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Flat-screen monitors display pointillist renderings of mountains, rivers, roads, bridges, buildings, and power lines with little regard for the usual relationships between actual pigmentation and color. In place of those are schemes generally favoring deep blues at the base that then loosen into greens, yellows, oranges, and reds with increasing elevation. There are enough screens with enough color that one has the sense of being courted by many amorous peacocks. The screens belong to exhibit hall booths, which, for the duration of the 2017 International Lidar Mapping Forum at the Hyatt Regency Denver, belong to dozens of data providers, point cloud software developers, and makers of very pricey laser and other hardware. Many have sci-fi names: Quantum Spatial, Network Geomatics, Terrasolid. Many have sci-fi products too, though they happen to be real.

Drones resembling paper airplanes, stealth fighters, helicopters, and propellered crabs have alighted on many tables and stands. I pause to consider the Pulse Aerospace Vapor 15, a black chopper with its rotors folded back like the wings of some immense cricket. If it were a carnivore, I would be lunch.

I just had lunch, standing over a ham and cheese sandwich from the buffet with a semiretired guy named Brad Weigle. He grows bananas and mangoes in his Florida backyard but won't be there much over the next couple of years. He's moving to Hawaii to map the National Tropical Botanical Gardens in high resolution using lidar that flies on drones like the Pulse Aerospace Vapor 15. As we talked, Chuyen Nguyen, a graduate student from Texas A&M–Corpus Christi whom Weigle had met earlier, stopped to say hi and somehow mistook me for someone capable of grokking something called multiscale voxel segmentation for terrestrial lidar data as pertains to swamp mapping, the subject of her PhD work. I smiled and nodded pleasantly and said things like “Wow” and “Amazing” at what seemed be appropriate intervals. When she moved on, Weigle assured me: “That stuff is cutting edge. It's going to be a really big deal.”

Over at the Velodyne Lidar booth, a sales engineer named Jeff Wuendry tells me that self-driving vehicles that constantly lidar-scan their environments (so they, for example, don't smash into things) could, if that data were crowdsourced and stored in the cloud, obviate the need for lidar mapping drones, at least in a lot of urban environments. Wuendry also tells me that he used to work for a German company called SICK, now a big name in lidar. It started out with light curtains so metal-stamping machines wouldn't inadvertently crush the hands of their minders, he says.

I walk the few steps over to the Harris Corporation booth, where Blake Burns, a senior sales engineer, explains that with one of Harris's multimillion-dollar Geiger-mode flash lidar rigs, from an aircraft flying 330 miles an hour at an altitude of twenty-seven thousand feet, can render a three-mile swath of whatever lies below in photographic detail (rainbow coloration notwithstanding)—not to mention, he adds, three-dimensional exactitude to about four inches in any direction. The US military has been using similar Harris systems for two decades, he says, though this was only declassified a couple of years back. Just three of the civilian units exist, and they have better things to do than hang out in an exhibition hall.

Right next door, so to speak, Katie Fitzsimmons of Leica Geosystems tells me that Leica's single-photon lidar—another multimillion-dollar black box, an example of which is on hand and, were it turned on, would be collecting breathtakingly detailed imagery and elevation data of the Hyatt carpet—operates like the equivalent of one hundred typical lidars at once, firing off six million laser pulses each second. The company is in the process of elevation mapping the continental United States and Western Europe to an accuracy of a foot or less with these machines, Fitzsimmons adds. She speaks with enthusiasm, but also more matter-of-factly than the situation seems to warrant, like someone reciting for the umpteenth time the technical specs of a space-time portal.

Her colleague Josh Rayburn describes the company's Pegasus:Backpack, a twenty-eight-pound carbon-fiber-reinforced wonder with five cameras and two spinning Velodyne lidars so someone can walk around and capture detailed 3D renderings of indoor or outdoor spaces. It costs about as much as a Ferrari. It's right about now that my brain starts to hurt.


It's not only being overwhelmed by all the shiny objects, preening flat screens, and jargon; it's also the weight of knowing that the lidar mapping that this entire conference is dedicated to represents just one of many realms in which people are using lidar. That knowledge both reinforces and seriously complicates my desire to make the technology and its evolution clear to people who, like me, might otherwise suspect a voxel to be a Toyota subcompact.

Lidar is a technology capable of measuring continental drift, determining the composition of Earth's atmosphere, discovering lost cities, tracking the biomass in forests, assessing flood risk and hurricane damage, measuring the melting of glaciers, detecting submerged explosives and the level of the seas in which they lurk, listening to stinkbug conversations, guiding missiles and self-driving cars, and a whole lot more. I have become fascinated with this most striking macroscopic application of quantum physics, which, were it not for its milquetoast name, would surely have soaked up a lot more popular love by now, considering its growing importance to science, industry, and government. I have decided it's time to tell lidar's story, starting at the beginning and hanging tough until a sort of techno-Darwinian explosion sent the technology radiating into more niches than any reasonable tome might possibly hold. Then I will have to pick and choose.

The beginning is straightforward, though. The extraordinary technologies arrayed at this technical conference in the Mile High City share an improbable common ancestor: lidar's first flicker occurred between the ears of a self-educated, mentally troubled Irish savant who lived with his parents on the outskirts of Dublin and corresponded with Albert Einstein. He dreamed up ways to see the impossibly tiny and the impossibly distant, to be realized long after he was gone.

Edward Hutchinson Synge, known as Hutchie, was born in 1890 to a well-to-do family in Dublin whose best-known member was Hutchie's uncle Johnnie, with whom he was particularly close as a boy. The playwright John Millington Synge had been a leading light of the Irish Literary Revival, known for his no-punches-pulled depictions of the Irish peasantry and his willingness to lay bare the ironies of the Irish psyche. There were full-on riots when his play The Playboy of the Western World opened in 1907 at the Abbey Theater in Dublin, which J. M. Synge had cofounded with his old friend William Butler Yeats, among others.


Hutchie was educated at home by governesses and tutors until he enrolled in mathematics and Gaelic—a passion of his famous uncle—at Trinity College Dublin in 1908. He was a brilliant student. When Hutchie's uncle Johnnie died of cancer at age thirty-seven the following year and left Hutchie nearly half his estate, the younger Synge abandoned his degree a year shy of graduating to pursue a life of independent scholarship. His uncle, who had once done much the same thing, was the inspiration.1

It could have been that Hutchie felt hemmed in by prescribed study, or that he understood he would never quite fit in academia. He was dark-haired, handsome, tall, and, like his rugby-playing younger brothers, sturdily built. But he had no interest in sports or a social life, preferring books to beings. He was shy and quiet and could come off as arrogant, and he could do absolutely nothing about it.

Today, Hutchie in all likelihood would have been diagnosed with Asperger's syndrome, which can yield stratospheric IQs and obsessions with complex topics, but also emotional distance and poor social skills. In this respect, as would also prove to be the case with his scientific insights, Hutchie was born decades too early. There was no cognitive behavioral or talk therapy to teach the young Hutchie how to interact with others and interpret intellectually (rather than instinctively) things like facial expressions and tones of voice. Back then, mental and behavioral disorders were handled quietly within the walls of the family home, and so it had been with Hutchie Synge.

Hutchie was in good company, at least. His uncle's friend Yeats probably also had Asperger's, and J. M. Synge himself may have been somewhere on the spectrum.2 Perhaps the playwright recognized it in the nephew, making his bequest as a buffer against the difficulties in life Hutchie would doubtless encounter. Or maybe he recognized a kindred spirit in an altogether different sense. As Hutchie later recalled, his uncle Johnnie held “very odd and altogether ridiculous views upon me, believing me to be a changeling whom the happenings of his own life had somehow or other brought into existence…a sort of double being.”3

Either way, Hutchie left Trinity. As his brother John Lighton Synge, an eminent mathematician and physician, put it many years later, their famous uncle had inadvertently “deprived the academic world of perhaps the best Irish mind of the century, certainly the most wide-ranging.”4 But that mind, too, would grow increasingly troubled. The term had yet to be coined, and it's hard to diagnose across decades, but all signs point to bipolar disorder that grew more corrosive with time.
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Edward Hutchinson “Hutchie” Synge. (Photo courtesy of Living Edition Publishers, Austria.)

Over the next couple of years, Hutchie traveled, as his uncle Johnnie had done. Perhaps he went to Germany, probably he went to France, certainly he visited the Aran Islands off Galway—but no evidence survives. By 1916, as World War I raged on the continent and the Irish War of Independence started at home, Hutchie had returned to Dublin. He read extensively: as his physicist brother later described it, Hutchie built up a personal library that spanned the classics, art, literature, philosophy, and science, reading avidly and retaining most of it. “I never met anyone who gave me such an impression of omniscience,” J. L. Synge wrote.5

By the early 1920s, Hutchie had anointed himself as de facto literary executor for his uncle's works, which he had intended to augment with an authoritative biography of his own creation. His efforts included enlisting Yeats's help in tracking down letters J. M. Synge had written a young woman who had declined his hand in marriage. The woman, by then married and no longer young, lived in Cape Town.6 Despite precarious mental and physical health that put Hutchie, at various times, bedridden in hotels and nursing homes, Hutchie traveled to South Africa, presumably to meet the woman himself.7

By then, he had been drawn to physics, a subject he had never formally studied. In particular, this college dropout became obsessed with the idea of publishing the collected papers of the great nineteenth-century Irish physicist, astronomer, and mathematician Sir William Rowan Hamilton. Hutchie was not alone in considering him “one of the greatest—if he was not indeed the greatest—mathematician in Europe during the past century.” He was aghast that the great man's publications had never been consolidated, that the ores of two-hundred-plus notebooks, all in storage in the Trinity College library, were still waiting to be mined more than sixty years after Hamilton's death. “Hamilton has been treated by his country, and by the learned bodies in Ireland with which he was associated, with a neglect which no contemporary mathematician of any other European nation, who at all approaches his rank, has suffered,” Hutchie wrote.8

Lacking the academic credentials demanded by his projects, he sought support from high places, going as far as writing to Albert Einstein himself. In May 1922, the great physicist responded, confirming Hamilton's huge influence on physics as well as on Einstein's own special relativity work. Einstein concluded that a one-stop shop for Hamilton's wide-ranging publications would be “of great importance.”9

The extent and thoughtfulness of Einstein's reply to an unknown correspondent is remarkable—all the more so given that by the time he wrote to Einstein, the thirty-two-year-old Hutchie had published misguided assaults on special relativity in letters to the journal Nature and in a report for Philosophical Magazine. “The doctrine of relativity, as such, therefore breaks down,” Hutchie had concluded.10 However, it's unlikely that Einstein ever saw it: when you call into question the universal applicability of Newton's two-hundred-year-old laws of motion, skeptics emerge at the speed of light.

Hutchie's Sir Rowan Hamilton project stalled, though, when the two Trinity College mathematicians he had been cultivating to take it on died in quick succession. His work on the biography of his uncle also hit a wall. His health wasn't great, either: in early 1925, Hutchie mentioned to a correspondent that he had been bedridden for three months—likely due to a depressive episode.11 His brother J. L. Synge, back from the University of Toronto to take a faculty position at Trinity College Dublin around that time, stepped in.

“The idea of his writing up his work came from my father,” recalls Cathleen Morawetz, J. L. Synge's daughter. “Hutchie was in a rather despondent state, and my father suggested to him that he should write up his discoveries.” What would become Hutchie's unlikely contributions to science went from Hutchie's room in his parents’ house on Sydenham Road in Dundrum first to his brother, then to John Joly, whom Morawetz described as “one of the most important physicists in Ireland at the time.”12 Joly was an old family friend as well as an editor of the respected London-based Philosophical Magazine. Hutchie's first idea involved seeing invisibly tiny things.

Six years after their first correspondence, Hutchie wrote Einstein again, sending a seven-page handwritten letter to Berlin on April 22, 1928. Hutchie led with the good news: his brother J. L. Synge and a colleague, thanks to Hutchie's relentless prodding, were at work on Hamilton's papers. He then transitioned to a seven-page technical design for a new sort of optical instrument. “I hardly know whether what I am enclosing may interest you,” Hutchie wrote. “It is the outline of a method which has occurred to me, and which confirms the principles of the ultramicroscope.”13

He envisioned a microscope that moved a tiny aperture back and forth while extremely close to the object being studied. It would bring into focus things much smaller than the wavelengths of light shone on them. This was a radical idea: more than a half century earlier, Ernst Abbe had established his diffraction limit. It held, in essence, that a microscope will blur the image of anything smaller than the wavelength of the light being used to look at it. That meant beyond a lower limit of about 250 nanometers—billionths of a meter—all would remain forever invisible, leaving things like viruses and structures inside of cells forever cloaked in mystery. Yet here was Hutchie, begging to disagree from his quiet room in Dundrum. After consulting with others he deemed “qualified to express an opinion either on the theoretical or practical side,” he concluded that his method was “theoretically sound, and that the practical difficulties—while formidable—are not beyond present day technical achievement.”14

This was all a long way from the theoretical trails Einstein had blazed to global fame. But then, Einstein had written his 1905 papers on the nature of light—including the iconic e = mc2 equation—while spending his days as a patent clerk considering the viability of various notional contraptions. What's more, he had recently coinvented a refrigerator that ran on a heat source.15 Einstein's epochal gifts for grasping the architectures of creation extended to the constructs of humankind, and Hutchie would benefit.

The great physicist responded to Hutchie's letter eleven days later, in typewritten German. He expressed his delight in the Hamilton publication efforts and then turned a critical eye on Hutchie's design. In general, he agreed with it. Einstein had questions, but the great scientist admitted to difficulty in decoding Hutchie's handwriting too: “Maybe I did not understand you correctly, but there was so much in your letter that I could not read, I had to guess—that it is quite possible—that your letter nevertheless contains the solution of the task. I would be delighted to hear your opinion on this,” Einstein wrote.16 That Einstein could recognize the kernel of originality in a largely indecipherable letter from a complete stranger says as much about the man's patience as it does about his brilliance.

Hutchie answered quickly with clarification, and Einstein responded again on May 14. Following a bit of technical advice and correction, Einstein concluded, “It might be most proper to publish the idea as such in a scientific journal and at the same time to point to the practical difficulties in its realization,” including, as an example, the need for a precise aperture just one millionth of a centimeter wide, for which there was no conceivable approach at the time.17

Less than two weeks later, Hutchie sent a paper, “A Suggested Method for Extending Microscopic Resolution into the Ultra-Microscopic Region,” off to his brother and, ultimately, Philosophical Magazine. What impact Einstein's blessing had on John Joly and colleagues’ decision to publish the paper, we can't know. Nor is it clear to what degree the famous scientist's encouragement emboldened Hutchie, who by then was thirty-eight years old and had little to show for all his scientific self-study and rumination. But the ultramicroscope paper sparked four years of creative output that would make up for his late start.

His next effort would prove no less visionary. This time, Hutchie looked to the heavens. He focused not on the obvious—the clouds down low, the sun and the stars on high—but the invisible stuff between. The idea was to use an array of searchlights to study the upper atmosphere, which he felt would be “of considerable importance to meteorologists” due to possible interactions of the stratosphere with the weather we all feel.18 His approach would work far above the twenty-kilometer (twelve-mile) ceiling of balloons, to as high as fifty kilometers (thirty-one miles), he said.19

The observer would aim the searchlights skyward, at night, from a mountaintop. Perhaps eighteen miles away, there would be a meter-wide reflector that bounced light into a photodetector (like the eye's retina or a digital camera sensor, a photodetector converts light into electrical signals). With the searchlight beams shining skyward at a fixed sixty-degree angle, one could aim a telescope at various heights of this artificial, inverted Jacob's ladder, figuring out the altitude based on the angles. The searchlight beams themselves would bounce too little light off the sparse atmosphere at high altitude for the human eye to perceive. But the reflector and photodetector, Hutchie calculated, could manage it as long as there were enough searchlights. So one could, he figured, determine how many molecules were zipping about at a given altitude—the atmospheric density—without actually sending a scientific instrument to great heights. In modern scientific argot, Hutchie was proposing the first use of active electro-optics for atmospheric remote sensing. But more on this later.

This would be big science, a 1930s version of a particle collider or a space telescope. To generate the colossal volume of lumens needed and capture changes in the upper atmosphere over time, “a permanent assemblage of several hundred searchlights would be required,” Hutchie wrote—searchlights that, including the massive diesel generators, cost more than $800,000 each in today's money. But that part was less outlandish than at first blush: there were lots of searchlights left over from World War I, during which, among other things, they had helped spot marauding German zeppelins over London. “This offers no great difficulty,” Hutchie said, “since all the belligerent nations in the late war have many thousand searchlights on their hands.”20

As with his ultramicroscope idea, he paced through the technical hurdles in his mind's laboratory: the challenges of calibrating the distant detector; of ensuring consistent light quality despite vagaries of the carbon arcs blazing away in the searchlights (having a lot of them would be a good thing, Hutchie argued, as the variability would average itself out); of compensating for nettlesome starlight; of needing an extremely smooth and dazzlingly shiny reflector. As with his ultramicroscope idea, Hutchie was optimistic, to put it mildly: “Nearly all the apparatus required exists in sufficient quantity; there are no formidable technical difficulties to be surmounted; and the theory appears quite unassailable.”21 In May 1930, Philosophical Magazine published the idea under the title “A Method of Investigating the Higher Atmosphere.” With this, Hutchie introduced an entirely new approach to measuring things in the sky. Until that point, conventional wisdom held that to measure something in the sky, one had to loft some sort of sensor to altitude. Hutchie's hardware could stay on the ground.

Unlike the ultramicroscope idea, which attracted little interest, others took note this time. By 1935, researchers from the Carnegie Institution in Washington and the US Department of Agriculture had teamed up to run some numbers and do lab experiments. They concluded that, with a few tweaks—using mechanical shutters to sort of Morse-code the beam to make it more distinguishable to a more sensitive receiver—the scheme might work for altitudes of seventy kilometers (forty-three miles), maybe even higher.22

Two years later, on a moonless night in April 1937, Edward O. Hulburt, a US Naval Research Laboratory scientist, put Hutchie's ideas to the test using an actual searchlight. Hulburt persuaded the US Army Corps of Engineers to fire up a six-cylinder generator and point their sixty-inch, eight-hundred-million-candlepower carbon arc illuminator (roughly the brightness of the headlights on six million cars) into the skies over Virginia. Eleven miles to the northwest, Hulburt set up a camera with sensitive film and took a series of long exposures. Looking closely at the photos from this night and a follow-up a month later, he found that amid streaks of star motion, the film picked up traces of the searchlight up to twenty-eight kilometers (seventeen miles)—more than a mile higher than the Explorer II stratosphere balloon the National Geographic Society had launched in 1935, he noted—and that a more intense beam and a mountaintop location could extend the technique's reach higher yet. Just as important, Hulburt calculated atmospheric scattering at increasing altitudes based on what he saw, and it more or less jibed with what theory would have expected.23

The Carnegie Institution took the baton again in fall 1939. Ellis A. Johnson, who had worked on Carnegie's 1935 lab experiment, led the group. They designed their own carbon arc searchlight with a two-foot mirror loaned from the Sperry Gyroscope Company, housing it in a welded-pipe frame supported by a platform of wooden four-by-fours. They tipped the rig sixty degrees to the north and anchored it with a length of rope. Atop Johnson's searchlight were metal shutters like the ones they had tested in the lab four years earlier. They connected to an electric motor that opened and closed the shutters to “fingerprint” the light for the receiver.24 Over a few clear, moonless nights that August and September, Johnson complemented his business suit with a welding mask to shield his eyes from the glare of his creation.

Johnson also spent time three and a half miles north, in Kensington, Maryland, where he aimed the receiver at different points along a beam mostly invisible to the naked eye. The receiver had a thirty-inch mirror, a photomultiplier to boost the faint signals, and two Bell Laboratories–supplied photoelectric cells. The combination captured searchlight signals as high as forty kilometers (twenty-five miles). Above the city's low-lying haze, scattering theory and the experiment's findings fell into lockstep. Johnson also found that “many apparently clear nights actually proved to be considerably disturbed by the presence of invisible clouds and absorbing material,” particularly from ten to twelve kilometers (six to seven miles) in altitude. “Other nights showed the presence of a varying absorption or scattering of a fairly rapid period,” he found.25 The significance is easy to miss: from the ground, Johnson was capturing the fickleness of the stratosphere in real time.

With some upgrades (bigger searchlight and receiver, greater distance between searchlight and receiver), Johnson figured he could observe the atmosphere as high as seventy to eighty kilometers (forty-three to fifty miles) using the technique. In addition, much more so than Hutchie or Hulburt seemed to have done, Johnson grasped the breadth of atmospheric riddles Hutchie's inspiration might solve: the height and amount of water vapor, turbulence, winds, dust, and ozone. With ozone in particular, Johnson realized that the approach, with a few adjustments, could establish ozone distribution based on how that particular molecule scatters a certain band of light.26 In other words, you could use light to learn not only how many molecules were floating about at a particular altitude but also what kind of molecules they were.

With hardware in hand and a clear idea of how further inquiry into Hutchie's idea might unfold, Johnson seemed poised for a breakthrough. But even as he was pointing his searchlight into the sky, Germany was invading Poland. He ended up working on underwater mines and countermeasures for the US Navy during World War II. Then he got interested in operations research, became a pioneer in the field, and, it's safe to say, never blasted the sky with light again.27

Once Hutchie had published his searchlight idea, he, too, refocused. In his case, he looked well past the atmosphere to invisibly distant things. In August 1930, just three months after his searchlight idea saw print, he published two more papers in Philosophical Magazine. Both dealt with new ideas for astronomical instruments. One had to do with a redesign of an optical device called a Michelson interferometer; the other was “A Design for a Very Large Telescope.”

Hutchie envisioned a telescope in which “a number of moderate-sized parabolic reflectors perform the functions of a single, very large reflector. Theoretically, at least, this form of telescope could be made to give virtually the same degree of resolution as a telescope with a single large reflector.”28 He proceeded to walk through the benefits of constructing a telescope that is in fact many telescopes: better resilience to temperature changes, less weight, cheaper. Hutchie also noted that such a telescope could well exceed the practical limit of a ground-based telescope's resolution—which in the days before adaptive optics was limited by wind turbulence—by setting it up in, say, Antarctica. There, he noted, the British Antarctic Expedition of 1910–1913 observed that smoke from Mount Erebus “rose so vertically that no direction could be assigned to it.”

“It is not, therefore, of merely theoretical interest to show that the type of telescope suggested is available for great resolving power,” Hutchie said, assuming, of course, “perfect enough” workmanship and adjustments.29

As had been the case with his ultramicroscope idea, Hutchie's imagination far outstripped the practical capabilities of the day, and the idea found no traction. Hutchie would send four more papers to Philosophical Magazine, touching upon the galactic (determination of stellar parallax using an interferometer like the kind he had recently proposed; a discourse on why stars twinkle leading into a slight modification of his very large telescope design) and the microscopic (two refinements to his ultramicroscope notion). The last of these appeared in 1932. It would be the last thing he ever published.

There was a falling-out between the Synges and John Joly, and then Joly died in 1933. Probably Hutchie's declining mental health was also decisive. J. L. Synge, back at the University of Toronto by 1930 and concerned with his brother's state, urged his daughters to write Hutchie letters as some form of human connection. The first few sentences of Hutchie's replies came across entirely as one might expect in a correspondence between an uncle and his young nieces. Then his writing would take flight like leaves swept up in a gust, with rantings on random topics occupying his formidable, omnidirectional mind—the status of German President Hindenburg, say—marked by obsessive underlining, as Morawetz recalls. Her father, J. L. Synge, later mentioned notebooks with similar patterns of lucidity and mania.

The death of Hutchie's mother's in 1935 eroded his already-precarious mental health. In 1936, there was a blowup of some sort, Morawetz says, maybe involving a knife and threats to his older sister Ada, who was by then running the Dundrum household. Hutchie's physician brother Millington diagnosed “persecution complex” and committed him to Bloomfield Hospital in the Donnybrook area of Dublin.30

His many notebooks stayed in Dundrum. Hutchie, writing later from Bloomfield, feared they would be destroyed, and his fear was warranted.31 Neither those he left behind nor the ones he went on to write in Bloomfield survive. What insights into the ways of light were lost?

Cursory monthly reports from his minders offer only glimmers of insight into his twenty-one years there: that he had good days, in which he read avidly and behaved as the courteous and educated gentleman he was; that he had less good ones, in which he looked awful, stayed in bed, and suffered paranoid delusions; that his appeals for release were always denied. When he was well enough to be allowed out during the day, he took solitary walks in Dun Laoghaire on Dublin Bay and went to the movies—alone, as he always had been. So it was until May 28, 1957, when a stroke felled him.32

Hutchie never did finish the biography of his uncle. But he did shepherd the 1927 publication of a limited-edition version of The Playboy of the Western World, one distinguished by ten illustrations by Seán Keating, by then well-known for his depictions of the Irish War of Independence. According to J. M. Synge biographer William McCormack, it was through this book that, nearly two decades after the playwright's death, “Synge's reputation would be revived.”33

Hutchie's enlistment of his brother to work on the Hamilton papers turned out to pay unexpected dividends too. John Lighton Synge finished the first volume of Hamilton's collected works in 1931. “I became fascinated by this intimate contact with a great mind, which ranged with ease from abstract idea to very detailed arithmetical calculations, in which I was never able to find an error,” the physicist later wrote. He would go on to write two of his own books as a direct result of the project, and scores of his papers involved Hamilton's methods, some focusing on them exclusively.34

Hutchie's ultramicroscope idea came to be in 1984, more than a half century after he had conceived it. That's when IBM scientists invented the scanning near-field optical microscope. It could resolve details just twenty-five nanometers across—three thousand times smaller than the diameter of a human hair—despite using light with a wavelength twenty times longer.35 Its inventors had never heard of Hutchie or his work, but he had foreseen their solution, and he is now recognized as the father of the field. The technology continues to develop, with the devices shedding their precise light on nanowires, cellular structures and proteins, the surfaces of solar cells and optical switches, and other infinitesimal building blocks of natural and human invention.36

Hutchie's telescope design would be realized decades later as well, on a mountaintop in southern Arizona. Scientists combined into a single unit six telescopes, each with a six-foot mirror once destined for a spy satellite the US Air Force never launched. The Multiple Mirror Telescope (MMT) opened its eyes to the skies above Mount Hopkins in 1979. “The paper by Synge (1930) is especially fascinating because it appears to be the earliest description of an MMT-like device,” astronomers wrote. “His description of ideas for the optics and the support arrangement for the optics in fact resembles the MMT so closely that the MMT, although conceived independently, could be viewed as the realization of the Synge concept.”37 Hutchie's instincts about Antarctica as an astronomical perch proved right too. In 1994–1995, astronomers set up the first remote observatory on the southern continent. “The South Pole environment is unique among observatory sites for unusually low wind speeds, low absolute humidity, and the consistent clarity” of the sky, they wrote.38 Others, most notably the South Pole Telescope, have since followed. As has lidar, as we'll see.

Hutchie's searchlight idea would prove no less prescient as it evolved and radiated into countless niches across diverse realms of science, commerce, and defense, a process that continues nearly ninety years later. But a particular enabling technology had to come first. That technology would be born a short while after Hutchie was buried at Dublin's Mount Jerome Cemetery, in a plot not far from the final resting place of his uncle Johnnie.
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Today's lidar depends on a lot of things: microprocessors, light detectors, digital storage, software, and sophisticated mechanical and digital means of sweeping beams of light across fields of view. It owes its existence to a happy convergence of many inventions, each with its own story that reaches back further than you might guess. (The first “digital” storage? Punch-card-like paper tape to control textile looms, circa 1725).1 The laser at the heart of lidar has a history with roots deeper yet, dating back to ancient Greece and beyond. That's because to make a laser, scientists had to first understand what light really is. Then they had to master it.

What is this strange stuff that illuminates Earth and skies, in whose absence the most vivid colors go black? The question vexed philosophers, then scientists, for centuries. The ancient Greeks bandied about a few ideas. Some, including Plato and Euclid, embraced various takes on what we now call extramission, believing that light was in part or entirely a product of some sort of “visual fire” streaming out of our eyes. Aristotle, who offered up the first detailed discussion of vision, argued for the light coming in, or intromission. So far, so good. But then he added that light depends on a transparent medium whose role as a carrier is a lot like that of air in the transmission of sound. Just as there could be no sound without air, there could be no light without this medium—call it “luminiferous aether,” though that term wouldn't emerge for another 2,200 years. It gives you an idea of how long a shaky idea can stick around. The color of an object, Aristotle said, manifests itself through the intermingling of light and this static aether between the object and the eye.2

There was skepticism even in Aristotle's time. While some of his predecessors and contemporaries agreed that light wasn't a product of human eyes, they didn't fully buy into the aether intermingling. Rather, they believed that light moved in straight lines at extreme or infinite speeds. It took a while for the tide to fully turn—until about the year 1000, when the Arab scientist Alhazen finally established through experimentation that light indeed moves really fast, and in straight lines. He also blew holes in the idea of extramission with such questions as a) If the eyes emit light, why does it hurt to look at the sun? and b) How could human eyes possibly emit enough light to illuminate all the heavens?3 Extramission's 1,500-year run had ended, besides among those who believe they can “feel” when someone's staring at them.

Centuries again passed until scientists in Europe, with help from Alhazen's writings, seriously considered the nature of light. In the 1600s, some who became famous for other scientific contributions chipped in. Galileo used a couple of lamps to try to measure the speed of light, concluding that the technology wasn't quite up to the task. Johannes Kepler, known for his laws of planetary motion, introduced the idea of vision being a product of light striking the eye's retina. Using prisms, Isaac Newton discovered a rainbow of color hiding in the sun's white light; later, he became a champion of the idea that light is made up of particles. Christian Huygens, who had discovered Jupiter's moon Titan (and, as a side gig, invented the pendulum clock), was among those who subscribed to the competing wave theory of light. The two sides would duke it out until the early twentieth century, when Albert Einstein said they were both right.

Things started happening faster by the 1800s. John Dalton in 1808 took Robert Boyle's notion of chemical elements a step further and suggested that there were lots of kinds of atoms, each a different substance. In 1814, Joseph Fraunhofer, a Bavarian optics wizard, noted hundreds of dark lines in the solar spectrum. Forty-five years later, Robert Bunsen and Gustav Kirchoff determined that different atoms produced different spectral lines when heated (by—what else?—a Bunsen burner), discovering the elements cesium and rubidium along the way.

By 1865, James Clerk Maxwell had unified electricity, magnetism, and light, which made clear in math that visible light was just a slice of a much broader electromagnetic spectrum, most of which we can't see. (This wasn't necessarily a complete shock: William Herschel, discoverer of Uranus, also discovered infrared light in 1800. While measuring the temperatures of different parts of a crystal's rainbow, he noted that the heat increased as the measurement moved from blue through red and was greatest in the “dark” beyond the red.) In 1888, Heinrich Hertz proved the existence of the electromagnetic waves Maxwell's equations had insisted on. The oscillations of power plants and processor cores are named in his honor.

Meanwhile, the notion of Aristotle's mysterious medium—that luminiferous aether—hadn't gone away. If light was in fact a wave, it needed something to grab onto, right? In 1887, Albert Michelson, who had already pegged the speed of light at 186,300 miles per second (within 0.01 percent of modern measurements), teamed up with Edward Morley to characterize this aether and instead found absolutely no hint of it. The interferometer Michelson invented for the task was the same one that Hutchie later suggested tweaking in one of his Philosophical Magazine papers.

By 1900, scientists had figured out that the chemical elements Boyle proposed seemed to have patterns to them, which Johannes Robert Rydberg called “periodicity” (hence the periodic table). Within a couple of years after J. J. Thomson discovered the electron in 1897, Max Planck had come up with quantum theory, which says an atom may only emit or absorb energy in discrete packets he called quanta. In 1905, the twenty-six-year-old Einstein resurrected the particle side of the particle/wave debate. He deduced that light, despite clearly coming in waves from the point of view of reflection, refraction, and so on, “consists of a finite number of energy quanta, localized at points in space, which move without subdividing and which are absorbed and emitted only as units.”4 Without these quanta, there could be no lasers.

Niels Bohr in 1913 reconciled Planck's and Einstein's ideas, showing that orbiting electrons go into an excited state when they absorb a discrete packet of energy—and that they release a discrete packet of energy when their excitement wanes again. These packets of energy, quanta, come in the form of light (and its fellow electromagnetic radiation).

With that, humanity had, after eons of wondering what makes the sun shine and fires glow, finally arrived at the answer: electrons getting a bit less excited and casting off little packets of light as they plunge to a lower energy state. When it happens in nature, it's called “spontaneous emission.” Spontaneous emission encompasses basically all the light we see, from the glowing of touch screens to the flickering bottoms of fireflies. But in 1917, Einstein proposed another possibility, one called stimulated emission. As with a lot of what happens in the quantum world, it seems nutty. It goes like this.


If an unexcited electron gets hit by a light packet—a photon—of just the right wavelength, the electron gets excited, jumping to a higher energy state. When it relaxes again and hops back down, it releases a photon of that same wavelength. That's your standard spontaneous emission. But what if an electron is already excited and gets bonked by a photon of that same just-right wavelength? You'd think it might get more excited. But no. Instead, the electron goes slack and sends off a photon of that same wavelength. And here's the kicker with stimulated emission: the first photon, rather than being absorbed by the electron, just keeps going as if nothing happened, and in the same direction as the newly created one. Where there was one photon, we now have two. If you pile enough of the atoms hosting these electrons together, get them excited, and then bombard them with just the right kind of light, you can trigger a photon cascade that happens to move along in the same direction, with the same energy, and with the crests and troughs of its waves in perfect synchrony. The combination is known as coherence, and it's what makes a laser a laser.5

Done. Except for the detail of actually making it happen, which would take another forty-three years and a world war.

World War II pushed ahead many technologies, but none more than radar. Heinrich Hertz himself had noticed that some surfaces absorbed his radio waves and others reflected them. Proto-radar came along as early as 1904, when the German scientist Christian Hülsmeyer patented what he called a Telemobiloskop capable of bouncing radio waves off ships as far as three kilometers (two miles) away.6 But the British pioneered modern radar. Robert Watson-Watt, a descendant of steam engine pioneer James Watt, had worked on systems to detect thunderstorms based on the radio waves lightning produces. In 1934, the Air Ministry asked him to check into the possibility of Hitler's Germany actually making a rumored radio “death ray.” Watt found that to be fanciful but wrote a memo about his recent work in “the difficult, but less unpromising, problem of radio-detection as opposed to radio-destruction.”7

He had a patent by the next year, and his system became the basis for the Chain Home radar stations credited for tipping the scales for the British in the Battle of Britain of 1940. But the radio waves’ roughly ten-meter (33-foot) wavelengths demanded huge antennas and made it hard to pinpoint enemy aircraft (the longer the wavelength, the bigger the antenna and the fuzzier the picture). Another British invention that same year shortened the radar's wavelength by a factor of one hundred—into the microwave range—and made radar small enough that it might fit in an aircraft. This device was called a cavity magnetron, and you're well familiar with the technology, if not the name: it's the black magic in your microwave oven.8

The Brits needed more of these cavity magnetrons than they could possibly build. In September 1940, they sent a delegation to Washington with a ten-centimeter magnetron for some top-secret show-and-tell. The Americans, who had been working on microwave radar with less success, took little convincing to establish the Massachusetts Institute of Technology Radiation Laboratory, which was up and running before the end of that year. By the war's end in 1945, an MIT Rad Lab staff that peaked at about 3,500 people, with many industry collaborators, had developed more than a hundred radar systems: airborne radars, shipboard radars, coastal defense radars, fire-control radars, antisubmarine radars, and many more. The atomic bomb ended the war; radar may well have won it.9

The work left an enormous talent pool, one that kept pushing microwave technologies into shorter and shorter wavelengths promising smaller systems, sharper identification of objects, and faster communications, among other benefits. The US military, interested in all these things and more, paid for a lot of it. Over the next few years, scientists managed to create shorter and shorter microwaves—within about a decade, magnetrons had squeezed signals down to 2.6 millimeters (a tenth of an inch), crest to crest. But they could go no further.10 They also proved out Einstein's theory of stimulated emission with the maser, or “microwave amplification by stimulated emission of radiation.” The first was built by a Columbia University team led by Charles H. Townes, a radar expert, in 1953. Townes and a slew of other scientists then set their sights on doing the same thing with light.

Why? At frequencies roughly a hundred thousand times higher than microwaves, lasers (“light amplification by stimulated emission of radiation”) could enable high-speed optical communications. Their tight beams could provide much more detail about incoming aircraft or other distant objects. They could be used for superaccurate targeting and perhaps even as enablers of nuclear fusion or directed-energy weapons, not to mention the scientific applications in areas such as spectroscopy—understanding what something is made of based on the light its electrons emit or absorb.11 Tattoo removal, eye surgery, supermarket scanners, digital highways, the pointers cats love to hate, and so many other uses waited beyond the horizon of sane prognostication.

The bigger question was how. Light is, photon for photon, thousands of times more energetic than microwaves, and light's far shorter wavelengths rendered the approach Townes and others had taken with the maser untenable. Townes and Bell Laboratories scientist Arthur Schawlow came up with an alternative at about the same time Columbia University graduate student Gordon Gould did—bouncing light back and forth between two mirrors in a cavity thousands of wavelengths long. One of the mirrors would let coherent light of just the right frequency out.12 Townes and Schawlow published their ideas in a December 1958 Physical Review paper, “Infrared and Optical Masers.” But neither Townes nor anyone else in academia would invent a working laser, though not for lack of trying. That distinction went to a young scientist at a defense contractor a continent away from New York City.

Theodore Maiman, fresh from his Stanford physics PhD, had started at Hughes Aircraft Corporation's atomic physics department in Culver City, California, in early 1956. His first project, which would become a three-year affair in service of the US Army Signal Corps, involved a ruby maser that he and colleagues ultimately shrank down from a two-ton-plus behemoth to a four-pound mite.13 Maiman leapt into the laser fray when that project wrapped up in August 1959. Where others looked at using gases such as potassium, uranium, samarium, or a helium-neon mix, Maiman focused on solid, synthetic pink ruby (or, technically, chromium-doped aluminum oxide, a decidedly less fetching name for the gemstone). Townes hadn't been alone in dismissing ruby as better suited for jewelry than lasers. But Maiman, steeped in ruby from his maser miniaturization work, recognized that not only could it potentially emit a bright beam, but it would also be more rugged, handle a wider range of temperatures, and enable smaller devices, such as ones that would eventually ride on the aircraft or missiles of the sort Hughes produced.14

Maiman figured he could use xenon flash lamps, the photographer's mainstay, for his laser pump—the whip used to jolt the ruby's chromium ions into a stimulated state primed for lasing. He paged through a General Electric catalog for the brightest ones he could find. They happened to be helical curlicues though which he could insert a ruby rod the size of his pinkie fingertip, silvered on the ends. Protruding from its stainless steel holder, it looked like an overextended lipstick.15 The whole thing was small enough to hold in one hand. By May 16, 1960, Maiman had run the numbers and built his experiment. He cranked up the voltage and pressed a button, and the flash fired as if he were taking a photo. As he had predicted, his creation spat out a red dot of deep-red, coherent light. Hughes held a press conference to announce the discovery of the world's first laser two months later.16 The laser was, ultimately, a product of the most basic science there is—science that happens in the brains of geniuses long before geniuses with tools finally prove them right.

Hughes set out in pursuit of ways to capitalize on all this brilliance. The timing was good for the company. Having specialized narrowly in missiles and radar fire-control systems for air defense interceptor aircraft, it was looking to diversify.17 Among the ideas that emerged: laser communication systems, optical radars, micromachining tools, beam weapons, submarine detectors, inertial guidance, and medical tools. Hughes settled on optical radar as most promising. It could leverage Maiman's invention as well as the microwave radar work being done at Hughes. It was an easy sell: the shorter the wavelength, the sharper the resolution. It had been widely understood that should a laser-based radar become a reality, one could locate an enemy to within a foot from fifty thousand feet away—about one thousand times better than radar could manage. Laser radar would also have much smaller antennas, an advantage for mobile systems on everything from tanks to spacecraft.18

The Hughes team came up with the name Colidar, for “coherent light detection and ranging,” (a nod to radar's “radio detection and ranging”) and built a working prototype by January 1961. It used an amateur eight-inch reflecting telescope as a receiver and a repurposed infrared star tracker as a transmitter. For the laser, Hughes bought synthetic rubies from an agent whose typical clientele incorporated them into the gears of Swiss watches. The agent arrived “with his sample case like a peddler of pots and pans,” one Hughes alum recalled. “We would look at a distant object through a proffered ruby and if the image was recognizable we bought the ruby on the spot.”19

Among other ways, they tested the device by targeting the tower of the Mormon temple and its neighboring high rises along Wilshire Boulevard in Westwood and got it to where they could nail the distance of a dark, ten-foot-wide object from about six miles away. By late 1962, they had built a more compact range finder they called the Mark II Colidar. This first-ever commercial lidar incorporated fellow Hughes researcher Robert Hellwarth's idea of Q-switching—a way to create far shorter (and more potent) laser pulses that emerged much more cleanly and predictably than those of the first-generation lasers.
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Hughes Aircraft Company engineer Rod Smith aims the Colidar Mark II, the world's first lidar. Hughes called it an “‘invisible tape measure’ to pinpoint remote targets such as tanks.” (© HRL Laboratories, LLC.)

The team packaged the laser transmitter and receiver into an optical twist on a double-barreled shotgun and put the electronics in a Boy Scout backpack. They made the rounds, demonstrating the device in the United States and Europe, and landed a few one-off deals for experimental prototypes, mostly for use in aiming tank cannons. When the army started putting them on their Cold War–mainstay M60 tanks as part of a Hughes-built fire-control system, the company had a new business, and lidar was a commercial product that would find its way onto thousands of war machines.20 It wouldn't be the last military use of lidar. Meanwhile, others had much more distant targets in mind.

Louis Smullin, who ran the Active Plasma Systems group in MIT's Research Laboratory for Electronics, was among them. Born to Ukrainian immigrants in Detroit during the First World War, he was a brick of a man who had played lineman for his high school team in the days of leather helmets and was known for his fearlessness. Despite this image, Smullin was a quiet and thoughtful person who, despite a lack of interest in small talk, was happy to converse about science, teaching, politics, or other topics of the day and had a rare ability to boil complicated realities into simple descriptions. In committee meetings, Smullin was the sort who mostly listened but would invariably make a comment that changed the entire direction of the discussion.21

His career, like that of so many other scientists, was shaped by the Second World War. He had earned his master's degree in electrical engineering at MIT in 1939 and had hoped to go on for his PhD but was rebuffed—perhaps because he stuttered, and perhaps because with his stutter he might not make for much of a lecturer. That MIT's Electrical Engineering and Computer Science department today bestows an annual Louis D. Smullin Excellence in Teaching Award serves as yet another reminder that you can't judge an audiobook by its narrator.22

And so in 1939 Smullin took his MIT master's degree to Fort Wayne, Indiana, to design and test photomultiplier tubes for the Farnsworth Television Company, followed by a stint with Bendix Aviation in Sidney, New York. With war looming, he was back in Cambridge at the MIT Radiation Laboratory in 1941, where he worked on microwave transmitters and receivers for airborne radar until there was peace again. With the shuttering of the Rad Lab, Smullin spent about a year running the microwave tube group at the Federal Telecommunications Laboratory in Nutley, New Jersey, before returning to MIT in 1947, helping set up MIT Lincoln Laboratory—a Cold War–triggered reincarnation of the MIT Radiation Laboratory founded in 1952—and becoming its Radar and Weapons Division chief. He returned to MIT for good in 1955.23

By 1961, Smullin was forty-five years old with four kids, applying his fearlessness in his research lab, to which he rode his bike the five miles to MIT from Watertown. One fall day after parking his bike, he got a call from the MIT Research Laboratory of Electronics office about a potential postdoctoral researcher, an Italian who had been working in Canada and in New York.


“As it happened, I had recently convinced the laboratory director that it was possible to shine a laser at the moon, and to detect the reflection,” Smullin recalled. As it also happened, MIT Lincoln Laboratory was finishing up a forty-eight-inch telescope for the US Defense Department's Project Defender, a missile defense research effort. It was to be delivered by the following June. Until then, a telescope so big its operator rode on a seat attached to its flank was open for business even as it was being completed. In addition, Raytheon, based in nearby Waltham, had agreed to let Smullin use what was at the time the most powerful ruby laser on the planet. The US Army Signal Corps, the Air Force Office of Scientific Research, and the Office of Naval Research would foot the bill.24 Smullin needed help putting this all together, and Giorgio Fiocco could provide it.25

Fiocco was thirty-one, with swept-back wavy hair and a thick accent. Smullin described him as a “smiling, bouncy guy.” Like Smullin, Fiocco had worked in radar—at Marconi in England (it was, despite its name being as Italian as Fiocco's, a British firm) and then at Cornell Aeronautical Laboratory in Buffalo, New York. A PhD electrical engineer with equal strengths in theoretical work and crafting instruments, his name was already on several patents. But his interest was less in the objects that radar found than the supposed “noise” coming from the air on the way to and from those objects.26

Smullin named his proposed moon shot Project Luna See, as fine a bit of wordplay as exists in the annals of science. With Fiocco doing the heavy lifting while Smullin split time among his various endeavors, they worked through the winter and spring at MIT in Cambridge. The key elements were the big Raytheon laser and a photodetector in the form of a photomultiplier tube not so different from the ones back at the Farnsworth Television Company. The photomultiplier would tune into whispers from incoming photons and shout their presence onward in the language of electrons, communicating with an oscilloscope of the sort used in the weapons-control radar systems Fiocco and Smullin knew so well. They would, during the experiment, record the oscilloscope's readings by taking photos of it. Complicating matters somewhat was the need to keep the photodetector chilled in a liquid nitrogen jacket and then sealed in a vacuum chamber.27

As far as the experiment's timing, they knew the receiving telescope's roughly fifty-mile-diameter purview of the moon would have to be on a dark patch of it. But the dark part of the moon varies in darkness by a factor of fifteen over the course of a month. The almost-full moon's darkness is darkest, but light leaking over from the moon's sunlit surface would interfere. They decided to go with a half-moon.28

In April 1962, Fiocco and Smullin spent a few days integrating their equipment at Lincoln Laboratories’ Annex 4 in Lexington, Massachusetts.29 They connected the Raytheon laser to a twelve-inch telescope that hung off the forty-eight-inch telescope like a lamprey. The smaller telescope would do the shooting. They tested it, among other ways, by burning millimeter-wide holes in aluminum foil.30
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Louis Smullin (left), Stanley Kass of Raytheon, and Giorgio Fiocco discuss Project Luna See as the telescope takes aim at the moon. (Photo courtesy of MIT Museum.)

The laser itself was more or less of the same design as the one Maiman built, though not even close to something one could hold in one's hand. Four xenon flashlamps would blast about two million watts at a six-inch ruby rod for a thousandth of a second. The rod would then spit out a hundred-thousand-watt pulse lasting half as long. They opened the doors above the telescope to find the sky full of fat snowflakes. They waited two weeks for the next half-moon.31

Starting just before 10:00 p.m. on the crystal clear night of May 9, 1962, they aimed their borrowed telescope out over the treetops toward the moon crater Albategnius and fired.


Had time stopped in the split second after the first pulse, a swath of a quintillion red photons would have been visible stretching a hundred miles toward Luna. By the time the laser pulse reached Albategnius just over a second later, the light had fattened to a roughly two-mile-diameter circle. As the New York Times reporter on hand put it, “Had someone been standing in the mountainous region southeast of the crater Albategnius on the moon, the stark and darkened lunar landscape would have been lighted by a succession of dim red flashes.”32

A second or so after each pulse, the photodetector back in Lexington looked for light with a wavelength of exactly 694.3 nanometers, the same deep-red color as Maiman's ruby laser and all ruby lasers hence—it's just what chromium doles out in this universe. After each of the eleven pulses Fiocco and Smullin sent to the heavens, the detector spotted about a dozen photons that, after a roughly half-million-mile swim through space, had returned home like salmon. The experiment that night took all of eleven minutes, stretching that long because the laser had to cool off for a solid minute between pulses. They followed up the next two nights, firing twenty-three shots toward Copernicus, thirty at Tycho, and another sixteen at Longomontanus.33

The maser-laser pioneer Charles Townes, now MIT's provost, called Luna See a “benchmark” and noted that this was the first time a laser had been aimed at a target beyond the Earth.34 Friends of Smullin's daughter Susan, then a student at Brandeis University, took to referring to her father as “moonbeam Smullin.”35

Her dad and Fiocco “were having fun—serious fun,” she recalls. “They didn't know whether they could do it or not, and it turned out that they could, and that it was a big deal.”

But she also asked him: besides having fun, why? He said it was about proving the concepts.

“This is just the beginning,” Smullin told her.

His and Fiocco's next act would have nothing to do with the moon. That New York Times reporter noted, toward the end of his story about the night of May 9, 1962: “Although it was an exceptionally clear night, the experimenters could see a thread of red light high overhead, aimed at the moon. Apparently, there was a haze layer several thousand feet overhead.”

The implications of this weren't lost on Fiocco and Smullin—any more than they would have been on Hutchie Synge. Their laser was producing the same atmospheric scattering that Edward Hulburt's and Ellis Johnson's searchlights did in the late 1930s. But the laser could do much, much more.
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Having stumbled into a topic so broad and so deep, I relied heavily on many generous folks to educate me directly and steer me in the right direction for further investigation. Some of them, such as Arlen Chase, John Degnan, Brian Edwards, Gary Guenther, Bill Krabill, Tom Painter, Sanjiv Singh, and Red Whittaker, were notable players in the narrative. Others, including Jeff Deems, David Harding, Susan Jones, Paul McManamon, Michael Raphael, Johannes Riegl Jr., Xiaoli Sun, John Weishampel, Jim Yungel, and John Zayhowski, provided me far more help and guidance than their brief mentions in this book indicate.

Others to whom I'm indebted got no mention at all: Don Neilson and Rebecca Michals of SRI, Michele Durant at HRL, Audrey Lengel and Allison Rein of the Niels Bohr Library and Archives at the American Institute of Physics, Paul LaRocque of Teledyne Optech, David Murphy of Near Earth Autonomy, Nora Kazour at Carnegie Mellon, Jeff Bennett, Don Carswell, Bob Samson, David Smullin, Ron Swonger, and Guido Visconti. And I'm sure I'm forgetting someone.

The University of Colorado Denver's Auraria Library kindly allowed me guest researcher access, helping enable the depth of reporting I was hoping for. UCHealth continued to let me tell its stories while working on this book. Jacqueline May Parkison did a masterful job editing the manuscript. I'm grateful for the support of literary agent John Willig and of the team at Prometheus Books. Finally, I thank my wife and daughters for their patience.
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