wilson observatories were almost urban. In 1920 the desert peaks, like Palomar Mountain,



were so isolated by the lack of regular roads that only the Indians really knew them. Some of

the mountains were sacred to the Indians: Legend had it that they were the homes of the Spirits

—the departure point for souls journeying to the heavens. Shapley and Curtis could only

imagine what the night sky would be like from a desert mountaintop.The National Academy of

Sciences often had distinguished speakers at its annual meetings. In the interest of widespread

appeal the topics were generally selected from some aspect of what today would be labeled

“applied” science. Reports of scientific developments with immediate and direct practical

applications were a sure way to attract the attention of the newspapers, and potentially of the

wealthy benefactors on whom the academy was dependent.Early in 1920 Charles G. Abbot,

secretary of the academy, began organizing a program of speakers for that year’s annual

meeting. George Hale, a distinguished solar astronomer and the director of the Mount Wilson

Observatory, as well as an officer of the academy, proposed that a Hale Lecture, named in

honor of his father, might occupy one evening. The topic he suggested, relativity, was a new

and quite fashionable subject in scientific circles, especially since the newly famous Professor

Einstein was scheduled to make his first visit to the United States that spring.Only a year

before, a much-publicized research expedition to Principe Island, off Africa, led by the well-

known British astronomer and cosmologist Sir Arthur S. Eddington, had measured the

deflection of starlight during a solar eclipse. When the measurements confirmed the

predictions of Einstein’s theory of gravitation, The Times (of London) called Einstein’s work a

“revolution in science.” The sudden newspaper publicity transformed the shy former inspector

at the Swiss Patent Office in Berne into a world celebrity.Despite Einstein’s fame and the

pages that had been devoted to his theories in the newspapers and magazines, Abbot

responded that a talk on relativity would be incomprehensible to a majority of the members of

the academy, who came from all branches of science and weren’t necessarily familiar with

Einstein’s writings. As an alternative Hale suggested a topic that some of the California

astronomers had been debating in the scientific journals. On the basis of new sky surveys,

some astronomers were convinced that the Milky Way, our own galaxy, was only one of many

“island universes” in the heavens—an assertion many other astronomers found

incomprehensible, untenable, or unreasonable. The primary evidence for the debate had come

from Lick Observatory and Hale’s own Mount Wilson Observatory in California, but well-known

European astrophysicists like Eddington and James Jeans had also written about the island

universes debate. To an astronomer like Hale it was a hot topic.Abbot responded that he was

afraid the members of the academy also wouldn’t be interested in island universes. He

refrained from telling George Hale that the only astronomical topic of widespread interest was

Percival Lowell’s search for canals on Mars, or that to much of the public astronomers were the

butt of jokes: boring old men with long beards who spent hours at the eyepieces of their

telescopes, scribbling inscrutable numbers and making sketches that meant little to anyone

else. Not too long before, a traveler had noted that one reason Westerners considered “the

Chinese such barbarians is on account of the support they give to their Astronomers—people

regarded by our cultivated Western mortals as completely useless. Yet there they rank with

Heads of Departments and Secretaries of State. What frightful barbarism!”In lieu of

astronomers Abbot suggested that they get a speaker on a topic like medical progress in

treating wounded soldiers. With the war fresh in memory, it would be a good response to the

publicity recently generated by the antivivisectionists. Hale dismissed the topic as too

pedestrian. The two men corresponded until Abbot, realizing that they were running out of time

before the meeting, acquiesced and fired off telegrams to invite young Harlow Shapley from

the Mount Wilson Observatory and Heber Curtis of the Lick Observatory to speak on “The



Scale of the Universe.” Abbot wasn’t the first to discover that George Hale, a mild-mannered,

self-effacing man, who looked almost cherubic in his tiny wire-rimmed glasses, usually got his

way.Harlow Shapley accepted the invitation to speak immediately. A young man from Missouri

who still wore his straight black hair slicked back in a rural “hick” style, Shapley was in a hurry,

eager to make his mark. When, in his third year at the University of Missouri, he fell in love with

a woman named Martha Betz, he told her, “Listen, I’m a busy man. If you want any more letters

from me you will have to write my language.” Shapley’s language was the Gregg shorthand

system, which they used to save time even after they married.He had been a reporter on small-

town newspapers before he went to the University of Missouri in the hope that a little more

education would get him a position on a bigger newspaper. Shapley later claimed that he had

chosen astronomy as an undergraduate major because there was no school of journalism and

he couldn’t pronounce the first discipline he came across in the college catalog, archaeology.

His professor at Missouri was Frederick Seares, who recommended him for a prestigious

graduate fellowship at Princeton and later helped him obtain the plum of a first appointment at

Mount Wilson after he received his doctorate. Shapley’s ready sense of humor and boisterous

horselaugh took the edge off his unconcealed ambition, though some older astronomers

thought him too eager to take credit.At Mount Wilson, Shapley poured his energies into both

his primary responsibilities, assisting other astronomers, and his own program of research,

quickly building a reputation for what some called boldness and others saw as hasty

conclusions. At the time bachelor astronomers at Mount Wilson were paid ninety-five dollars a

month and were provided with a room at the “Monastery” on the mountain. Shapley, who had

married just before he arrived at Mount Wilson, got a munificent $135 a month to cover rent in

Pasadena and the cost of getting himself up and down the mountain. Hale, the director of the

Mount Wilson Observatory and Shapley’s boss, offered him $250 for expenses on the trip to

Washington, but Shapley would have gone even if he had had to pay for the trip from his

meager salary. “We had already resigned ourselves to poverty,” he wrote.For an ambitious

young astronomer the debate in Washington, and the opportunity to address a wide audience,

was the chance of a lifetime. George Hale had recently nominated Shapley for the prestigious

position of director of the Harvard College Observatory, a remarkable coup for a man so young.

A good showing in the debate could make or break his chances for the appointment.Heber

Curtis, the principal critic of Shapley’s new ideas, was skeptical of the proposed debate. Curtis

was from an older, more restrained generation, gentlemen scientists wary of publicity, public

forums, and young men with half-cocked ideas who put unseemly ambition ahead of

methodical science. Taciturnity, an understated senior-common-room style, and an instinctive

mistrust of faddish notions were badges of distinction for serious scientists. Curtis finally

agreed to participate, but only after some negotiation, insisting on the topic proposed in

Abbot’s original telegram, “The Scale of the Universe,” and objecting to any title that would

exclude his own research interests in favor of Shapley’s. The evening at the academy was

scheduled as a symposium rather than a formal debate, but once the newspapers heard that

Einstein would be present, they began ballyhooing the forthcoming evening as the greatest

scientific debate since the trial of Galileo.Neither man knew what to expect. Both had written

primarily for scientific journals and spoken mostly to audiences of professional astronomers, a

small world in 1920. Tempting though it was to discuss their qualms and apprehensions, they

agreed when they first boarded the train that it would be best if they did not talk about the

upcoming debate. And so, day after day, they rode on, avoiding the subject on their minds in

favor of small talk or the books and notebooks they had brought in their briefcases.The

transcontinental railroad tracks were still a novelty, a tenuous tie to the remote coasts. In an



age before the telephone was widespread, when radios were not yet in every home, when only

businessmen in a hurry and the War Department reporting casualties used the telegraph, and

when the network of highways had just begun to reach out from the cities, that thin line of

railroad tracks was the only thread tying the country together. Across many routes travelers

could ride for most of a day without seeing any settlements except tiny hamlets, watering

stations, and mail stops along the tracks.The America they crossed was a land of small farms,

producing not only the crops they sold but their own milk, eggs, meat, and vegetables. Rural

folk made do. In the summers families enjoyed the bounty of the land. In the winters they drew

from the larder or the root cellar. Except for store-bought dresses and suits for special

occasions, or the rugged ready-made garments that were becoming available in the catalogs,

they wore homemade clothing, buying fabric and notions from country stores, catalogs, or

itinerant peddlers. News about technology came from the Sears catalog, ubiquitous reading

material in outhouses across America. In 1920 it featured .22 caliber rifles for $4.25; an

upholstered, curly-backed rocker for $5.95; women’s middy blouses for $0.98; and a treadle-

powered sewing machine for $29.95.Farmers worked the land with draft animals. Only in the

cities had auto exhausts replaced manure as the hazard of the streets. Speed limits in most

cities were still twenty miles per hour. A few who happened to live near the railroad tracks could

watch the speedy trains bridging the land; to most the whistles of the trains were as remote as

the contrails of jet planes to a later generation.Nights were quiet time. The wireless wasn’t in

many homes yet, although Westinghouse had broadcast early results of the elections in

November. Victrolas were a luxury that plain folk considered showing off. It wasn’t unusual for a

family to spend a summer evening outside, on the porch or in the yard, sitting on rockers or

swing benches, staring at the stars. With no city lights, no highways with nightly columns of

trucks and cars, and electric power unavailable beyond the fringes of the cities, families could

enjoy the glories of dark skies that revealed the Milky Way not as an occasional lucky sight but

as a regular evening spectacle.The stars were a nightly wonder. Some accepted the canonical

explanations of the Bible and thought of the heavens as one more impenetrable miracle of

Creation. Others contented themselves with the thought that pretty soon scientists, using those

big new telescopes out in California, would know what it was all about.From the vast prairie

land of the Midwest and the sharecropped farms of the Mississippi River Valley, the travelers

rode on into the industrial belt of the eastern states, the largest single concentration of heavy

industry in the world. The United States prided itself on superlatives—the most railcars of coal

extracted from a mine in a day, the most tons of steel produced, the most feet of rail rolled.

Corporations, armed with their new public relations departments, eagerly joined the chorus of

hyperbole, issuing press releases to announce the largest electrical network ever built, the

biggest turbine, the largest milling machine.Some Europeans saw the American habit of

superlatives as a sign of collective insecurity, but to Americans there was a comfort in the

concrete symbols of achievement. From the lonely farmers on the boundless prairies, to the

factory workers of the mill towns, to the men of untold wealth who were not ashamed to

describe themselves as capitalists, Americans held up industrial might as a challenge and a

response to the alleged sophistication, cosmopolitanism, and grandeur of Europe. The United

States was on a roll. Business was booming. The smokestacks were going full-time. Although

no one bragged about it, the United States could also claim the smokiest skies and dirtiest

rivers in the world. What another generation would see as threats to health and the future were

symbols of progress and prosperity in 1920.In this America of the biggest, the grandest, and

the greatest, science was on its way to a new, elevated status. Already hucksters, journalists,

teachers, and advertisers were cavalierly tossing off the claim that “Science tells us” or



“Science teaches us” as a preemptive answer to arguments. Einstein had not yet visited the

United States, but already his name had entered the common vocabulary as a synonym for

genius. The mysteries of the General Theory of Relativity were widely touted as the most

important scientific discovery of the century. A myth circulated that only twelve men in the world

could understand the theory, but the alleged limits of comprehension didn’t stop editors and

soapbox orators from extolling the importance of relativity, tossing off a casual E = mc2, or

announcing that “there are no absolutes, everything is relative” to prove that they too were part

of the great age of science.Yet the intellectuals and poseurs who revered Einstein were a tiny

minority of the American public. For much of the country formal science was too abstract, so

obscure that it was somehow un-American. In 1914 a congressman questioning a witness at

an appropriations hearing said: “What is a physicist? I was asked on the floor of the House

what in the name of common sense a physicist is, and I could not answer.”Even the august

National Academy of Sciences enjoyed less than universal prestige. Andrew Carnegie typified

the American reaction when he dismissed a request for funds for the academy: “Oh,” he said.

“That’s just one of those fancy societies.”Americans had their own science. To the ordinary folk

of Sinclair Lewis’s Main Street, science meant know-how, the ability to make cars, vacuum

cleaners, electric irons, light bulbs, radios. America was the country that could build anything.

Americans believed that they had won the Great War in the shipyards and mills and factories

as much as the trenches, and few doubted that there was any problem of science that couldn’t

also be solved by the same commonsense engineering that brought invention after invention

out of the laboratories of Thomas Edison and car after car out of the factories of Henry Ford.In

1920 few Americans had ever heard of Harlow Shapley or Heber Curtis. Most would have

named Edison as the greatest living scientist. But the United States was a land of newspaper

readers, and the newspapers had discovered the art of turning the commonplace into the kind

of stories that readers demanded. A mine cave-in that killed seventy men earned a brief

mention in the paper; a single man trapped in a mine was a story that could be developed and

enhanced to hold readers for days. A good murder trial could hold them for months. The

National Academy of Sciences wasn’t a usual newspaper beat, but then Albert Einstein in the

audience wasn’t the usual lead. If there was ever a science story that would get readers, this

was it. On April 26, 1920, the newspapers promised, at the annual meeting of the National

Academy of Sciences, held in the central hall of the Smithsonian Institution in Washington, in

the august presence of Professor Albert Einstein, the most basic questions about our universe

would be answered.By the second day of the journey, the travelers on the train were weary.

The steady click-clack of the bolted rails, reassuring the first day, was monotonous. The view

through the miasma of black smoke from the soft coal that fueled the engine was no longer

exciting. The panorama outside the windows, hour after hour of wheat or rice or woods or

bottomlands, became tedious. Those who hadn’t prepared for the journey with reading material

or games were soon bored.Heber Curtis, an amateur classicist as well as an astronomer, had

brought Latin and Greek texts with him. Reading the classics was a gentleman’s avocation.

Hour after hour he would sit with a familiar, leather-bound volume open on his lap, as if he

were in a club chair in the Atheneum. Harlow Shapley was fascinated by Curtis’s choice of

reading material. He had been educated a generation later, when the classics had already

faded in high school and college curricula.There was no room for extraneous reading in

Shapley’s life. He thought of himself as a modern man, with a modern education. His avocation

when he couldn’t work on astronomy was nature studies. He was an amateur naturalist, but he

approached nature as he approached astronomy problems, carrying a notebook with him

wherever he went. If he couldn’t be near the observatory and its instruments, he cataloged the



species of insects or plants he found, writing notes as methodically as his logbook of

observation runs on the sixty-inch telescope at Mount Wilson.On one nature walk in California

he had stumbled on a colony of ants, scurrying to and from their nest. Shapley timed how fast

they were moving. What factors determined the speed of their travel? he asked in his

omnipresent notebook. He gathered enough data to hypothesize that the ants’ speed of travel

was determined solely by the ambient temperature. Armed with a theory, Shapley needed data.

Wherever he went he would search out an ant colony and accumulate more measurements to

bolster his theory.Less than a day from Washington, on the east side of Birmingham, Alabama,

the train broke down, close enough to the city that the passengers could still see the smoke-

darkened skies from the steel mills. The conductors made the rounds of the cars, reassuring

the passengers, but as the day went on and the train stood still under the broiling sun, the

passengers grew restless and hot inside the cars. Curtis took one of his classical texts and lay

down in the shade to read. As he read he could see Harlow Shapley—notebook, stopwatch,

and thermometer in hand—chasing through the jasmine and the new kudzu vines that had

been planted to control erosion, in pursuit of a colony of ants.For a while, the Scale of the

Universe seemed far away.2WashingtonWashington was a sleepy town in 1920, more like the

capital of a small state today than the full-time capital of a great nation. Congressmen and

senators spent most of the year in their home districts, commuting to congressional sessions of

limited duration. The staffs of Congress and the president each numbered a few people. It

would take a dozen years before there would be a telephone on the desk in the Oval Office.

The British Foreign Office classified the city as a semitropical hardship location. Even the press

wasn’t there in droves yet: Washington politics weren’t considered important enough to attract

permanent press bureaus or hordes of lobbyists.April was one of the better months, before the

oppressive heat and humidity of summer. The hundreds of cherry trees around the Tidal Basin,

a gift only eight years before from the mayor of Tokyo, were in bloom, a welcome relief from the

dank mosquito infestations that had once marked the area. Relations with the Japanese

weren’t as friendly as they had been in 1912, but most Americans, after the experience of the

war to end all wars, weren’t interested in other countries.The headlines on the newspapers at

Union Station were depressing. Warren Harding had replaced the ailing Woodrow Wilson, who

had spent the last years of his presidency sequestered in the White House. Wags who had

speculated whether Mrs. Wilson or Colonel House was running the Wilson White House now

wondered whether anyone was running the government. The “Red scare” was in full swing. In

the pages of the Dearborn Independent Henry Ford attacked what he called the “International

Jews”; the revived Ku Klux Klan blamed the woes of the nation on the triad of Jews, Roman

Catholics, and blacks; police chiefs like William Francis Hynes in Los Angeles sent squads of

officers to break up union and leftist meetings; and almost everyone seemed willing to take a

swipe at the Industrial Workers of the World, the Wobblies.Fortunately there were diversions

from the pall of politics. Babe Ruth, who had pitched and played occasional outfield for the

Boston Red Sox, was in his first season with the New York Yankees and proving he was worth

the astonishing $125,000 they had paid to get him. Man o’ War was the Babe Ruth of the

racetrack, and handsome, charming Jack Dempsey seemed equally unbeatable in the boxing

ring.In the bookstores the talk was of F. Scott Fitzgerald’s daring This Side of Paradise.

Readers turned down the corners of the pages on which one of Fitzgerald’s heroines

confessed: “I’ve kissed dozens of men. I suppose I’ll kiss dozens more,” or, “Oh, just one

person in fifty has any glimmer of what sex is. I’m hipped on Freud and all that, but it’s rotten

that every bit of real love in the world is ninety-nine percent passion and one little soupçon of

jealousy.”A few adventurous women had started wearing short-sleeved or sleeveless dresses



in the evening, sometimes showing their knees and stockings rolled below the knee. A risqué

few even smoked in public and went out in the evenings without corsets because, as the

whispered saying had it, “Men won’t dance with you if you wear one.” They were the fringe

exception, the radicals who attracted sensational press and wagging fingers from the

guardians of morality. Still, it wasn’t hard to imagine that before long there would be bathing-

beauty contestants in skin-tight suits with naked legs, cheek-to-cheek dancing, people getting

“blotto,” and necking and petting in parked cars—exactly the stuff the moralists most

feared.The National Academy of Sciences didn’t even have a building of its own in 1920, which

was why its annual meeting that year was scheduled to be held in the strange, turreted, brick

castle of the Smithsonian Institution in the middle of the empty mall that ran from the Capitol to

the Potomac. On the evening of April 26 a steady stream of motorcars drove up to the

sheltered portico of the castle. The founders had modeled the institution after the long-

established academies of Europe. They wisely stopped short of the formal dress that might

have evoked protests of outrage from those who would be sure to insist on American plains

pun. In France or England plumes and sashes were de rigueur. The men who came to the

annual meeting of the American academy—science was not yet a proper pursuit for a woman—

dressed in dark wool suits for the occasion. Even science was supposed to be democratic in

America.The ticket George Hale had gotten for Shapley entitled him to a seat at the head table,

among the notables. He sat next to W. J. V. Osterhout of the Botany Department at Harvard, but

the banquet had been served before Shapley had a chance to talk about his nature studies.

They were still eating when the speeches began.Stylized elocution was fashionable in 1920. A

parade of long-winded speakers followed one another to the podium, first to honor the Prince

of Monaco for his support of oceanographic studies, then to praise the achievements of a

bureaucrat named Johnson, who had devoted his life to hookworm control. To keep his own

nervousness in check, Shapley silently cataloged the speeches: “Johnson the Scientist,”

“Johnson the Operator,” “Johnson the Man.” Out in the audience he could see heads nodding

off.Einstein was at one end of the head table, next to the secretary of the Netherlands

Embassy, there to accept a prize on behalf of the Dutch scientist Pieter Zeeman. During one of

the speeches Einstein leaned over to whisper something to the Dutchman. Reporters later

rushed to ask what Einstein had said. He said, the Dutchman reported with a grin, “I have just

got a new Theory of Eternity.”Finally it was time for the much-publicized symposium. Shapley

came to the podium first. He had never before addressed a large audience of non

specialists.As Shapley looked around the room, one of the few faces he could recognize was

that of his mentor at Princeton, the legendary Henry Norris Russell, the dean of American

astronomy. Russell was a shy and formal professor, given to strolling the Princeton campus

with his cane in hand, brushing aside students in his way and addressing even his best

graduate students as if they were servants. For all his formality, Russell was an inspiring

teacher, and he had been profoundly appreciative of the superb graduate student who had

come his way. As Russell put it years later: “I had this struggle with darkening at the limb of an

eclipsing binary. All these observations had to be worked over; it looked hopeless, and then the

good Lord sent me Harlow Shapley.”Shapley’s diligence and success studying eclipsing binary

stars at Princeton earned him the prized postdoctoral appointment at the Mount Wilson

Observatory, in the hills above Pasadena, California—then the home of the world’s largest

telescope. Shapley, brashly self-confident, was sure “that I could do something significant at

Mount Wilson if the people there gave me a chance…. My desire, almost from the first, was to

get distances.”Distances—how far away the various objects in the heavens were from our

vantage point on the earth—seem an obvious question for the astronomer. In 1914, when



Shapley came to Mount Wilson, there were few convincing answers. From our perspective, in

an era of powerful telescopes on earth and in space, and after a remarkable revolution in the

sciences of astronomy and astrophysics, it is astonishing to realize how limited man’s

understanding of cosmology was earlier in our own century. When Shapley arrived at Mount

Wilson astronomers could pinpoint the location of objects within a few arc seconds,* but they

had few tools or techniques to determine the distance to the objects they saw in the night sky.

Kepler and Newton had provided the mathematics to calculate the orbits of planets, and refined

observations made it possible to calculate the distance to the planets with remarkable

precision. But even the most sophisticated observatory equipment presented objects beyond

our solar system to the astronomer as they appeared to the casual observer: like pinpoints of

light on the inside of a great black sphere overhead—as if they were all at the same infinite

distance away. Without a method of determining distances, the myriad objects the astronomer

could see or photograph in his or her telescope were effectively a two-dimensional frieze.The

methods we use to measure distance on earth are useless for astronomical distances. We

obviously can’t use a tape measure or yardstick. We can’t scale the size of a familiar object the

way a hiker estimates the distance across a valley by comparing the apparent size of known

objects like a fellow hiker, because stars appear as pinpoints of light in even the most powerful

telescopes. Triangulation—calculating distance to a remote object by measuring angles to the

object from two widely separated points—is an inviting technique, but in 1914 no equipment on

earth had the resolution to measure the parallax of a star from two points on earth. Even the

longest baseline available to an earth-born observer—the span of the earth’s orbit around the

sun—is tiny compared to the distance of the closest stars. Measurements taken six months

apart show a parallax shift of the star against the background of other stars only for the closest

stars.Many astronomers reluctantly accepted the limitations of the available technology. The

energy of astronomers went into the laborious and unrewarding task of cataloging data:

measuring positions, spectra, and apparent brightness of stars. Columns of numbers

accumulated at observatories; generations of women scribes tested their vision on the tables

of copperplate numbers. The data would all, someday, be invaluable, the secrets to

understanding the most basic questions of cosmology—as soon as someone figured out how

to use it.Shapley chose the problem of distances precisely because it was a bold enough

problem to make a mark in the world of astronomy. To his good fortune, just about the time he

came to Mount Wilson, there was an unexpected breakthrough in the techniques of astronomy

from what many in the world of early-twentieth-century science would have thought the least

likely source—a woman.At Harvard the “computers” who worked long days and nights

calculating and tabulating observational data, were women, hired by Edward Pickering, the

longtime director of the Harvard College Observatory, for twenty-five to thirty-five cents per

hour. They worked with quill pens and black ink, writing long lists of figures in neat script,

without corrections. Pickering had turned to women out of exasperation with a male assistant.

Declaring that even his maid could do a better job, he hired Williammina P. Flemming, a twenty-

four-year-old Scottish immigrant, to assist him. She stayed for a total of thirty years and before

long was in charge of an entire staff of women assistants. Flemming, a divorced mother,

supported herself on the meager wages Pickering paid. Other computers were college

graduates interested in science. The prevailing social notion of “separate spheres” for men and

women left them no room in the observatories and laboratories.Henrietta Swan Leavitt came to

the Harvard College Observatory from the Society for the Intercollegiate Instruction of Women,

the forerunner of Radcliffe College, in 1895. Pickering stacked glass photographic plates from

Harvard’s Southern Station observatory in Peru in front of her and told her to look for variable



stars, stars that cycled in brightness.It was tedious work. Star by star Leavitt compared glass

photographic plates of the same area of sky until she found a speck that was darker or fainter

than it had been on a plate taken earlier or later. With enough plates of the same area of sky,

and records of when the plates were exposed, she could measure the period of the variable

stars—how long it took to cycle from maximum to minimum brightness. After years of laborious

measurements Leavitt had cataloged more than 2,400 Cepheid variable stars, named after the

constellation Cepheus, where they were first discovered.Not content just to catalog the data,

Leavitt searched for a correlation between the intrinsic brightness of the Cepheid variables and

the period of their cycle. In 1908 she tried plotting the logarithm of the period of variable stars

in the Small Magellanic Cloud, and hence at the same distance, against their apparent

brightness. The data on her graph fell on a straight line: Cepheids a thousand times as

luminous as our sun completed their bright-dim-bright cycle in three days; Cepheids ten

thousand times as luminous as our sun took thirty days to complete their cycle. By 1912 she

had graphed enough data to publish an article, “Periods of Twenty-five Variable Stars in the

Small Magellanic Cloud,” in the Harvard College Observatory Circular. After the article

appeared Pickering ordered her not to pursue the subject further. His attitude mirrored what

was then a widespread viewpoint: A lady of science’s place was in the back room, writing

columns of numbers, not in the observatory or the scientific journals.Another piece of the

puzzle fell into place when the Danish astronomer Ejnar Hertzsprung used studies of proper

motions (a form of triangulation using the long baseline of the sun’s motion through space over

a period of decades) to determine the average magnitude of a typical Cepheid variable in the

Milky Way. Independently, Henry Norris Russell determined the absolute magnitudes of

thirteen Cepheids in the Milky Way. Shapley was still Russell’s graduate student at the

time.When Shapley saw Hertzsprung’s article in Astronomische Nachrichten, he realized that

he might have his cosmic ruler. The Cepheids Leavitt had charted were all in the same star

group, the Small Magellanic Cloud, which is visible only in the Southern Hemisphere. Shapley

observed that if the stars on her charts were at roughly the same distance from earth, the

differences in apparent brightness she had measured must indicate differences in the intrinsic

luminosity of the stars. With the reasonable assumption that variable stars everywhere in the

universe were the same, he took his extrapolation one step further: If all variables of

comparable period, anywhere in the heavens, had the same intrinsic luminosity, then by

measuring the apparent brightness of a variable star and comparing it to stars of comparable

period on Leavitt’s chart, he could calculate the relative distance of the new star.The

mathematics, and the concept that “faintness means farness,” were invitingly simple. The

apparent brightness of an object is inversely proportional to the square of its distance from the

observer: When an object is twice as far away, it appears one-fourth as bright. If Shapley found

a Cepheid variable of the same period as one of the sample on Henrietta Leavitt’s charts, with

an apparent luminosity one-fourth that of her sample star, his star was twice as far away as

hers. The question was where to look for these “yardstick” stars. Where could he find Cepheid

variables far enough away to help him construct a theoretical model of the heavens?Before he

had gone off to his new job at Mount Wilson, Shapley had taken a trip to Yale, Brown, and

Harvard. At Harvard, Solon I. Bailey, interim director of the Harvard College Observatory, told

Shapley, “I have been wanting to ask you to do something. We hear that you are going to

Mount Wilson. When you get there, why don’t you use the big telescope to make measures of

stars in globular clusters?”It was an intriguing suggestion. Even in a powerful telescope,

globular clusters are faint, mysterious objects. On a photographic plate the centers of these

clusters of thousands or millions of stars look like a stellar gridlock, as if the great mass of stars



at the heart of the cluster were in physical contact with one another. Depending on the

equipment used, the clarity of the atmosphere on a given night, and the observer’s mood,

clusters sometimes seem as though they can be resolved into agglomerations of thousands of

individual stars; other times the image, especially of faint clusters, is too nebulous to appear

much more than a luminous blob.Astronomers had cataloged globular clusters for centuries,

wondering what secrets they held. How far away were they? Were they part of our local galaxy,

the Milky Way? The difference for Shapley was that he was going to study these clusters with

the largest working telescope in the world, the great sixty-inch reflector on Mount Wilson,

which had been finished in 1908.As a junior man Shapley’s principal assignment at Mount

Wilson was to assist a more senior astronomer with traditional studies of star colors and

magnitudes. On the nights when he was allowed to do his own research, Shapley used the big

telescope to search for Cepheid variable stars in globular clusters. The nights were cold, the

controls on the telescope were balky, and the long exposures put a premium on the

astronomer’s skill of bladder control. Shapley spent so many hours examining plates that he

discovered a new asteroid, which he named after his newborn daughter Mildred.Even on the

sixty-inch telescope, the most modern research instrument, astronomy was a physically

demanding science. Astronomers work when the objects they need are “up,” the weather is

clear, and the seeing is good—three conditions that rarely come together on a balmy summer

evening. Metal can fatigue and crack from the cold, lubricants and even the ink used to write

notes in the logbook freeze, and human efficiency falls.The painstaking work paid off as

Shapley began to identify Cepheid variable stars in the globular clusters. Of the approximately

one hundred globular clusters visible in the Northern Hemisphere, he identified Cepheid

variables in a dozen. By comparing the brightness and period of these stars to stars of

comparable period on Henrietta Leavitt’s graph, he could extrapolate the relative distances to

the globular clusters.Each step in Shapley’s research required a leap of extrapolation. The

variable stars on Henrietta Leavitt’s graphs cycled between bright and dim in a few days; the

stars Shapley was studying took weeks to complete their cycle. There was no evidence to

indicate that all variable stars he and she measured were not the same sort of star, so Shapley

extrapolated the relationship Leavitt had plotted to include his own observations, even though

the much longer periods of variation he measured put the intrinsic luminosities of his stars off

the end of her chart. Leaps of reason and data are a necessity of astronomy. The paucity of

available information forces astronomers to assumptions that might seem outrageously bold in

sciences with a surfeit of experimental data.He derived distances to a dozen globular clusters—

an important first. In July of Shapley’s first year at Mount Wilson, he showed his initial results to

J. C. Kapteyn, perhaps the best known cosmologist of his day. Shapley’s distances were so

enormous, compared to the scale of contemporary models of the universe, that Kapteyn

suggested Shapley recheck his observations and calculations.Shapley persisted. In January

1918 he reported a breakthrough to Arthur Eddington, announcing that the consequences of

his studies extended not just to clusters but to the entire galactic system: “With startling

suddenness and definiteness, they seem to have elucidated the whole sidereal structure.”

Buoyed by his findings, Shapley began publishing his results. The articles followed each other

so quickly that by the 1918–19 issues of the Mount Wilson Contributions, fully half the articles

were by Shapley.The results of these first efforts were so satisfying that Shapley went a step

further. In each nearby globular cluster, he isolated the most luminous stars, stars that the

astronomers identified as red giants and supergiants, and compared their apparent brightness

to the brightness of the Cepheid variable stars. When he had a large enough sample to feel

confident of his calibration of the absolute magnitude of the giant stars, he began using the



giant stars as yardsticks to estimate the distance to faint, distant globular clusters where he

could not resolve Cepheid variable stars but could resolve red giant and supergiant

stars.Shapley’s total sample for these extrapolations was only a few stars. But even a small

sample was enough to begin measuring the universe, if he could assume that stars of similar

spectra*—stars that reflected or absorbed the same colors of light—were in fact similar,

whether they were relatively close to us or in some distant corner of the observable universe.

Shapley also assumed that the relationship of brightness to period that Henrietta Leavitt had

discovered in the Cepheid variable stars she had studied in the Magellanic Clouds would apply

equally to variable stars throughout the observable universe. Finally, he assumed that space

was essentially empty, that there was no absorption of light from distant objects by interstellar

dust or gases. Skeptical critics shook their heads as they tallied up the assumptions, but

Shapley’s results were too exciting to ignore.Eager to have everyone understand his

arguments, Shapley assumed little from his audience at the symposium. He did not define a

light-year until the seventh page of his nineteen-page script, and he devoted the last three

pages to descriptions of an intensifier he had developed to photograph faint stars, a subject

that had little bearing on his argument, though it might impress those members of the audience

who were associated with the Visiting Committee of the Harvard College Observatory, where

he was a candidate for the directorship.Shapley’s total evidence was meager—he had had only

a few years to work sporadically on the big sixty-inch reflector at Mount Wilson, and had only

observed for three months on the new one-hundred-inch reflector that had just come into

service—but if you accepted his initial assumptions, the subtle arguments cascaded one upon

the next with compelling logic, and with the elegant simplicity that so often characterizes good

science. In Shapley’s model the globular clusters outline the extent of our galaxy, the Milky

Way, and it is a big one. The diameter of Shapley’s universe was 300,000 light-years, or 19 ×

1017 miles (19 with 17 zeros after it)—approximately ten times as large as the cosmological

models that prevailed when he began his work.His huge new universe made man seem very

small indeed. But the consequences of Shapley’s argument went deeper. In his observations

he found that the clusters were not scattered evenly around the observable heavens, as one

would expect if the sun were at the center of the universe. Instead, the clusters appeared to be

concentrated in the area of the constellation Sagittarius. To Shapley the implications were

obvious: “One consequence of accepting the theory that clusters outline the form and extent of

the galactic system, is that the sun is found to be very distant from the middle of the galaxy. It

appears that we are not far from the center of a large local cluster or cloud, but that cloud is at

least 50,000 light-years from the galactic center.”In other words the center of our galaxy, the

Milky Way, was tens of thousands of light years away, in the direction of Sagittarius.

Copernicus and then Galileo had demonstrated that the sun, not the earth, was the center of

our solar system. Shapley had taken Copernicus one step further to argue that our sun was not

the center of the universe, but only a perfectly ordinary, second-class star, somewhere out

toward the edge of the galaxy. His new universe made man seem very small indeed. If his

evidence and calculations were correct, Shapley had revolutionized astronomy.Not everyone

was convinced he was right.Heber Curtis was old enough to be Shapley’s father. For his official

portraits he posed next to the telescopes at the Lick Observatory in a coat and tie, the usual

observing attire in an age when science could still be a relaxed and gentlemanly pursuit. His

trimmed mustache and stiff collar seemed appropriate for a man who had studied classical

languages as an undergraduate at the University of Michigan and who was still as comfortable

reading a Greek or Latin text as the daily newspaper. Curtis was also a classicist in his

astronomy, a staunch believer in the tradition of incremental observation. He was a patient and



careful observer who had put in his time on balky telescopes on cold nights. He had been

trained in the old tradition, his astronomy studies devoted as much to practical optics as to the

newer physics of particles and waves.By temperament Curtis was a skeptic. He became the

chief critic of Shapley’s articles, answering them with a vehemence that reflected a reaction to

the perceived arrogance of an “upstart” going off half-cocked, and the rivalry between the Lick

and Mount Wilson Observatories, as much as intellectual disagreement. To Curtis, Shapley’s

theories weren’t necessarily wrong; he awarded the Scottish verdict: Not proved. Curtis had

made the long trip to Washington to make sure those theories didn’t get more credit than they

deserved.Following Shapley to the podium, Curtis was in the position of a reviewer. He had no

new cosmology of his own to present. His job was to challenge Shapley’s thesis by questioning

the logic and the evidence, to convince the audience that while the arguments might be

intriguing, the evidence was too thin, the hypothesis stretched too far. Curtis argued that

Shapley’s sample of only eleven stars was too small to determine the average brightness of

stars in clusters, that the dispersion of magnitudes of the stars in the sample made any

calculation of an average from this data suspect, and that the techniques Shapley had used to

“smooth” his data before plotting it were also suspect. Curtis’s own plot of Shapley’s data came

out not a smooth curve but an essentially meaningless scatter plot. “It would seem,” he said,

“that available observational data lend little support to the fact of a period-luminosity relation

among galactic Cepheids.”Curtis also attacked Shapley’s effort to use other stars as distance

guides. Citing his own studies, Curtis showed that the average magnitude of stars in the

neighborhood of the sun is less than the brightness of the sun. Since there is no evidence that

giant stars predominate in the clusters, he argued, if we accept the proposition of uniformity

throughout the universe, then the average stars in clusters must also be dwarfs, smaller than

the sun. And if the stars in Shapley’s sample were dwarfs rather than giants, they could not be

as far away as Shapley calculated. By Curtis’s reasoning the distance to the clusters Shapley

had observed, and the diameter of our galaxy, were about one-tenth those determined by

Shapley, or the same modest dimensions that had prevailed among astronomers before young

Shapley came along.Curtis was a deft speaker. He made his presentation without notes, after

Shapley had read his long report. But he was in the unenviable position of having to debunk

exciting, potentially path breaking work, and he was speaking not to astronomers who might

share his respect for details or his skepticism about Shapley’s data, but to generalists. Curtis’s

dry arguments weren’t the pinprick he needed to burst Shapley’s balloon.As Curtis reached the

conclusion of his remarks, it seemed almost as though he were abandoning the subject of the

debate. He turned to his own studies of the spiral nebulae, mysterious wispy structures, like

pinwheels in the sky, the brightest of which are barely visible through binoculars or a small

telescope. Little was known about the spirals. They looked so unlike any other class of celestial

object that some believed they were entire galaxies, separate “island universes,” comparable in

scale to our own Milky Way. In proposing the symposium for the annual meeting of the National

Academy, George Hale had originally suggested “island universes” as a topic.Less than a

century before, Lord Rosse in Ireland had used a huge telescope with a seventy-two-inch

mirror to study and sketch spiral nebulae. The size of the telescope, and the long hours Lord

Rosse put into his observations, had given credence to his claim that the spiral nebulae could

be resolved into individual stars. If there were individual stars in these spirals, they might be

“island universes,” separate from but perhaps equal in scale to the Milky Way. The existence of

other galaxies outside the realm of our own but as large as the Milky Way, would raise havoc

with Shapley’s scale for the galaxy.In 1898 James E. Keeler had begun a survey of spiral

nebulae at the Lick Observatory. Although his telescope, the Crossley reflector, had a mirror



just half the diameter of the one Lord Rosse had used, the carefully figured glass mirror

provided higher resolution than the speculum (polished metal) mirror in Lord Rosse’s

telescope. Keeler also had the advantage of using photographic plates to record images of the

spirals. A photographic emulsion can accumulate faint light over a long exposure, building up

an image over a period of hours from an object that might be invisible or barely visible to the

human eye. A few of the nebulae Keeler photographed, like M31 in Andromeda and M33 in

Triangulum, appeared incredibly large in plates taken on the Crossley. Unless they were

fundamentally different from all other observable spirals—and there was no reason to believe

they were—the tiny apparent size of the thousands of other spirals observed with the reflector

suggested that they must be at great distances.Heber Curtis, who took over Keeler’s survey of

the spirals, had concluded that the spiral nebulae were fundamentally different from every

other form of celestial object:Grouped about the poles of our galaxy, they appear to abhor the

regions of greatest star density. They seem clearly a class apart. Never found in our Milky Way,

there is no other class of celestial objects with their distinctive characteristics of form,

distribution, and velocity in space…. The evidence at present available points strongly to the

conclusion that the spirals are individual galaxies, or island universes comparable with our own

galaxy in dimensions and in number of component units.If Curtis was right—if the spirals were

indeed individual galaxies, comparable in scale to our own Milky Way—then Shapley’s model,

with the globular clusters marking the edge of the Milky Way at distances on the order of one

hundred thousand light-years, would have placed the spiral nebulae, as separate galaxies, at

what every astronomer in 1920 would have argued were impossible distances.In his

concluding remarks Curtis relaxed his tone from the language of his formal presentation. After

presenting a brief summary of the evidence on spirals, he turned to Shapley. Where, he asked,

do the spirals fit in your scheme? Are they part of this enormous grand galaxy you’ve drawn in

your model? Or are they, as the evidence would seem to indicate, separate “island universes,”

comparable to our own galaxy, and at distances far beyond the limits of our own galaxy?

Curtis’s questions caught Shapley unprepared. Although Shapley had read the literature about

spirals in the journals, he wasn’t ready for the give-and-take of a spontaneous debate on the

subject. Less than a month before, he had written to his mentor, Henry Russell, that he would

not say much about spirals because “I have neither time nor data nor very good argument.” In

his talk he had kept to his word, never mentioning the spiral nebulae or the island universe

theory. But on the floor of the symposium, before the distinguished audience, Shapley could

not wave Curtis’s questions aside as irrelevant.And, although Shapley hadn’t studied the

spirals himself, a colleague of his, Adrien van Maanen, had been working on spirals at Mount

Wilson since 1912. Van Maanen was charming, a bachelor, and as Shapley put it, “society.” He

and Shapley had become good friends.Van Maanen had been measuring the rotation of

individual spiral nebulae by comparing photographs of the nebulae taken five years apart. He

used an instrument called a stereo comparator, which compares two plates by using a movable

mirror to blink rapidly from one plate to the other. If one of the thousands of images on the two

plates is in a different relative position, the human eye will catch it when the mirror flips. This

was the same technique Clyde Tombaugh would use at the Lowell Observatory in Arizona to

search for the still-undiscovered planet beyond Neptune. Van Maanen spent so much time

studying the plates of spirals on the instrument at Mount Wilson that a stern warning note was

posted: DO NOT USE THIS STEREOCOMPARATOR WITHOUT CONSULTING A. VAN

MAANEN.His patience seemed to pay off. Van Maanen reported measurements of large

rotations in the spiral nebulae, so large that if the spiral nebulae were at a distance great

enough to be outside the Milky Way—at least a Milky Way of the dimensions Shapley proposed



—the spiral nebulae would have been spinning faster than the speed of light, a proposition that

anyone at the Smithsonian that night understood to be absurd, even without amplification by

Professor Einstein from his seat at the head table. For Shapley, van Maanen’s evidence was

persuasive. He had written to his friend, “Congratulations on the nebulous results. Between us

we have put a crimp in the island universes, it seems,—you by bringing the spirals in and I by

pushing the galaxy out. We are indeed clever, we are. It is certainly nice of those nebulae to

have measurable motions.”“I don’t know what they are,” Shapley answered to Curtis’s question

about the spiral nebulae, “But according to certain evidences they are not outside [our galaxy].”

As proof Shapley first cited a supernova in the Andromeda Nebula, which had been discovered

on a plate taken at the Lick Observatory in 1885. If the Andromeda spiral were outside the

Milky Way, he argued, that single exploding star had equaled the light of millions of stars—an

idea he presented as absurd. Shapley then cited van Maanen’s data in support of his own view

of the size of the universe.The respected Henry Norris Russell stood up to support Shapley’s

position. But Russell’s support was too little, too late. No one else had ever produced

measurements comparable to van Maanen’s. The rules of science are unforgiving: Results that

cannot be reproduced are suspect.Heber Curtis took the podium again, suddenly relaxed,

ready for repartée. His question to Shapley had subtly but significantly shifted the subject of the

evening. Without van Maanen’s data, Curtis pointed out, Shapley’s model of the universe

collapsed on the question of the spiral nebulae. Of van Maanen’s data he said, radiating

confidence and pausing for effect: “There are some observations that are not worth a damn,

and others that are not worth a damn. In my opinion, two damns are no better than one

damn.”The room burst into laughter. Curtis didn’t need to say more as the guffaws of the

audience erased all that had gone before. The newspaper reporters, most of whom hadn’t

really done their homework or followed the details of the presentations that night, treated the

laughter as a verdict. In the popular press, the great symposium on the scale of the universe,

the biggest science story of the decade, was decided by a one-liner.If the newspapers awarded

Curtis a knockout, the astronomers in the audience remained divided. Some were content to

ignore Shapley’s findings, either because they had been persuaded by Curtis’s arguments or

because the small sample of data from a newcomer wasn’t enough to rescale the universe.

Others found Shapley’s elegant method and clever use of evidence too compelling to ignore.*

Predictably, the participants split their decision. Curtis thought that his approach had probably

been too technical for the audience, but that overall, “the debate went off fine in Washington,

and I have been assured that I came out considerably in front.” Shapley was more circumspect

in his claims: “I think I won the debate from the standpoint of the assigned subject

matter.”Some were disappointed that the “scientific debate of the century,” instead of revealing

definitive new truths about the universe, had turned out a draw. But for one man at the

Smithsonian that evening, that very inconclusiveness was the symposium’s most important

outcome. George Hale—director of the Mount Wilson Observatory, an officer of the National

Academy of Sciences, a distinguished solar astronomer, and the promoter of the original topic

for the symposium—diplomatically refused to take a public position on the big questions of the

evening. When pressed, Hale answered in statesmanlike fashion that the evidence was

intriguing but not yet persuasive.The important word for George Hale was evidence. As an

experienced astronomer and the director of a major research facility, he knew that the frontiers

of science would always have vague borders. The issues at the symposium had been argued

among astronomers for as long as men had gazed at the sky. What made it different now was

that Harlow Shapley and Heber Curtis were tantalizingly close to being able to answer those

questions. Astronomy was at the dawn of one of those breathtakingly exciting moments in the



history of a science when scientists were ready to explore a whole new level of inquiry.As the

two men presented data from the most powerful telescopes in the world, George Hale thought

about astronomers extending their observations and their cosmologies even further, to the very

edge of the universe, to the beginning of time.Hale was no novice with telescopes. He had

already shepherded through construction three great telescopes, each larger than any before

it. The next step, in his mind, was not just an increment over those machines, but a leap in

technology and design, an instrument orders of magnitude larger and finer than any that had

ever been built. He had enough experience with telescopes to know that to design and build a

machine on that scale and to those specifications would require an unprecedented national

engineering and scientific effort: the coordination of the talents and efforts of hundreds of

scientists, engineers, designers, artists, and craftsmen all over the country; the cooperation of

the largest corporations, universities, and research institutions in the land; an appropriation of

funds larger than any that had ever been made in support of a single scientific instrument; the

extension of optics, metallurgy, control systems, and large-machine-construction technology to

limits few had ever imagined possible; and a coordination of facilities and individuals that had

never been attempted.Anyplace but the America of the 1920s, it would have been an

inconceivable project. The war that had humbled and exhausted Europe had been one more

challenge for the United States—a challenge, like the Panama Canal or the Brooklyn Bridge,

that could be solved with American resources, might, and spirit. While Europe licked its

wounds, exhausted, enveloped in still-unsolved questions of diplomacy and hegemony,

Americans talked of damming the great rivers of the West, bridging the Golden Gate at the

entrance to San Francisco Harbor, building skyscrapers and super liners that would dwarf the

achievements of an earlier era.Even in that optimistic America of the 1920s, the machine Hale

had in mind would press the limits of technology, stretching the confidence of a cocky nation

perilously close to hubris. But science is compelling, the promise of timeless answers

irresistible. And George Hale, as the secretary of the National Academy of Sciences had

learned, was not a man to take no for an answer.3The WorrierEven as a boy, growing up in

Chicago, George Hale worried too much. The family firm, Hale Elevators, had profited

handsomely from the construction boom after the Great Chicago Fire, and the Hale’s lived well.

A few split branches in the family tree, including the divorce of George’s maternal

grandparents, caused a stir in their time, but quiet money, a reputation for generosity, and a

splendid town house gave William Hale and his family a secure position in Chicago

society.George was a sickly child. The doctors could find no explanation for his chronic

stomach trouble, backaches, and fainting spells, so George’s mother, a semi-invalid who

confined herself to dark rooms because of paralyzing headaches, prescribed her own

medicine, a regimen of reading—Homer, Robinson Crusoe, Don Quixote, and Grimms’ Fairy

Tales. George acquired, or inherited, both her love of literature and her unpredictable, terrifying

headaches.When his mother retired to her dark room, George liked to experiment with tools

and instruments. His brother and sister would discover him lost in a world of his own. When

they spoke, he didn’t answer. If they made a loud noise, he seemed not to hear it. To those who

had never seen the concentration of a scientist absorbed in his work, George’s behavior was

mystifying. He didn’t seem an ordinary boy. On a trip to London, George’s friend bought magic

tricks; George spent his allowance on an expensive spectroscope.Each new passion became

an obsession: When he became interested in microscopy, his father bought him a fine Beck

binocular microscope. For months microscopy excluded all other interests, until it was replaced

by the next passion. George’s father worried about his son. What would become of a boy with

no focus, no plans or ambition, who preferred puttering alone to sports and friends, whose



dabbling in one science after another seemed to lead nowhere?Then George discovered

astronomy. As far as anyone in the family could remember, it started when he read Jules

Verne’s From the Earth to the Moon. Soon nothing else mattered. He devoured books and

articles about astronomy, visited observatories, interviewed astronomers and telescope

makers, planned his own astronomy journal, and fired off a flurry of letters to general interest

magazines, offering to write articles. He was thirteen years old.Before his fourteenth birthday

the enthusiastic young astronomer got up the nerve to call on Sherburne Wesley Burnham, a

quiet Chicago court reporter by day and obsessed amateur astronomer by night. Burnham let

young Hale assist him in his painstaking observations of double stars. One evening he told

Hale about a secondhand four-inch telescope, built by the well-known optician Alvan Clark, that

was available at the right price. It was the first of many telescopes that George decided he

must have.This time George’s father refused to indulge what seemed yet another whim. But

George argued and pleaded until William Hale ultimately relented and surprised George with

the Clark telescope in time for George to observe a transit of Venus on December 6, 1882.

George no sooner had the telescope when he started planning to equip it with a spectrograph

and other ancillary devices. He dreamed of bigger and better telescopes and his own fully

equipped observatory.He dutifully trudged off to MIT for college study, but found the courses in

his major of physics dull. Arthur Noyes’s course on qualitative chemistry hinted at the

excitement of scientific research, but George was marking time in Cambridge. The only activity

he looked forward to each week was on Saturdays, when the famed Edward Pickering allowed

the eager young man from MIT to work for ten hours as a volunteer at the Harvard College

Observatory. Astronomy, George had already decided, would be his future.When George was

close to graduating, William Hale, reluctant to see his son plunge headlong into a future with so

few options, tried to divert him with the enticement of a large block of stock and a directorship

in a new building the elder Hale was putting up in Chicago. George countered with his own

proposal for his future: He would continue his research in solar astronomy and marry his

childhood sweetheart Evelina Conklin, whom he had met on summer vacations at his

grandmother’s home in Madison, Connecticut. In the end George got his way, but the strain of

what he called the “interview” with his father left George prostrated with a splitting headache

and nervous indigestion—the same symptoms that had invalided his mother for as long as he

could remember. For George they were a harbinger of things to come.Poor Evelina, who had

known George only on summer holidays, had no idea what was in store for her. They got

married two days after George graduated from MIT. For a honeymoon they took the traditional

trip to Niagara Falls, but only as a stop on a trip across the country to California, where he

planned to visit the Lick Observatory. When they paused in Chicago on their way to California,

George’s mother wrote of her newlywed son: “I wish he cared a little more for Society, but now

he cannot be induced to make calls or do anything in that line that is not absolutely necessary.

He is as absorbed in his studies as his father in business—otherwise a model son.”In 1875

James Lick, a wealthy Northern California businessman, asked a friend to witness the signing

of his will. Lick’s proposed bequests included a marble pyramid larger than that at Cheops,

which he wanted erected on the shore of San Francisco Bay; giant statues of his father, his

mother, and himself on North Beach; a home for old ladies; and on Market Street in San

Francisco, a telescope larger and more powerful than any other in the world. His draft will

included funds to endow each bequest, from five hundred thousand dollars for the telescope to

three thousand dollars to provide for a previously unacknowledged illegitimate son.As far as

anyone could recall, Lick had never seen a major astronomical telescope. There is no record of

where or how he stumbled on the notion of the glory of astronomical discovery. But the



explanation for his bequest may not be difficult.James Lick was one of many who had

prospered in the real estate booms that followed the California gold rush. “O this California,”

one transplanted New Englander wrote home during that wild era, “what a madness there is

about it.” There were easy fortunes to be made. Businessmen and real estate moguls gambled

on the next boom; those who played their cards right emerged with sudden and tremendous

wealth. Blasted in the press as greedy parvenues and robber barons and excluded from both

eastern and transplanted western society as nouveaux riches, these wealthy Californians were

left to hope that by leaving suitable endowments behind, they would be remembered by future

generations for something other than their moneymaking. What better symbol of open-

mindedness, scientific dedication, and vision than a large telescope, permanently named after

its donor? Built on a massive foundation of granite, under a majestic dome, literally and

symbolically reaching out to the heavens, a telescope would be a glorious memorial for a man

eager to transform a quick fortune into an eternal monument.Lick’s friend, David Jackson

Staples, tried to persuade him that the traffic on Market Street in San Francisco would disturb

an instrument as delicate as an astronomical telescope, and that the location would certainly

be too foggy to be useful. Lick was reluctant to abandon the location where people would be

able to see his great telescope, so a battery of lawyers was called in to negotiate with Lick.

They were as skillful at getting the money as Lick had been at making it. When they finished,

Lick had bequeathed seven hundred thousand dollars to the Regents of the University of

California for “a powerful telescope, superior to and more powerful than any telescope ever yet

made.” There were few constraints on the bequest, and the grant was generous enough to

allow the planners of the new telescope free rein to design any kind of instrument they

wanted.Their first decision was whether to use a lens or a mirror to gather the light. Galileo’s

telescope had been a refractor, using lenses to bend, or refract, the light from distant objects.

Newton, a century later, used a reflector, with a parabolic mirror to gather and focus the light.

Each had advantages and problems, and, as with so many technologies, over the years the

pendulum of astronomical preference swung back and forth.By the late nineteenth century,

refractors—the familiar telescope built with an objective lens at one end of a long tube and an

eyepiece at the other—had been the telescope of choice for many years, especially in the

United States. The disaster of a huge reflector attempted in Australia in the 1850s had stopped

reflector building for decades, and there were several American opticians who had built fine

refractors, but few who had ground large mirrors. A refractor, which excels at high-

magnification study of planets and nearby objects, and at photometric and statistical

measurements, also fit into the observation programs then prevailing at most observatories.

The Lick Trust decided on the safe course of a refractor and ordered two thirty-six-inch-

diameter glass disks, each larger than any piece of glass ever cast, from Feil & Cie. of Paris.

France had been for many years the only country with glass technology and experience

adequate to cast large glass disks of the required clarity and consistency.The objective lens of

a refractor is normally built of two elements, one of flint glass, the other of crown glass, figured

and sandwiched together to function as a single lens. The combination of two different

formulations of glass is an effort to counter or correct chromatic aberration, the varying

refraction or bending of light of different colors. Without correction of the aberration, it would be

impossible to focus a sharp image of a star.The flint-glass element for the Lick telescope was

cast successfully, but the initial effort at a crown-glass blank cracked when it was packed for

shipment. The Feil brothers worked for two years to cast a second satisfactory crown blank and

ultimately went into bankruptcy before the elder Feil came back, took charge, and in 1885

shipped a satisfactory disk to be figured for the Lick telescope.The mounting of the big



telescope was entrusted to the firm of Warner & Swasey of Cleveland, Ohio. Worcester Reed

Warner and Ambrose Swasey, both born on New England farms, met as apprentices and

worked at Pratt and Whitney in Hartford, Connecticut, before starting their own business

designing and manufacturing fine machine tools. Swasey’s skills were designing and building

machine tools; Warner was a production line expert and amateur telescope maker. Their first

effort at a telescope mount, for Beloit College in Wisconsin, proved so successful that a

Warner & Swasey mount became the mark of a fine telescope.They were the high bidders on

the mounting for the Lick telescope, but with an obviously superior design that the Lick Trust

accepted. The mounting for a large refractor has to hold and point the long, heavy tube of the

telescope with exacting precision and move it around a polar axis for east-west motion parallel

to the axis of the earth, and a declination axis for north-south motion, so that the telescope

follows the apparent movement of celestial objects as the earth turns during the night. The only

practical design for a refractor was one that supported the long tube in the middle, which

meant that as the telescope rose and fell in altitude from the horizon to the zenith, the eyepiece

would swing in a large arc up and down. To allow for the motion the telescope had to be

mounted on a tall pedestal, with ladders, a lift, and a movable floor provided to make the

working end of the telescope accessible to observers and for the installation of cameras,

spectroscopes, and other devices. To achieve the rigidity required for astrophotography with a

structure this large was a considerable challenge of machine design and construction.The third

big decision about the telescope was location. This was in some respects the biggest

innovation of the project. In a bold move the new observatory was sited not on a university

campus in a large city, which had been the norm for telescopes, but on remote Mount

Hamilton, a coastal peak near San Jose, far from the loom of light pollution of the cities and

high enough for the night atmosphere above the observatory to be still and clear. Carrying the

components of a huge, high-precision optical device up the steep paths to the mountaintop

proved a greater challenge than anyone had anticipated, and it took longer to finish the

observatory than even the pessimists prophesied. Lick died in 1879 without ever seeing the

completed instrument that would bear his name. His body was interred beneath the pedestal of

the telescope.The telescope saw first light later that year and was an immediate success.

Astronomers from eastern universities, hearing of the number of cloud-free nights, the quality

of the seeing, and the light-gathering power of the new telescope, clamored for invitations to

the observatory.Hale heard about the Lick telescope from his mentor Sherburne Burnham in

Chicago, but it was not until his honeymoon trip that he had a chance to visit the famed site.

Access was by a rugged trail, six hours and 366 hairpin turns by horse-drawn stage from San

Jose; the peak, even with the telescope and housing facilities, was bleak. But the skies were all

that Burnham had described. Evelina was bored in California, eager to leave after a short visit,

and frustrated when Hale extended their stay on the mountain. She didn’t realize that George

Hale had found his destiny.Hale declined an offer to stay and work at Lick. He had already

planned a career as an independent astronomer, his father had agreed to build him a private

observatory in Chicago, and the equipment had been ordered: an excellent twelve-inch

refractor from the fine firm of John Brashear, with a mounting from the same Warner & Swasey

shop that had built the mounting for the Lick telescope.When they returned to Chicago, George

and Evelina moved in with George’s mother, now a recluse in her darkened upstairs room.

George spent all his time at his new observatory, leaving Evelina to care for his mother. Evelina

proposed that they set up housekeeping on their own, but George’s mother wouldn’t hear of it.

Other people, she said, would think she had thrown them out.About the time that George’s

Kenwood Observatory was almost finished, William Harper, the president of the new University



of Chicago, was taking advantage of the seemingly limitless backing of Rockefeller money to

recruit the finest talent in every field to his faculty. He proposed that Hale and his observatory

join the University as the nucleus of an astronomy department. Put off by Harper’s

aggressiveness, Hale turned down the offer.Harper could be as stubborn as George Hale. He

negotiated with George’s father, and after he persuaded the famed physicist Albert Michelson,

the first American recipient of a Nobel Prize in physics, to accept the chair of physics at the

new school, he used the prestigious appointment as leverage to strike a deal that would give

George Hale a year to evaluate a university appointment before his father gave the Kenwood

Observatory and $25,000 to the University of Chicago. A clause of the agreement specified

that the University would subsequently raise $250,000 for a larger observatory facility. William

Hale was a good enough businessman to expect a proper return on his investments, including

those he made in his son’s career.George was so absorbed in his work at the observatory that

he begged off almost all social engagements and other distractions. It was months before

Evelina could drag him away for a vacation at Lake Saranac, New York. Even on holiday

George couldn’t relax away from his telescope. He finally abandoned the pretense of fly fishing

to sneak off to Rochester and a meeting of the American Association for the Advancement of

Science. There he overheard Alvan Clark talking about a pair of glass blanks—the largest ever

cast—which were in his shop.Clark explained that shortly after the opening of the Lick

Observatory, a group of supporters of the University of Southern California, anxious that

Southern California not be outdone by anything in Northern California, had made plans for an

even larger telescope. They organized their publicity before their funding and made sure that

Scientific American reported that although the new telescope would be only one-ninth greater

in diameter than the Lick telescope, its light-grasp would be one-fourth greater and that “the

existence of a large city on the moon would readily be detected by the telescope.” They

ordered two forty-inch glass blanks from the Paris firm of M. Manto is—there was still no

American firm that could pour large glass castings. The blanks were successfully cast and

shipped to Alvan Clark, who had built George Hale’s first telescope, to be ground and figured.

Warner & Swasey got the contract to build a mounting for the new telescope.Before Clark

began grinding the disks, the crash of 1893 popped the real estate bubble in Southern

California. The businessmen who had pledged funds for the telescope decided that they had

other priorities more important than beating Northern California in a telescope race, and the

huge glass disks, unground and unpaid-for, languished in Alvan Clark’s Massachusetts

shop.Hale excitedly pulled Clark aside. What, he asked, would it take to figure those disks into

the objective lens for a large refractor? Clark gave him a rough estimate, and they discussed

details of mounting, housing, and siting a telescope that large. From that day Hale was a man

possessed. He had always dreamed of bigger and better instruments. Now he would build the

biggest and best telescope in the world. He would site it in a fully equipped observatory, with

laboratories right on the premises, with instruments like no others that had ever been built. All

he needed, he calculated, was three hundred thousand dollars.In the 1890s it was a

considerable but not impossible sum. George Hale had grown up with wealth, and he knew

there were many men in Chicago who could afford it. The Hale name gave him a ready

introduction, and he wasn’t embarrassed to make his pitch for a telescope. For months he

made the rounds of offices and homes of Chicago society, proposing his venture to anyone

who would listen, his eyes sparkling with enthusiasm as he described his proposed

observatory and what it could accomplish for science. Astronomy, he told anyone willing to

listen, was ready for a revolution.Hale did his best to explain that the old astronomy, men

looking through telescopes to sketch what they saw, was exhausted. His proposal was



something entirely different, an observatory equipped with the most modern laboratories and

facilities, darkrooms, and spectroscopes. But no matter how enthusiastic his pitch, he found no

takers. Times had changed, potential donors told him. Money was tough, the climate was

wrong, this wasn’t the moment. For George Hale it was a good lesson in the vagaries of fund-

raising.Finally, on a tip from a mutual friend, Hale approached the streetcar magnate Charles

Tyson Yerkes. Friends called him “Yerkes the Boodler.” The Boodler liked the idea of a

telescope with his name on it. When Hale promised that the telescope would be the largest in

the world, bigger than the one at the famed Lick Observatory, Yerkes liked the idea enough to

call in the press. “Here’s a million dollars,” he was quoted as saying in the Chicago Tribune. “If

you want more, say so. You shall have all you need if you’ll only lick the Lick.”Yerkes’

farsightedness and vision—always good terms for the donor of a telescope—dimmed

considerably as the time came around to make good on his commitments. When he realized

that the observatory would be at a remote site, and that much of the funding would go to

laboratories and other facilities that were far less flashy and less likely to attract favorable

publicity than the big telescope, Yerkes balked. Hale, relentless, cajoled Yerkes to follow

through on his pledges, pressured contractors to get the work done, negotiated with local and

university officials, and mediated between the perfectionists who would fiddle with the lenses

and machines forever and the astronomers eager to use their new facility. The strain of the

project, especially the battles with Yerkes, took their toll. Hale began suffering recurrent

headaches, sometimes bad enough to keep him home in bed.Friends, noticing his

nervousness and anxiety, urged him to go easy. The optician John Brashear, who knew Hale

from years of dealings on optical equipment, wrote, “You have a big responsibility on your

hands … the only thing I beg you to look out for, don’t overwork yourself. … delegate all the

work you can. Save yourself for that—which you can do better than anyone can do for

you.”George Hale was twenty-four years old.Despite the headaches Hale got the telescope and

the observatory built. Yerkes, at what was then a remote site on the shores of Lake Geneva,

eighty miles north of Chicago, emerged the most complete observatory in the world. The great

forty-inch refractor, with its Clark lenses and Warner & Swasey mounting, was considered a

sufficient engineering marvel to be exhibited at the 1892 World Exposition in Chicago.In spite

of routine winter temperatures at the observatory of-20°F, Hale attracted extraordinary optical

and astronomical talent to Yerkes. For a period he could boast having the best observers and

the best glass grinders in the world together under the domes and in the laboratories. Those

who had seen the toll the construction took on George Hale urged him to settle down to the

promising career of director of the great observatory. But even before Yerkes was dedicated,

George Hale had a new idea.In his own studies, with solar telescopes, Hale used a

spectrograph to study the chemical composition of the sun. By identifying lines in the

spectrogram that corresponded to the emission or absorption of particular materials, he could

identify the presence of various elements in the sun—almost as accurately as if he had a

sample of solar material in a laboratory. Knowing the chemical composition of the sun and the

solar atmosphere, astronomers could begin to ask what chemical or atomic processes were at

work to create energy and light. What, Hale asked, if the same techniques that he applied to

the sun could be applied to distant stars? It would be a whole new field, astrophysics, a

discipline devoted to trying to determine what the stars and other celestial bodies outside our

solar system were made of and what processes created the enormous energy in them. Once

astronomers and physicists made some headway on those questions, they could take on the

even grander field of cosmology, which tried to understand how the universe was put together,

to discern the size, shape, structure, and origin of the cosmos.The answers to those questions



would demand telescopes far more powerful than even the great Lick and Yerkes instruments.

Hale’s new dream was a huge new telescope, somewhere out in the clear air of California,

where cloudless mountaintop skies provided night after night of good seeing, and where a

facility could be all but immune to light pollution from urban illumination. The telescope Hale

had in mind would not only be even bigger than the great Yerkes, but it would turn the circle

from refractors, like the Lick and Yerkes telescopes, back to reflectors, like the telescope

Newton had once used, relying on a mirror instead of a lens to gather and focus the faint light

from distant objects.The technology of refractors was temporarily exhausted. It might have

been possible to cast and grind larger glass lenses than the forty-inch-diameter disks in the

Yerkes refractor, but the sheer weight and fragility of the enormous glass disks, which can be

supported only at the edges, and the engineering of the long tube, which must rigidly hold and

point the lenses, had reached their limits. In France a refractor with lenses close to sixty inches

in diameter was built and displayed at the Paris Exhibition of 1900, but it was not successful as

a telescope. Even if a bigger refractor could be built, a reflector had many arguments in its

favor for astrophysics research.The light of a star or other distant object goes through the

objective lens of a refractor. Because light of various colors bends, or refracts, differently as it

goes through the glass, a refractor is not achromatic; the lens forms a series of images of

different wavelengths. Only some of these effects can be corrected. A reflector, by using the

surface of a mirror to focus the light, avoids this problem. The optics of a big reflector are also

easier to grind and polish. Instead of four surfaces of glass to grind, figure, and polish, two on

each of the elements that are sandwiched to make up an objective lens, a reflector requires

only a single optical surface, the face of the primary mirror.Finally, the physical mounting of a

refractor, with its long, rigid tube supporting the objective lens at one end and an eyepiece or

instrument at the other, presents difficult engineering problems as the instrument gets larger.

The long tube must be balanced on its equatorial mounting, and for the telescope to reach all

areas of the sky, the mounting must be on a tall pillar. When the telescope is pointed toward

targets of low altitude, the eyepiece is high off the floor, out of reach of the observer or his

cameras. At Lick and Yerkes this problem was solved by having the entire floor of the

observatory rise and fall around the fixed telescope mounting pillar. An early accident with the

moving floor was another hint that refractors were approaching their technical limits.Because

the light can be bounced back up the tube from the primary mirror to a secondary mirror, in

effect folding the focal path of the telescope, a reflector can be built with a relatively short tube,

short enough in most instances for the telescope to be mounted in a movable fork with its pivot

point close to the primary mirror. Without the weight of a heavy lens to support at the far end of

the tube, the reflector can use an open tube, resulting in a lighter structure and greatly

simplifying the construction of the instrument.The reflector is also more versatile than a

refractor. The eyepiece, or more typically for a large instrument, the cameras or spectrograph,

of a reflector can be mounted at one side of the high end of the tube, in what is called the

Newtonian position, after Newton’s early design. The light from the primary mirror is deflected

to the Newtonian focus with a small diagonal mirror suspended inside the telescope. It is also

possible to bounce the light from a secondary mirror back through a hole in the center of the

main mirror so that cameras and other instruments can be mounted at the base, or supported

end of the tube at what is known as the Cassegrain focus. With additional mirrors, the light can

be directed to a fixed Coudé position of extreme focal length in a separate temperature and

humidity-controlled room. Finally, if the telescope is big enough, the light can be deflected

through the hubs of the declination axis, to Nasmyth foci on either side of the telescope. The

different foci, each with different focal lengths, add up to increased versatility for the



reflector.When George Hale began thinking about a new telescope, the arguments for a

reflector weren’t only theoretical. In 1895, the same year that the lenses for the great refractor

at Yerkes were finally finished, Edward Crossley of Halifax, England, presented the thirty-six-

inch Calver-Common reflector to the Lick Observatory. The new reflector was overshadowed in

publicity by the larger telescope at Yerkes. While Yerkes’ telescope dominated the press, the

mirror of what came to be known as the Crossley reflector was quietly refigured and a new

mounting built for photographic work. Keeler, the director of the Lick Observatory, used the

Crossley, the first large reflector in the United States, to reveal an immense number of spiral

nebulae that had never before been recorded.The Crossley was an awkward telescope to use,

with a stiff mount that required a kick from time to time to get it to behave, but so many spiral

nebulae could be photographed, or even seen visually with the telescope, that it raised

disturbing cosmological questions. Heber Curtis’s continuation of this study provided the

background for his contributions to the great debate in Washington.Hale kept abreast of the

work with the Crossley reflector at Lick. The incentive of following up on that work, and a

program to extend the detailed spectrographic studies Hale had made of the sun to distant

stars, was a compelling agenda for a big reflector. And when the headstrong young director of

Yerkes Observatory got an idea in his head, there was no stopping him. Before the forty-inch

refractor at the Yerkes Observatory was dedicated, Hale persuaded his father to contribute the

funds to have a sixty-inch glass blank—the largest piece of glass the French foundries could

mold in a single pour—cast for a giant reflector. William Hale made it clear that his gift was

seed money; he would pay for the glass blank and nothing more. It would be up to George to

find the money elsewhere to have mirror and other optical surfaces ground, to mount the

telescope, and to build an observatory. George accepted the challenge.The Saint-Gobain

glassworks in France successfully poured the disk. It was annealed—heated, then gradually

cooled over a period of months to avoid strains in the glass from rapid cooling—and shipped to

Yerkes. Although funding to complete the project was nowhere in sight, Hale had a colleague at

Yerkes, George W. Ritchey, begin grinding the mirror.Ritchey had little academic training, but

he had built several telescopes as a student at the University of Cincinnati, and in 1888 he set

up a laboratory at home in Chicago before coming to work for Hale at the Kenwood

Observatory. From Kenwood he moved on with Hale to Yerkes. Among astronomers Ritchey

was known for his fierce concentration and what one colleague called “the temperament of an

artist and a thousand prima donnas.” Ritchey would sometimes spend hours on a single

photograph, setting and resetting the focus until it was exactly right, waiting for the perfect

seeing conditions, then concentrating so intensely on guiding the fine motions of the telescope

that an explosion nearby would not have distracted him. The resulting photograph would be an

artistic masterpiece—except when Ritchey, lost in his concentration, neglected to record the

date, time, or sky conditions, so that the plate was useless for scientific purposes.Though hard

on colleagues, Ritchey’s perfectionism was ideal in the optics laboratory. He was delighted to

seal himself off for hours, even days, at a time, allowing no one near his project, ruling over his

domain as an absolute tyrant while he patiently ground, then polished the disk.While Ritchey

began grinding the sixty-inch disk at Yerkes to the optical shape the future telescope would

require, George Hale pounded the pavements again, making his pitch for funds to build the

sixty-inch telescope. In 1901 he persuaded John D. Rockefeller to visit Yerkes Observatory. The

usual show for VIPs was to mount an eyepiece on the telescope and point it to familiar objects

for the entertainment and enlightenment of the visitor, but clouds covered the sky most of the

day and evening of Rockefeller’s visit. Instead Hale took Rockefeller to the optical laboratory

where Ritchey was working on the sixty-inch mirror. Ritchey showed off the procedures and



tests used to figure and test a mirror. In one test Ritchey put his finger on the glass surface for

a minute, then demonstrated that the distortion of the surface from the heat of his finger could

actually be measured. Rockefeller was fascinated by the sensitivity of the test and asked to see

it again. But interest wasn’t commitment, and Rockefeller wasn’t willing to fund Hale’s

telescope. Nor, it appeared, was anyone else. Hale ran out of pavement to pound. The days of

big telescope bequests seemed to be over.Then, in 1902, Andrew Carnegie announced his gift

of $10 million to establish the Carnegie Institution of Washington, “to encourage investigation,

research and discovery in the broadest and most liberal manner, and the application of

knowledge to the improvement of mankind.” Hale knew one member of the board of directors of

the new institution, the legendary Elihu Root, secretary of war in Theodore Roosevelt’s cabinet.

Root’s father, Oren Root, was a mathematician and astronomer at Hamilton College in upstate

New York. Hale was convinced that Root had persuaded Carnegie to give the money.He wasn’t

entirely wrong. Carnegie’s original plan was to donate the money to a quasi-public body that

would be under the authority of the president and Congress. President Theodore Roosevelt

liked the idea. Nicholas Butler, the president of Columbia University, argued against it. At ten

o’clock one night, when their discussions at the White House hit an impasse, Butler suggested

that they call Elihu Root, famed for his cool intellect, to solicit his views. Root, openly grumpy

about being telephoned so late, came over to the White House, read through the proposal and

asked the president, “What damn fool suggested this idea?” With that Carnegie decided to

establish an independent body, the Carnegie Institution, to administer his bequest. Root was a

charter member of the board and later became vice chairman, then chairman.Ever thorough,

Hale prepared his pitch to the new organization by reading Carnegie’s writings. Carnegie had

publicly expressed his admiration for Lick’s telescope bequest: “If any millionaire be interested

in the ennobling study of astronomy—here is an example which could well be followed, for the

progress made in astronomical instruments and appliances is so great and continuous that

every few years a new telescope might judiciously be given to one of the observatories upon

this continent, the last always being the largest and best, and certain to carry further and

further the knowledge of the universe and our relation to it here upon earth.” To George Hale

that sounded like an invitation.Hale launched an appeal to Carnegie with a barrage of letters,

photographs, recommendations from other astronomers, and exhibits of what a big reflector

could do compared to even the large refractors at Lick and Yerkes. Edward Pickering, director

of the Harvard College Observatory, who had been chosen to chair the Advisory Committee on

Astronomy for the new Carnegie Institution, asked Hale to join the committee. Hale was thrilled

at the invitation, but even a position as an insider didn’t help with his pet project. Like many

philanthropists Carnegie preferred to initiate programs, rather than finish programs started by

someone else.The first substantial astronomy grant the Carnegie Institution made was to

support J. W. Hussey of the Lick Observatory in an expedition to search for possible sites in the

United States, Australia, or New Zealand for “a southern and solar observatory.” Hale’s own

work was in solar astronomy, and when Hussey set off in 1903, Hale followed his reports of the

excellent atmospheric conditions in Southern California. One site Hussey visited was a remote

mountain rising above the desert roughly halfway between Los Angeles and San Diego.

“Nothing prepares one for the surprise of Palomar,” Hussey wrote.There it stands, a hanging

garden above the arid lands. Springs of water burst out of the hillsides and cross the roads in

rivulets. The road is through forests that a king might covet—oak and cedar and stately fir. A

valley where the cattle stand knee deep in grass has on one side a line of hills as desolate as

Nevada; on the other side majestic slopes of pines.The observing conditions at a station some

thirty miles southeast of Palomar were so bad that Hussey didn’t bother taking his telescope



and measuring equipment to Palomar. The mountain had no regular stage or telephone and

could be reached only by a road laid out with a 10 percent grade and some steeper portions; it

was too remote for an observatory in 1903. But Hale would long remember the description, and

Hussey’s raptures of the beauty of the spot and the clarity of the seeing. On the basis of

Hussey’s reports, the Carnegie Institution chose Wilson’s Peak, close to Pasadena, as the site

for a solar observatory and, Hale hoped, the sixty-inch telescope.Even with a site selected for

the future observatory, the partly ground sixty-inch mirror languished in the basement optics

laboratory at Yerkes, waiting for money to finish figuring the mirror and to build a mounting for a

telescope. In 1904 the Carnegie Institution gave Hale $10,000 for Mount Wilson, and even that

was only a token grant, barely enough to keep Hale’s hopes up. He paid $27,000 out of his

own funds to keep the work going. It wasn’t until the marine biologist Alexander Agassiz

decided not to accept a $65,000 per year grant for two years of research from Carnegie that

Hale got a substantial grant for the sixty-inch telescope.By then, the grinding of the disk had

already gone as far as it could in the optical lab at Yerkes. The funds from the Carnegie

Institution let Hale appoint Ritchey director of new optical and mechanical labs that were being

constructed in Pasadena, close to what Hale hoped would be the site of the telescope on

Mount Wilson. Hale himself moved to Pasadena to be near the project. In California he began a

friendship with an attractive young woman named Alicia Mosgrove, who may have become his

mistress. Hale was a discreet and private man. Evelina Hale, who later knew Miss Mosgrove,

seems not to have known about George Hale’s relationship with her.The optical laboratory in

Pasadena was built with what were, for the time, unusual precautions. To keep dust off the

grinding surfaces, the walls and ceiling were shellacked, and all air entering the room was

filtered. During the final polishing operations the painted cement floor was kept wet, and a

canvas screen was suspended over the mirror surface to protect it from airborne dust. Double

windows and special heating equipment kept the shop and the disk at a steady

temperature.The sixty-inch glass disk was eight inches thick and weighed a ton. The turntable

that held the blank was cushioned with two thicknesses of Brussels carpet, the looped threads

serving as a spring mounting. For the first time carborundum was used as the abrasive to grind

the glass. Carborundum, which had been invented in 1898 and first made at the Niagara Falls

Elstree Works, was six times as effective at cutting as the emery powder it replaced, which

reduced the time for rough grinding the shape of the sixty-inch disk from years to months. The

quick-cutting abrasive also raised the price of an error. Ritchey’s reaction to that possibility was

to become even more protective of his new lair than he had been in the optics lab at Yerkes.

When the new optical lab was finally in operation, only Ritchey, dressed in a surgeon’s cap and

gown, was allowed through the door.Month after month he worked on the mirror, first grinding

the disk to a rough spherical shape, then reshaping it to a parabola, and finally polishing the

disk to the final optical surface. In spite of the extraordinary precautions, one morning in April

1907, while the mirror was being polished to its final figure, the surface was found covered with

scratches. The cause was never discovered, but the scratches were serious enough that the

mirror had to be reground, delaying the completion and putting new pressures on George

Hale’s strained budget for the telescope.It wasn’t just the mirror that raised the ante for the new

project. The initial reports on the Mount Wilson site had been favorable. Hale hiked up the

mountain himself to test the quality of the seeing, even climbed trees on top of the mountain

with a small solar telescope, hoping the slight additional elevation would escape the effects of

ground heat on the optics of the telescope. He scribbled notes that might be thought unusual

for an astronomer:Hay about 2c a lb. at top.Grain about 2c a lb. at top.Burros need about 100

lbs. a week of hay and grain together.Burro cost about $25 with saddle, pack saddle, panniers,



rope.Basset & Son have 4 year lease of everything, road etc.The conditions on the mountain

were rough on men and equipment. Before a road adequate for tractors and dollies was finally

built, components of the early solar telescopes and the heavy mounting for the sixty-inch

telescope had to be carried up the narrow trail on the back of a donkey, mule, or man. On one

early trip an unbroken burro rolled over with a valuable spectrograph prism on his back,

destroying it. It was the price they paid for a good site.It was 1908 before the sixty-inch

telescope was ready. Ritchey had polished the great mirror for four years. The mountings, cast

at the Union Iron Works, were almost lost in the San Francisco earthquake and fire. To reduce

the friction on the bearings, the fork that held the telescope tube was mounted on a ten-foot-

diameter float in a tank of mercury. The drive gears, marked off with a finely graduated circle

fixed to the polar axis, had been ground to a precise shape and polished with jeweler’s rouge.

To keep the mirrors of the telescope at a steady temperature, the dome was fitted with a

canvas screen on a skeleton framework, and the mounting of the telescope was encased in

blankets during the day. The shutters of the dome, fitted so they were almost airtight, were kept

closed until shortly before sunset each evening. These precautions were dismissed as extreme

by astronomers at eastern universities, until tests demonstrated that the mirror retained its

figure during the temperature changes from day to night so well that it was optically as perfect

at midnight at the site as when it had been tested in the temperature-controlled shop.First light

with the new telescope was in December 1908. To their delight the astronomers were able to

obtain “perfectly round” star images of 1.03 seconds of arc—phenomenal resolution by

comparison to other large telescopes. These images required exposures of eleven hours,

during which the guiding mechanism of the telescope had to be corrected by hand. By 1910,

with improved photographic emulsions, exposures of only four hours yielded images of stars of

magnitude twenty—an improvement of several magnitudes over all previous telescopes.As the

work on Mount Wilson progressed, Hale resigned from Yerkes and was appointed director of

the new Mount Wilson Observatories, a division of the Carnegie Institution of Washington. The

new laboratories and offices on Santa Barbara Street in Pasadena were the most modern in

the world. With the lure of the solar telescopes on the mountain and the new sixty-inch

reflector, Hale assembled a talented cast of astronomers at Mount Wilson. But even the sixty-

inch reflector on Mount Wilson—the biggest telescope in the world and the first to be built with

a mounting and guidance system of the precision and temperature stability that long

photographic and spectrographic exposures of distant, faint objects would require—wasn’t

enough to satisfy George Hale.4The WhirligusThe competition for bigger and better machines

was the spirit of the times. The years when Hale was guiding the construction of the forty-inch

refractor at Yerkes, then the sixty-inch reflector at Mount Wilson, were the years of the great

dreadnaught-building contest between Great Britain and Germany, an arms race as frightening

to contemporaries as the nuclear arms race would be to a later generation. One country would

launch a great battleship, then the other would counter with an even bigger battleship,

extending the technology of armor, ballistics, and explosives until they provoked yet another

generation of ships with larger displacements and more guns. Cartoonists and editorial writers

goaded the competition, as the huge ships became symbols of national pride.A parallel

competition took place in architecture and technology. In France, Gustave Eiffel’s tower

temporarily won the race for greater heights, but architects and developers in the United States

were already dreaming of taller buildings. In Britain and the United States, Isambard Kingdom

Brunel and John Roebling raced to build longer and taller bridges than the world had ever

known. The Panama Canal, thought an impossible engineering feat after Ferdinand de

Lessepss catastrophic failure, was nearing completion by American engineers, as important as



a symbol of the triumph of American engineering as for military strategy and commerce of a

nation with coastlines on two oceans. New York was building subways and massive aqueducts;

the railroads were conquering mountain passes; aircraft engineers were building bigger and

better flying machines.George Hale had no competition in the telescope race, but each

achievement of technology, each leap further into the cosmos that a big telescope provided,

fueled the dream of reaching still further. Even before first light on the sixty-inch telescope,

Hale approached a hardware merchant in Los Angeles, John D. Hooker, with the idea that he

donate the money for the mirror of a still-larger telescope. Hale had bought hardware from

Hooker’s company for the observatory, and he knew that investments in the oil industry had

made Hooker a very wealthy man.When George Hale called on Hooker in 1906, at his

spacious two-story colonial home on West Adams Street, with its grand, wicker-furnished

porches overlooking the gardens, Hooker had already lived in Los Angeles for twenty years,

long enough to establish a reputation as a community leader and philanthropist. Still, he was

flattered to be called on by a distinguished scientist; that same year Hale had been offered and

had declined the presidency of MIT and a chance to become the secretary of the Smithsonian

Institution. When the enthusiastic Hale described what an 84-inch telescope could do, and the

attention that the astronomical discoveries it would make would draw to the telescope and its

donor, Hooker asked how much the mirror would cost. Hale said $25,000. Within a few days

Hooker pledged $45,000, on the condition that the new telescope that would bear his name be

the largest in the world.Though for different reasons, both the donor and the fund-raiser were

convinced that bigger was better. To be sure that it wouldn’t be topped by any competitor,

Hooker and Hale later agreed to increase the size of the proposed telescope to one hundred

inches, a nice round number.The trustees of the Carnegie Institution accepted the gift from

Hooker with the understanding that they would not commit to mount the mirror—that if further

funds were not found to build a telescope, the mirror, and the project, might languish. The order

to pour the disk went out in September of 1906 to the Saint-Gobain glassworks, the only

foundry that would even attempt to cast and anneal a one-hundred-inch-diameter glass

blank.Even Saint-Gobain, which had successfully poured the 60-inch blank, did not have

crucibles large enough to melt the five tons of glass required for the new disk. They calculated

that the mold would have to be filled with three successive pours of plate glass of one and a

half tons of glass each—a technique that had never been tried. After preliminary trials Saint-

Gobain produced a glass disk 101 inches across and 13 inches thick, weighing more than four

and one-half tons. It was the largest plate glass casting ever poured.The disk was annealed for

a full year before Hale received notice that the blank had been successfully cast. Three months

later, when the blank was shipped to Hoboken, New Jersey, the New York papers called it the

most valuable single piece of merchandise ever shipped. From Hoboken the disk was

reshipped to New Orleans and then brought overland to Pasadena, where it arrived on

December 7, 1908, the very day the 60-inch telescope was set in place on Mount Wilson.Hale

and Ritchey watched impatiently as layer after layer of packing materials were stripped off the

disk. Finally the crating was gone, and the two men got their chance to examine the immense

mass of glass.They were appalled at what they found. There were heavy sheets of bubbles

between the layers, where the glass from successive pours had not fused completely.

Preliminary tests with a light source and a polarimeter (a device to measure strains in the

glass) indicated that the long annealing process had resulted in partial devitrification, a

breakdown of the internal structure of the glass. The disk appeared to have lost both strength

and rigidity. Hale and Ritchey agreed that it was unlikely that the disk would take, let alone

retain, a good surface figure. After hearing Ritchey’s verdict, Hooker announced that he would



not pay for the blank.Hale called on Hooker to urge patience and to persuade the businessman

that if he withdrew his commitment of funds it would never be possible to build the great

telescope. Hooker refused to receive him. Hale came back again and again, presenting his

card to Hooker’s butler. Each time Hooker refused to see him, and Hale was left to make small

talk with Mrs. Hooker. Mrs. Hooker collected books and supervised the plantings, fashioning

her gardens in what she called a “palazzo style.” With his slight mien and oval glasses, George

Hale radiated a boyish energy. He was well read and willing to talk about Mrs. Hooker’s hobby

of collecting fine book bindings in the Italian style. He asked her to teach him Italian. Unknown

to Hale, Hooker was fiercely jealous of his wife. He got angrier with each visit Hale made.Hale

estimated that he would need another five hundred thousand dollars from the Carnegie

Institution or other sources to build the telescope. He kept up his rounds of calls, but no one

wanted to pour money into a project that seemed to reach too far. The pressures of the search

for funds, pulling at Hale from every direction, took their toll in renewed excruciating

headaches.Hale began confiding in Harold Babcock, a gentle and understanding fellow

astronomer who had recently joined the Mount Wilson staff. He told Babcock about his “terribly

hard dreams,” in which he would sometimes get up in the middle of the night and try to climb

the picture frames on the wall. His letters to his wife hinted at an inchoate anxiety. Others

became aware of Hale’s increasing nervousness and urged him to rest. He refused. With one

telescope barely finished and another seemingly stillborn, there was too much to do.The Saint-

Gobain glassworks agreed to bear the loss for the first one-hundred-inch disk and pour

another. Ritchey was sent to Paris to discuss the arrangements, and before long Saint-Gobain

built a new furnace and annealing oven. They shipped smaller disks to Pasadena for testing.

These blanks would be used for the secondary mirrors of the telescope, and from the

preliminary tests they seemed excellent.During the summer of 1909 the reports of the canals

Percival Lowell thought he saw on Mars filled the newspapers with speculation about the

possibility of life on the Red Planet. The Mount Wilson astronomers had little patience for the

debate about Martians, but during the close approach of Mars that summer, Hale turned the

sixty-inch telescope on Mount Wilson—still the largest in the world by a substantial margin—

toward Mars, took photographs with red-sensitive emulsions, and concluded that the

widespread public belief in canals (fueled by publicity from Lowell and Giovanni Schiaparelli,

an Italian planetary observer who had coined the label canali) was nothing more than wishful

imagination. To Hale and the other astronomers, there were more important tasks for this and

the next big telescope.Within months news arrived that a new one-hundred-inch disk had been

cast at Saint-Gobain and consigned to a manure pile, which would generate and hold a steady

temperature, for annealing. Now all they could do was wait. The news of the new casting was

the perfect background for a visit to Mount Wilson by Andrew Carnegie. Everyone knew that

Carnegie’s personal blessing would go a long way toward assuring the completion of the

telescope.There had been working facilities at the top of the mountain for a decade when

Carnegie visited, but Mount Wilson was still a rugged site, at least when compared to the

refined eastern observatories. A tin-roofed machine shop and library on one side of the

mountain were joined to the other facilities by a narrow balcony and walkway over a one-

thousand-foot sheer drop. The site planned for the one-hundred-inch telescope was across a

gorge that would have to be spanned with a bridge.The famed philanthropist arrived at the

peak wearing a long fur coat, which on his ample girth gave him the appearance of a great

bear. Carnegie, veteran of thousands of VIP tours, was ever the curious observer, asking

questions, taking mental notes on everything he saw. He seemed bored by the huge fixed solar

telescopes that studied the sun during the day, and the great sixty-inch reflector that studied



the heavens at night. Between peeking through the eyepieces and listening to the descriptions

of instruments and research projects, Carnegie’s gaze kept drifting to the stands of ancient

pine trees on the mountaintop, some of them 120 feet tall and 17 feet in diameter. Hale had to

call his attention back to the telescopes.Hale was careful not to make a direct appeal to

Carnegie. He had met the great philanthropist in New York and Washington and knew that

Carnegie liked to distance himself from the nitty-gritty of his eleemosynary projects. Presenting

a proposal required a delicate diplomacy—enough hard sell to be sure Carnegie understood

the importance of the work at Mount Wilson and the need for a larger telescope, interlaced with

a subtle appeal to Carnegie’s oft-stated preferences for what he considered productive science

with a chance of changing the world. Hale did a good job that day. Although Carnegie made no

commitment, he seemed impressed with Hale and the work at the observatory and apparently

enjoyed himself at dinner in the Monastery. Calling the astronomers’ residence the Monastery

was only half facetious. There were no women observers, and observatory policy did not allow

women to spend the night on the mountain.Reading the tea leaves of Carnegie’s remarks and

gestures was an arcane and demanding science. Hale was optimistic, but optimism couldn’t

build a telescope. And while he waited nervously for signs, the strain of overwork and

compulsive worry about progress in France and Pasadena took their toll. Hale tried to work,

juggling his own research, the administration of the observatory, and his efforts to get the new

telescope under way, but the headaches and exhaustion wouldn’t go away. His sunken, gray-

rimmed eyes and pained expression made his suffering obvious to all who met him. In the

language of the day, he had “a bad case of brain congestion and exhaustion.”Nervous

exhaustion was a commonly diagnosed affliction in the first decade of the twentieth century.

Some attributed it to the technological millenialism that the humorist Robert Benchley summed

up in a book title: After 1903—What? For Benchley the big question of the day was: “Are we

living too fast for our nerves?” Whatever the cause, Theodore Dreiser, Theodore Roosevelt,

Frank Norris, William and Henry James, Edith Wharton, and others less celebrated or

chronicled suffered symptoms of exhaustion, depression, nervous prostration, dyspepsia, lack

of appetite, insomnia, and apathy, sometimes complicated by hysteria, invalidism, or

hypochondriasis. It was a peculiarly American affliction, according to New York neurologist

George Beard, who coined the fancy label neurasthenia. The symptoms were real and often

incapacitating, but some sufferers found consolation in identifying neurasthenia as a mark of

intelligence, sensitivity, and spirituality, a disease of intellectuals and leaders in a world that

was changing too fast.The cures ranged from patent medicines for the poor, like Dr.

Hammond’s Nerve and Brain Pills, to expensive rest cures. Teddy Roosevelt and Frederic

Remington went west to seek a cure in the wide open spaces. Elihu Root and Theodore

Dreiser went to Muldoon’s spa, run by a former wrestler and boxer who imposed a regimen of

militaristic discipline and vigorous exercise. The stodgy Mrs. Peniston in Edith Wharton’s The

House of Mirth followed George Hale’s mother’s prescription: Lying down was her “panacea for

all physical and moral disorders.”Alas, none of the cures would work for George Hale. He was

too much the scientist to trust patent medicines, already as far west as he could travel, and too

busy to take time off for a rest cure. His physician, Dr. McBride, urged him to leave Pasadena

for a sustained period of complete rest. Hale refused. He was at a crucial point in his own solar

research, the sixty-inch telescope was just coming into full service, and the one-hundred-inch

project was at a critical juncture. The most he would agree to was to cut back a little. In 1910

the Solar Union scheduled an international meeting at Mount Wilson, the first time a large

academic congress was held at the observatory. Hale was too exhausted to attend more than a

garden party, a single dinner, and one brief meeting on the mountain. When the astronomers



prepared to look through the sixty-inch telescope, Hale’s pride and joy, he had to retire to bed

with a painful headache.He finally agreed to leave Pasadena and Mount Wilson for a much-

needed rest. He chose Europe, far from the day-to-day pressures of the observatory.*Hale was

at the peak of his career as a solar astronomer and the director of the leading observatory of

the world. In Europe he was feted wherever he went, elected a member of the Royal Society of

London, and toasted at receptions at the Paris Observatory, at a stag dinner at Prince

Rothschild’s, and at the International Association of Academies. He spent a day with the

distinguished Dutch physicist H. A. Lorentz and received an honorary doctor of science degree

at Oxford in the company of Oliver Wendell Holmes and Earl Grey, governor-general of

Canada. He visited Saint-Gobain and was cheered by the progress on a new mirror. When he

came home he felt rested, ready for work again.Then the news arrived that the second one-

hundred-inch disk had broken during annealing. The Saint-Gobain glassworks admitted it was

unlikely that they could produce a disk better than the one they had shipped. There were no

other options for the telescope, so Hale suggested another look at the first disk. He recalled

that when he had studied the rejected blank in Pasadena, the bubbles were not close to the

surface. He questioned whether it was possible that despite their threatening appearance, the

bubbles might not interfere with the formation of an optical surface. He fired off telegrams

ordering more tests. Arthur L. Day of the Geophysical Laboratory at the Carnegie Institution

declared after examining the blank that the layer of bubbles strengthened rather than

weakened the disk.Hooker and Ritchey protested. Hooker thought he was investing in

immortality when he offered the funds for the telescope. He had been promised that the

instrument with his name on it would be the largest and most perfect instrument in the world.

Now, he demanded a release from all further obligations if he paid the $45,000 in full.Hale

called on him, urging patience, but Hooker was adamant. He wanted no part of a telescope

built from a flawed disk. Without his funds the project threatened to unravel, and with it the

hope for a new era of astrophysics and cosmology.The new round of squabbles with Hooker

was too much for Hale’s frail health. Ever since the interview with his father before he

graduated MIT, he had grown accustomed, in times of stress, to a painful ringing sensation in

his ears and the ghastly headaches. Now, suddenly, the symptoms were accompanied by an

uncontrollable and frightening vision: A little man appeared, as if in a dream, advising and

berating Hale about the decisions of his life. The medical vocabulary of the time said his

neurasthenia had progressed to nervous prostration. We would call it a nervous

breakdown.The doctors told Hale that that he had to get away again. Hale chose Egypt, via

Menton on the Riviera. He had long been a close friend of James Breasted, the Orientalist on

the University of Chicago faculty who was trying to record the history of the Nile Valley through

hieroglyphs, and Breasted had suggested an itinerary. Once they were abroad Evelina

censored his letters, trying to keep the worries from California at bay. But in each city Hale

sneaked away to the telegraph office to send off queries on the progress of the telescope.No

matter how far he traveled, Hale wasn’t alone. From Egypt to Rome, wherever he went, the little

man appeared in visions, telling Hale that what he was doing wasn’t important, that the books

he was reading didn’t matter, that his plans were nothing. Though George Hale did not confide

in his wife, Evelina could see that her husband’s situation had worsened. She wrote to Walter

Adams, the acting head of the Mount Wilson Observatory: “I wish that glass was in the bottom

of the ocean.”It was when the symptoms were at their worst, the frightening visits of the little

man coming almost daily, that Hale—on a train from Menton to Genoa—spotted a tiny notice in

a copy of Le Petit Niçois, a French Riviera newspaper, that Carnegie had given another ten

million dollars to the Carnegie Institution of Washington. When they arrived he hurried to buy



Corrière della Sera, which confirmed the report and mentioned Carnegie’s special interest in

Mount Wilson and the one-hundred-inch telescope. Hale knew what it meant: Finally the one-

hundred-inch telescope was funded.Ritchey still voiced doubts about the disk, but Hale wired

him to start grinding the preliminary shape into the mirror. Ritchey took even more extreme

precautions for the grinding shop than those that had been taken with the sixty-inch disk.

Because even slight variations in the temperature of the shop would affect the results of any

testing of the surface, Ritchey and Hale decided that the final figuring and testing would be

done only in the summer months. The winter months would be devoted to rough-grinding and

work on the auxiliary mirrors. Ritchey ordered electric fans to circulate the air in the optical

laboratory, to prevent temperature stratification of the air. With this regime figuring the surface

of the mirror from spherical to paraboloid took one year of steady work. Then they stopped to

prepare a sixty-inch-plane-silvered mirror that could be used for optical tests at the focus of the

big mirror, before they would polish the surface to the final figure. Ritchey insisted on working

alone.Hale sailed home in 1911. The doctors were cautious, sending him off to a sanatorium in

Maine for rest and a regimen of wood sawing, copious good food, rests on the floor with a billet

under his spine, daily massage, medicine nine times a day, lectures on the subconscious, and

self-hypnosis exercises. When he finally returned to Pasadena, Dr. McBride limited his

schedule to working from nine to twelve-thirty in the mornings, and warned him that he would

never again be able to return to his previous routine.Doctor’s orders or not, Hale couldn’t relax.

Even Andrew Carnegie urged: “Pray show your good sense by keeping in check your passion

for work, so that you maybe spared to put the capstone upon your career, which should be one

of the most remarkable ever livd [sic].” Hale watched nervously as Ritchey ground and polished

the one-hundred-inch blank. Ritchey had never been an easy man. Now, with the world

watching his progress on the priceless blank, he became even more intractable, raging at

anyone who approached his inner sanctum to inquire about progress on the disk.Ritchey had

his own ideas about telescope design. At his home laboratory he had been experimenting with

using a deep, fast primary mirror and a complex hyperboloid curve in the secondary mirror. The

resulting design would produce a telescope with a large field of sharp focus and a shorter tube

design that could be mounted in a fork like the sixty-inch telescope. For the careful

photographs Ritchey liked to take of deep-space objects, his design would be a boon. But a

wide field of sharp focus was not necessary for the spectrographic studies that would form a

substantial portion of the work of the Mount Wilson telescopes. Given the difficulties of fund-

raising, Hale and Adams would not support experiments on Ritchey’s new designs.Ritchey,

chafing that his ideas were ignored, approached Hooker privately for money to set up his own

shop. Hale, outraged that a colleague would try to divert Hooker’s funds from “the benefit of the

Observatory as a whole” and the “advancement of science” began distancing himself from

Ritchey, drawing up a new contract that limited Ritchey’s privileges at the observatory. When

Ritchey later advertised his telescope-making business and ordered special stationery

imprinted “Professor G. W. Ritchey” with the Mount Wilson Observatory address, the

relationship turned bitter. Ritchey and Hale both claimed credit for an edge-support mechanism

used for testing of the disk. Rumors began to circulate that Ritchey sometimes had strange

attacks when he was alone with the disk, and that he was an epileptic, subject to unpredictable

seizures. He was relieved from any further work on the mirror.Ritchey was furious. When

another optician was given the task of the final figuring and polishing of the mirror, Ritchey

announced that the disk was fundamentally flawed, that it had a “strong” and a “weak” diameter

at right angles to each other and would never work no matter who figured it. Despite Ritchey’s

predictions the opticians kept polishing, gradually bringing the entire surface of the one-



hundred-inch-diameter disk to the required optical figure. A deviation of one-millionth of an inch

would show up on the optical tests, and ultimately in the quality of the images the telescope

produced. The only prescription was more polishing and more testing.
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John Walker, “Fascinating story of the 200 inch Palomar telescope and the birth of Big Science.

George Ellery Hale was the son of a wealthy architect and engineer who made his fortune

installing passenger elevators in the skyscrapers which began to define the skyline of Chicago

as it rebuilt from the great fire of 1871. From early in his life, the young Hale was fascinated by

astronomy, building his own telescope at age 14. Later he would study astronomy at MIT, the

Harvard College Observatory, and in Berlin. Solar astronomy was his first interest, and he

invented new instruments for observing the Sun and discovered the magnetic fields associated

with sunspots.His work led him into an academic career, culminating in his appointment as a

full professor at the University of Chicago in 1897. He was co-founder and first editor of the

Astrophysical Journal, published continuously since 1895. Hale's greatest goal was to move

astronomy from its largely dry concentration on cataloguing stars and measuring planetary

positions into the new science of astrophysics: using observational techniques such as

spectroscopy to study the composition of stars and nebulæ and, by comparing them, begin to

deduce their origin, evolution, and the mechanisms that made them shine. His own work on

solar astronomy pointed the way to this, but the Sun was just one star. Imagine how much

more could be learned when the Sun was compared in detail to the myriad stars visible

through a telescope.But observing the spectra of stars was a light-hungry process, especially

with the insensitive photographic material available around the turn of the 20th century.
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Obtaining the spectrum of all but a few of the brightest stars would require exposure times so

long they would exceed the endurance of observers to operate the small telescopes which

then predominated, over multiple nights. Thus, Hale became interested in larger telescopes,

and the quest for ever more light from the distant universe would occupy him for the rest of his

life.First, he promoted the construction of a 40 inch (102 cm) refractor telescope, accessible

from Chicago at a dark sky site in Wisconsin. At the epoch, universities, government, and

private foundations did not fund such instruments. Hale persuaded Chicago streetcar baron

Charles T. Yerkes to pick up the tab, and Yerkes Observatory was born. Its 40 inch refractor

remains the largest telescope of that kind used for astronomy.There are two principal types of

astronomical telescopes. A refracting telescope has a convex lens at one end of a tube, which

focuses incoming light to an eyepiece or photographic plate at the other end. A reflecting

telescope has a concave mirror at the bottom of the tube, the top end of which is open. Light

enters the tube and falls upon the mirror, which reflects and focuses it upward, where it can be

picked off by another mirror, directly focused on a sensor, or bounced back down through a

hole in the main mirror. There are a multitude of variations in the design of both types of

telescopes, but the fundamental principles of refraction and reflection remain the

same.Refractors have the advantages of simplicity, a sealed tube assembly which keeps out

dust and moisture and excludes air currents which might distort the image but, because light

passes through the lens, must use clear glass free of bubbles, strain lines, or other

irregularities that might interfere with forming a perfect focus. Further, refractors tend to focus

different colours of light at different distances. This makes them less suitable for use in

spectroscopy. Colour performance can be improved by making lenses of two or more different

kinds of glass (an achromatic or apochromatic design), but this further increases the

complexity, difficulty, and cost of manufacturing the lens. At the time of the construction of the

Yerkes refractor, it was believed the limit had been reached for the refractor design and,

indeed, no larger astronomical refractor has been built since.In a reflector, the mirror (usually

made of glass or some glass-like substance) serves only to support an extremely thin (on the

order of a thousand atoms) layer of reflective material (originally silver, but now usually

aluminium). The light never passes through the glass at all, so as long as it is sufficiently

uniform to take on and hold the desired shape, and free of imperfections (such as cracks or

bubbles) that would make the reflecting surface rough, the optical qualities of the glass don't

matter at all. Best of all, a mirror reflects all colours of light in precisely the same way, so it is

ideal for spectrometry (and, later, colour photography).With the Yerkes refractor in operation, it

was natural that Hale would turn to a reflector in his quest for ever more light. He persuaded

his father to put up the money to order a 60 inch (1.5 metre) glass disc from France, and, when

it arrived months later, set one of his co-workers at Yerkes, George W. Ritchey, to begin

grinding the disc into a mirror. All of this was on speculation: there were no funds to build a

telescope, an observatory to house it, nor to acquire a site for the observatory. The persistent

and persuasive Hale approached the recently-founded Carnegie Institution, and eventually

secured grants to build the telescope and observatory on Mount Wilson in California, along

with an optical laboratory in nearby Pasadena. Components for the telescope had to be carried

up the crude trail to the top of the mountain on the backs of mules, donkeys, or men until a new

road allowing the use of tractors was built. In 1908 the sixty inch telescope began operation,

and its optics and mechanics performed superbly. Astronomers could see much deeper into the

heavens. But still, Hale was not satisfied.Even before the sixty inch entered service, he

approached John D. Hooker, a Los Angeles hardware merchant, for seed money to fund the

casting of a mirror blank for an 84 inch telescope, requesting US$ 25,000 (around US$



600,000 today). Discussing the project, Hooker and Hale agreed not to settle for 84, but rather

to go for 100 inches (2.5 metres). Hooker pledged US$ 45,000 to the project, with Hale

promising the telescope would be the largest in the world and bear Hooker's name. Once

again, an order for the disc was placed with the Saint-Gobain glassworks in France, the only

one with experience in such large glass castings. Problems began almost immediately. Saint-

Gobain did not have the capacity to melt the quantity of glass required (four and a half tons) all

at once: they would have to fill the mould in three successive pours. A massive piece of cast

glass (101 inches in diameter and 13 inches thick) cannot simply be allowed to cool naturally

after being poured. If that were to occur, shrinkage of the outer parts of the disc as it cooled

while the inside still remained hot would almost certainly cause the disc to fracture and, even if

it didn't, would create strains within the disc that would render it incapable of holding the

precise figure (curvature) required by the mirror. Instead, the disc must be placed in an

annealing oven, where the temperature is reduced slowly over a period of time, allowing the

internal stresses to be released. So massive was the 100 inch disc that it took a full year to

anneal.When the disc finally arrived in Pasadena, Hale and Ritchey were dismayed by what

they saw, There were sheets of bubbles between the three layers of poured glass, indicating

they had not fused. There was evidence the process of annealing had caused the internal

structure of the glass to begin to break down. It seemed unlikely a suitable mirror could be

made from the disc. After extended negotiations, Saint-Gobain decided to try again, casting a

replacement disc at no additional cost. Months later, they reported the second disc had broken

during annealing, and it was likely no better disc could be produced. Hale decided to proceed

with the original disc. Patiently, he made the case to the Carnegie Institution to fund the

telescope and observatory on Mount Wilson. It would not be until November 1917, eleven

years after the order was placed for the first disc, that the mirror was completed, installed in the

massive new telescope, and ready for astronomers to gaze through the eyepiece for the first

time. The telescope was aimed at brilliant Jupiter.Observers were horrified. Rather than a

sharp image, Jupiter was smeared out over multiple overlapping images, as if multiple mirrors

had been poorly aimed into the eyepiece. Although the mirror had tested to specification in the

optical shop, when placed in the telescope and aimed at the sky, it appeared to be useless for

astronomical work. Recalling that the temperature had fallen rapidly from day to night, the

observers adjourned until three in the morning in the hope that as the mirror continued to cool

down to the nighttime temperature, it would perform better. Indeed, in the early morning hours,

the images were superb. The mirror, made of ordinary plate glass, was subject to thermal

expansion as its temperature changed. It was later determined that the massive disc took

twenty-four hours to cool ten degrees Celsius. Rapid changes in temperature on the mountain

could cause the mirror to misbehave until its temperature stabilised. Observers would have to

cope with its temperamental nature throughout the decades it served astronomical research.As

the 1920s progressed, driven in large part by work done on the 100 inch Hooker telescope on

Mount Wilson, astronomical research became increasingly focused on the “nebulæ”, many of

which the great telescope had revealed were “island universes”, equal in size to our own Milky

Way and immensely distant. Many were so far away and faint that they appeared as only the

barest smudges of light even in long exposures through the 100 inch. Clearly, a larger

telescope was in order. As always, Hale was interested in the challenge. As early as 1921, he

had requested a preliminary design for a three hundred inch (7.6 metre) instrument. Even

based on early sketches, it was clear the magnitude of the project would surpass any scientific

instrument previously contemplated: estimates came to around US$ 12 million (US$ 165

million today). This was before the era of “big science”. In the mid 1920s, when Hale produced



this estimate, one of the most prestigious scientific institutions in the world, the Cavendish

Laboratory at Cambridge, had an annual research budget of less than £ 1000 (around US$

66,500 today). Sums in the millions and academic science simply didn't fit into the same mind,

unless it happened to be that of George Ellery Hale. Using his connections, he approached

people involved with foundations endowed by the Rockefeller fortune. Rockefeller and Carnegie

were competitors in philanthropy: perhaps a Rockefeller institution might be interested in

outdoing the renown Carnegie had obtained by funding the largest telescope in the world.

Slowly, and with an informality which seems unimaginable today, Hale negotiated with the

Rockefeller foundation, with the brash new university in Pasadena which now called itself

Caltech, and with a prickly Carnegie foundation who saw the new telescope as trying to poach

its painfully-assembled technical and scientific staff on Mount Wilson. By mid-1928 a deal was

in hand: a Rockefeller grant for US$ 6 million (US$ 85 million today) to design and build a 200

inch (5 metre) telescope. Caltech was to raise the funds for an endowment to maintain and

operate the instrument once it was completed. Big science had arrived.In discussions with the

Rockefeller foundation, Hale had agreed on a 200 inch aperture, deciding the leap to an

instrument three times the size of the largest existing telescope and the budget that would

require was too great. Even so, there were tremendous technical challenges to be overcome.

The 100 inch demonstrated that plate glass had reached or exceeded its limits. The problems

of distortion due to temperature changes only increase with the size of a mirror, and while the

100 inch was difficult to cope with, a 200 inch would be unusable, even if it could be somehow

cast and annealed (with the latter process probably taking several years). Two promising

alternatives were fused quartz and Pyrex borosilicate glass. Fused quartz has hardly any

thermal expansion at all. Pyrex has about three times greater expansion than quartz, but still

far less than plate glass.Hale contracted with General Electric Company to produce a series of

mirror blanks from fused quartz. GE's legendary inventor Elihu Thomson, second only in

reputation to Thomas Edison, agreed to undertake the project. Troubles began almost

immediately. Every attempt to get rid of bubbles in quartz, which was still very viscous even at

extreme temperatures, failed. A new process, which involved spraying the surface of cast discs

with silica passed through an oxy-hydrogen torch was developed. It required machinery which,

in operation, seemed to surpass visions of hellfire. To build up the coating on a 200 inch disc

would require enough hydrogen to fill two Graf Zeppelins. And still, not a single suitable smaller

disc had been produced from fused quartz.In October 1929, just a year after the public

announcement of the 200 inch telescope project, the U.S. stock market crashed and the

economy began to slow into the great depression. Fortunately, the Rockefeller foundation

invested very conservatively, and lost little in the market chaos, so the grant for the telescope

project remained secure. The deepening depression and the accompanying deflation was a

benefit to the effort because raw material and manufactured goods prices fell in terms of the

grant's dollars, and industrial companies which might not have been interested in a one-off job

like the telescope were hungry for any work that would help them meet their payroll and keep

their workforce employed.In 1931, after three years of failures, expenditures billed at

manufacturing cost by GE which had consumed more than one tenth the entire budget of the

project, and estimates far beyond that for the final mirror, Hale and the project directors

decided to pull the plug on GE and fused quartz. Turning to the alternative of Pyrex, Corning

glassworks bid between US$ 150,000 and 300,000 for the main disc and five smaller auxiliary

discs. Pyrex was already in production at industrial scale and used to make household goods

and laboratory glassware in the millions, so Corning foresaw few problems casting the

telescope discs. Scaling things up is never a simple process, however, and Corning



encountered problems with failures in the moulds, glass contamination, and even a flood

during the annealing process before the big disc was ready for delivery.Getting it from the

factory in New York to the optical shop in California was an epic event and media circus.

Schools let out so students could go down to the railroad tracks and watch the “giant eye” on

its special train make its way across the country. On April 10, 1936, the disc arrived at the

optical shop and work began to turn it into a mirror.With the disc in hand, work on the

telescope structure and observatory could begin in earnest. After an extended period of

investigation, Palomar Mountain had been selected as the site for the great telescope. A rustic

construction camp was built to begin preliminary work. Meanwhile, Westinghouse began to

fabricate components of the telescope mounting, which would include the largest bearing ever

manufactured.But everything depended on the mirror. Without it, there would be no telescope,

and things were not going well in the optical shop. As the disc was ground flat preliminary to

being shaped into the mirror profile, flaws continued to appear on its surface. None of the

earlier smaller discs had contained such defects. Could it be possible that, eight years into the

project, the disc would be found defective and everything would have to start over? The

analysis concluded that the glass had become contaminated as it was poured, and that the

deeper the mirror was ground down the fewer flaws would be discovered. There was nothing to

do but hope for the best and begin.Few jobs demand the patience of the optical craftsman. The

great disc was not ready for its first optical test until September 1938. Then began a process of

polishing and figuring, with weekly tests of the mirror. In August 1941, the mirror was judged to

have the proper focal length and spherical profile. But the mirror needed to be a parabola, not a

sphere, so this was just the start of an even more exacting process of deepening the curve. In

January 1942, the mirror reached the desired parabola to within one wavelength of light. But it

needed to be much better than that. The U.S. was now at war. The uncompleted mirror was

packed away “for the duration”. The optical shop turned to war work.In December 1945, work

resumed on the mirror. In October 1947, it was pronounced finished and ready to install in the

telescope. Eleven and a half years had elapsed since the grinding machine started to work on

the disc. Shipping the mirror from Pasadena to the mountain was another epic journey, this

time by highway. Finally, all the pieces were in place. Now the hard part began.The glass disc

was the correct shape, but it wouldn't be a mirror until coated with a thin layer of aluminium.

This was a process which had been done many times before with smaller mirrors, but as

always size matters, and a host of problems had to be solved before a suitable coating was

obtained. Now the mirror could be installed in the telescope and tested further. Problem after

problem with the mounting system, suspension, and telescope drive had to be found and fixed.

Testing a mirror in its telescope against a star is much more demanding than any optical shop

test, and from the start of 1949, an iterative process of testing, tweaking, and re-testing began.

A problem with astigmatism in the mirror was fixed by attaching four fisherman's scales from a

hardware store to its back (they are still there). In October 1949, the telescope was declared

finished and ready for use by astronomers. Twenty-one years had elapsed since the project

began. George Ellery Hale died in 1938, less than ten years into the great work. But it was

recognised as his monument, and at its dedication was named the “Hale Telescope.”The

inauguration of the Hale Telescope marked the end of the rapid increase in the aperture of

observatory telescopes which had characterised the first half of the twentieth century, largely

through the efforts of Hale. It would remain the largest telescope in operation until 1975, when

the Soviet six metre BTA-6 went into operation. That instrument, however, was essentially an

exercise in Cold War one-upmanship, and never achieved its scientific objectives. The Hale

would not truly be surpassed before the ten metre Keck I telescope began observations in



1993, 44 years after the Hale. The Hale Telescope remains in active use today, performing

observations impossible when it was inaugurated thanks to electronics undreamt of in

1949.This is an epic recounting of a grand project, the dawn of “big science”, and the

construction of instruments which revolutionised how we see our place in the cosmos. There is

far more detail than I have recounted even in this long essay, and much insight into how a

large, complicated project, undertaken with little grasp of the technical challenges to be

overcome, can be achieved through patient toil sustained by belief in the objective.In the Kindle

edition, footnotes which appear in the text are just asterisks, which are almost impossible to

select on touch screen devices without missing and accidentally turning the page. Disastrously,

the illustrations which appear in the print edition are omitted: for a project which was

extensively documented in photographs, drawings, and motion pictures, this is inexcusable.”

Stephen Fleming, “A wonderful story on determined engineering. I grew up knowing about the

200-inch telescope, but knew little about the details of us design or construction. This is a

delightful tale of driven scientists, engineers, and technicians who spend decades building the

“Perfect Machine.”I’d like to give 4.5 stars, but that’s not an option. Two complaints keep this

review from awarding five stars:1) On the Kindle version, the footnotes are out of sync. Clicking

on a footnote asterisk takes to to the wrong note, and you have to scroll dozens of pages away

to find the right one.2) I know it would have added to the production cost and complexity, but

this book just cries out for a good section of photographs, sketches, maps, etc. The author’s

best efforts at describing the telescope’s mechanisms are not as effective as ten minutes

browsing images on the Web.”

James Ashley Shea, “An excellent history of the Palomar Telescope.. First, let me strongly

recommend that you go to atlasobscura.com and search for this article: Where on Earth Can

You Put a Giant Telescope? Very informative as well as up to date (November 2018).Next,

Ronald Florence, thank you for wonderful memories of a man not mentioned in your excellent

book -- my dad, E.E. Shea. As a purchasing agent in the Astrophysics Machine Shop, Al Shea

was thrilled by the 100-inch Mount Wilson telescope and grateful to be part of the construction

of the 200-inch Palomar telescope. Every night at the supper table I would hear names like

Bruce Rule, Mickey Sherburne, Fritz Zwicky, and Caltech's president, Robert Millikan.

(Sherburne had hired my dad because their wives knew each other from nurses' training at

Pasadena Hospital, which became the Huntington Memorial Hospital.) I was too young to

understand the significance of these men and what they achieved.I'm glad you stressed that

from about 1939 on, most of the efforts of the Astrophysical Machine Shop were on war work.

My dad was a Canadian who never became a citizen, but he was soon approved for a Secret

Clearance, because he had to understand the need for the material and materiel he

ordered.One fact about the photo taken on the day the Palomar Observatory was dedicated: I

was the only boy in the photo. Dad thought being there was more important than being in

McKinley Junior High that day.”

Jim Atkins, “Big Science at it's most human-. Florence captures the conflict between

billionaires looking to polish their images, the scientists clamoring for the project to be

competed, and the most interesting group of all, the engineers simply trying to build a machine

utterly distinct from anything that had gone before. To use Tom Wolfe's phrase, they all

collaborate to "push the envelope" and build something utterly unique for an esoteric scientific

purpose. The story flows from corporate boardrooms to vast laboratories expending as much



money as fuel to attempt a seductively elegant but impossible process for casting quartz, to

the mundane synthesis of the common pie pan or baby bottle with the grandest scale glass

object to be built. The character of the utterly random band that finally designs the telescope,

none of them actual telescope experts, reads like an international band of technologically

adept brothers, working wonders with steel, glass, copper, Flying Horse Telescope Oil, and an

intuitive feel for the behavior of glass on a microscopic scale, all fighting for that perfect

moment. First Light. Beautiful and inspiring book.”

Lee, “Fascinating Scientific History. Covers the human aspects of the Palomar Telescope from

its inception. A good and even-handed took at the politics of pushing such a huge project

through during the Depression years. The long epic of casting, shaping and polishing the

mirror is presented in very human and comprehensible terms. The movers of the project

devoted much of their careers to building it, and their legacy still endures. Recommended for

those interested in the history and the personalities rather than the technical aspects.”

Thorsten Brand, “Faszinierend. Das Buch erzählt die Geschichte des Baus des Palomar-

Observatoriums auf absolut fesselnde Art und Weise.Nach dem Einstieg wird zuerst die

Geschichte des Baus des Mt Wilson-Observatoriums geschildert, das zwarsehr fortschrittlich

wirkt, durch seine Probleme aber auch beim Leser sofort den Wunsch nach einer noch

vollkommeneren Sternwarteaufkommen lässt. Der Bau dieser "perfekten Maschine" wird dann

im Rest des Buchs erzählt. Dabei wird in verschiedenenEtappen auf die unterschiedlichen

Problemstellungen und -lösungen eingegangen, dabei kommt nie Langeweile auf, es wirdeine

ständige Faszination vermittelt. Am Ende hat man den Eindruck, bei etwas großem dabei

gewesen zu sein.Das Buch ist absolut empfehlenswert für jeden Technik- oder

Astronomieinteressierten. Wenn noch etwas zu verbessern wäre, dannkönnten die

Abbildungen in besserer Qualität gedruckt sein, aber das schmälert den Gesamteindruck nicht.”

Rb13, “What a pleasant read. Loved the book, easy to follow and very enjoyable.Sad I finished

it!”

david pianosi, “I have read this book 3 times!. I have read this book 3 times! And now I just

bought the hardcover version of it!”

David Allepuz i Sunyé, “The history about building the most percfect telescope.. While I'm not a

native English speaker, this book is easy to read and introduced me to the amazing adventure

of building the most powerful tlelescope for years-”
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