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  Invocation


  Creator of the Universe,


  Creator of the Earth, the Sun, the Moon, the planets and the stars,


  Creator also of the elegant and beautiful laws


  That govern the motions of all these,


  Creator, finally, of our combination of intelligence and curiosity


  Enabling us to find our way around this universe:


  We have but little understanding and less agreement


  As to who and what You are,


  But we do know what has been created, and we can agree


  That it’s only natural to feel and express gratitude.


  And so we do.


  Amen.


  —Hugh Blair-Smith, 2014


  Preface


  What made the Space Race possible? Rocket science, navigation science, computer science, and a lot of people who learned how to weave them all together.


  What made it necessary? The rise of superpowers, entities too big and well-armed to fight a war that either side could win. They could be rivals but not enemies.


  How close a race was it? Wellington’s assessment of Waterloo will do: “It has been a damned [close] thing—the nearest run thing you ever saw in your life.”


  And what did it achieve? A giant leap in the shared consciousness of mankind, a realization that sustainability of our small blue planet depends upon a higher level of cooperation than would have been conceivable a century ago.


  [image: ]


  Timing is everything. Born in 1935, I grew up at the best moment to live and work in the rapid development of these sciences, their nexus, and their consequences. A lifelong practice of system analysis, alternating between top-down approaches and bottom-up approaches to everything, has helped me to connect many dots. This book is a combination of large-scale history and a small-scale inside story. There are presidents and premiers, policies and projects, and pioneers of technology. Sprinkled between chapters are year-by-year Space Race Highlights with enough dates to annoy the most dedicated student, to document the progression of events, and to raise questions of causes and effects.


  The histories of the three sciences have internal threads of consequences over centuries of development, and external threads connecting them to each other and to world history. In the nineteenth and twentieth centuries particularly, there are startling parallels.


  I have attempted an even-handed treatment of Soviet engineers and cosmonauts, as well as American engineers and astronauts. On both sides, those groups defied national stereotypes, exhibiting an outstanding level of integrity and a passion for getting things right. Covering fields which were male-dominated through most of the period, I have been delighted to find opportunities to give some exceptional women their due.


  Histories tend to be about kings and wars and dates, but they must be understood as being about people. The Space Race involved close to a million individuals around the world. My inside story necessarily focuses on the part of that world I know best: MIT and its laboratories, engineers there and at NASA and at companies we worked with.


  This book is more one individual’s system analysis than a conventionally researched history. I have been able to fact-check a large number of personal memories, and have not hesitated to make highly educated guesses where necessary. People with deep knowledge of the technical details will notice places where I’ve simplified descriptions to make them more accessible, and will undoubtedly catch me out in what I hope will be small errors.


  And people who are convinced that science is false, progress is an illusion, and humanity is doomed, will find me a “cock-eyed optimist” on many points. So be it.


  


  —Hugh Blair-Smith,


  November, 2015


  Prologue


  The Starting Gun: 1961


  The telephone rang with what seemed to be a special urgency, as if it too had been galvanized by President John F. Kennedy’s words to Congress on May 25, 1961 … only a few days before.


  


  I believe that this nation should commit itself to achieving the goal, before this decade is out, of landing a man on the moon and returning him safely to the earth.


  


  The President’s bold eloquence rose precisely to the significance of the moment. Over the past four years, the Congress—and the nation they represented—had been shocked by the launch of Sputnik, encouraged by President Eisenhower’s creation of the National Aeronautics and Space Administration, embarrassed by repeated failures of rocket launchers, frustrated by delays in the manned Mercury program, and now humiliated by the Soviet propaganda machine’s trumpeting of the triumphant orbital flight of Yuri Gagarin on April 12. It was time to pick up the Goett committee’s 1960 concept1 called Apollo and make it a program.


  The telephone sat on a corner of a cluttered desk on the fourth floor of an old wood-framed, brick-faced factory building in the gritty industrial heart of Cambridge, Massachusetts. The hand that reached out to it belonged to a sixty-year-old man with a nearly full head of graying hair, a still-robust build, steel-rimmed glasses over blue-gray eyes—aviator’s eyes, restless, missing nothing—in a ruddy face that showed his preference for keeping the top down on his Morgan Plus 4. Professor Charles Stark “Doc” Draper of MIT’s Aeronautics and Astronautics Department was founder and director of the Instrumentation Laboratory, which had recently delivered computer-centered inertial guidance, navigation, and control (GN&C) systems to the United States Navy for the ultimate deterrent, the Fleet Ballistic Missile (FBM) system. Each FBM unit was a nuclear-powered submarine capable of roaming the undersea world indefinitely, kept informed of its position by inertial navigation without reference to any external signals. An FBM sub carried sixteen Polaris missiles, each with its own GN&C system operated by a micro-miniaturized digital differential analyzer, a hybrid type of digital device “dressed up as an analog computer.” No air defense could jam guidance signals to a self-contained system that didn’t need any. And no aggressor could be sure of taking out all such submarines in a first strike; enough would be left to exact an unacceptable price.


  “Stark Draper.” The voice was clear and confident.


  “Hi Stark, it’s Jim.” James Edwin Webb had been Doc’s colleague at Sperry Gyroscope years ago, and had taken over as NASA’s second administrator three months earlier. Doc had no trouble guessing what the call was about.


  “Hi Jim. What can I do for you?”


  Webb knew well enough what Doc would say, but he had to put the questions and the answers on the record. “Can you build a GN&C system for Apollo?”


  “Yes.”


  “When will it be ready?”


  “When you need it.”


  “How do I know it will work?”


  “I’ll go along and operate it for you.”


  Jim Webb was amused by this last sally, and not a bit surprised. Doc had always preferred to take the hands-on approach, personally fitting airplanes with innovative instruments and then flying them himself. But everyone knew astronauts had to be test pilots, physical and psychological supermen in the prime of life, made of what Tom Wolfe called the Right Stuff in his 1979 book. Doc’s way of expressing unshakable confidence in what his Lab would achieve was typical, but not to be taken literally.


  Or was it? A couple of months later, Doc wrote a long letter to NASA Associate Administrator Robert Channing “Bob” Seamans, Jr., insisting that his age should not be an obstacle and spelling out several reasons why his role as crew would be beneficial. A nonplussed Seamans wrote a prompt and courteous reply, taking note of Doc’s offer and promising to pass it along the proper channels.


  That’s how the deal with Doc’s Instrumentation Laboratory was done. No RFP (request for proposal), no bidding cycle, no catfights among congressmen to shift torrents of federal funding into their districts. It was the first of many occasions in which the urgency of JFK’s commitment made people say, in effect, “We don’t have time to mess around being bureaucrats in the usual way—we’ve got to get this thing going!”


  The Lab’s main building—a factory long since vacated by the Whittemore Shoe Polish Company—had been repurposed as one part of MIT’s gradual encroachment on parts of Cambridge where Lever Brothers manufactured soap, Necco turned out rolls of sugary wafers, Squirrel Brand packed peanuts, and a hundred miscellaneous products were stamped Made in Cambridge, Mass. and shipped around the world. I had been working there as an engineering staff member for a year and a half, a very junior member in a staff of hundreds. But I carved out a nearly unique role for myself, with one foot in the digital computer hardware engineering side of the house and one foot in the programming side. Though officially in the Digital Computation Group that wrote programs for the house mainframe computer, I had also been working with the Digital Development Group that was creating a compact, low-power guidance computer to go in an Air Force space probe to Mars. The third of that series, the first to bear my design thumbprint, was instantly repurposed as the prototype Apollo Guidance Computer. Hence, my claim to have begun working on Apollo several months before it began.


  Throughout the program, I functioned as a bridge, interpreting the hardware and software sides to each other. Later, my efforts in the Lab’s consultative role in Space Shuttle avionics development built on that experience.


  It took a lot of educated people to braid together the three technological strands of rocket science, navigation science, and computer science. My lucky privilege was to be among those whose careers as systems engineers became the fourth strand. The braiding was performed in many more places than just MIT. For manned space flight, these included International Business Machines’ Federal Systems Division (IBM FSD) working with NASA and McDonnell Aircraft on the Gemini spacecraft, and IBM FSD again with NASA’s Marshall Space Flight Center on the Titan and Saturn boosters.


  The Lab worked under the direction of NASA’s Manned Spacecraft Center, and in sometimes uneasy partnership with both North American Aviation and Grumman Aircraft Engineering. We had to create a computer-centered suite of instruments playing a multi-faceted role in the Apollo spacecraft, connecting both Houston’s Mission Control and the three-astronaut crew with essentially everything the spacecraft did.


  Let’s take a look at how the four strands began and how they grew up to become ready to take men to the Moon.
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  Of Rocket Science: 1567–1914


  Wan Hu knew that as a powerful mandarin in the Middle Kingdom, he was under the special protection of Heaven. With unruffled serenity, he decided to travel faster than any man on Earth. The year was known as 1567 AD to the Western world, but China had no need or use for the calendars of barbarians. Wan had a smooth wooden track built, on which he placed an elegant chair, lavishly gilded and richly upholstered in a brocade of the boldest court colors. Securely fastened to the back of the chair were forty-seven rockets, the largest size then in use as weapons called “fire arrows,” their fuses neatly aligned for simultaneous ignition by forty-seven servants. Sitting in his chair, Wan Hu gave the signal by nodding gravely.


  The servants carefully extended their long matches. The fuses sparked and crackled in perfect synchronism while the servants backed off to the safest distance from which they could still watch. There was a tremendous explosion. No traces of Wan Hu or his chair were ever found. Thus ended the first application of rockets filled with gunpowder for human flight. Solid-fuel rockets did not again become “man-rated” until the Space Shuttle four hundred years later, with (mostly) better results.


  Writers of a scientific bent imagined human travel between the Earth and the Moon, making use of rockets and cannons—with the notable exception of Johannes Kepler’s 1630 book Somnium. Kepler’s traveler was described as a student of Tycho Brahe, the persistent Dane who mapped the heavens with unprecedented accuracy, though unaided by a telescope. Noting that Copernicus used Tycho’s database to develop a mathematical model of a Sun-centered Solar System, Kepler’s fictional student figured he could judge the correctness of that model by observing from the Moon.


  Folklore of the time imagined Lunar demons who brought evil to Earth, taking advantage of the “bridge of darkness” that filled space between Earth and the Moon during eclipses—also getting God off the hook for the existence of evil. The student obtained his “ticket” from a deal his mother (a prominent witch) made with these demons to travel over the eclipse-bridge to the Moon. Kepler concocted this elaborate fantasy to show how the Copernican model might be verified, while giving himself full deniability for when Papal thugs came around to enforce the orthodox view of a stationary Earth at the center of the Universe. He claimed it was all a dream (somnium), involving nothing so realistic as rocket propulsion or cannon fire, and that one couldn’t be held responsible for the content of one’s dreams. This dodge worked well enough, with one hitch—the Papal thugs improvised by arresting Kepler’s mother on suspicion of witchcraft.


  A decade or so later, a parade of wildly improbable technologies appeared in Cyrano de Bergerac’s first-person fantasy, L’Autre monde ou les états et empires de la Lune (“The Other World: Comical History of the States and other Empires of the Moon”). With an instinct for what was bogus in the natural philosophy of the ancient world and its importation into his own time, the narrator (ostensibly Cyrano himself ) described being borne aloft by bottles filled with dew, which everybody knew was strongly attracted by the Sun. Later, the narrator experimented with a sort of rocket sled that crashed, injuring him so he had to slather himself with beef marrow to ease the pain. Then he had to rescue the machine from a bonfire, setting off the remaining rockets accidentally. That boosted him into the stratosphere, where the exhausted rocket machine fell away, but he didn’t fall. That was due to lucky timing since it was past the Moon’s third quarter and, as everybody knew, the waning Moon in its last quarter is accustomed to sucking animal marrow.


  “Say what??” you might ask. Cyrano the author needed a miracle to save Cyrano the character and, for that purpose, reached for what he knew was one of the most absurd superstitions of his time. Oddly, the superstition persists into our own time in slightly more abstract form: you can find online forums on witchcraft arguing over whether the waning Moon is a time of “negative energy.” Cyrano the author manhandled this fantastic notion into the shape he required, making the Moon’s “sucking” energy pull his character’s slathered body to where the Moon’s gravity balanced the Earth’s. Cyrano stated this distance as well over three quarters of the way—not a bad guess, since the right answer is 71%. He landed safely on the Moon and logged many cockeyed adventures, finally returning home by supernatural means. Cyrano’s is the funniest concept of Earth-Moon travel, and it’s no surprise that scholars consider it the inspiration for Jonathan Swift when he wrote Gulliver’s Travels nearly a century later.


  In 1650, a Polish-Lithuanian military engineer, Kazimierz Siemienowicz, made a drawing of a three-stage rocket to propel a warhead toward a target many miles away, but did not leave any account of how it might be guided. His drawing joins many of da Vinci’s works in portraying a carefully engineered design that had no hope of being realized in his lifetime. Still, the proportions of the three stages to each other is a fair approximation of the corresponding proportions in Apollo’s Saturn 5 booster.


  A more practical form of military rocket was developed, not in Europe, but by anti-Raj rebels in India, who deployed it to rout a considerable British Army force at Guntur in 1780. Jolted from complacency, Whitehall backed Colonel Sir William Congreve in his 1804 development of rocket weapons with a four-mile range. Congreve rockets were used against Napoleon in 1806, and against our own Fort McHenry in 1814 with less effect but more fame, thanks to Francis Scott Key.


  In the midst of all this belligerent rocketry was an attempt at a peaceful—well, sort of peaceful—use of rocket propulsion for human flight. An Italian, Claude Ruggieri, undertook experiments rocketing animals outfitted with parachutes high in the air. Hoping to top these feats in 1806, he persuaded a small boy in Paris to be the next payload, but the gendarmes wouldn’t let it happen.


  By 1865, authors imagining the uses of peaceful rockets had acquired a modicum of scientific sophistication. Jules Verne’s tale, From the Earth to the Moon, inspired just about everybody who later contributed to the art, and even demonstrated a correct understanding of weightlessness in space flight. Four years later, Edward Everett Hale anticipated by a full century the Global Positioning System (GPS) in his short story The Brick Moon. Hale imagined a large and highly visible satellite, boosted into polar orbit around the Earth to provide ships at sea with a direct observation of longitude. Hale’s bricks were intended to absorb and dissipate the heat of re-entry, anticipating the Space Shuttle’s skin of thermal tiles.


  In the 1914 twilight of the Pax Brittanica, Congreve rockets turned to peaceful purposes, carrying breeches-buoy ropes to wrecked ships and saving a thousand sailors.


  2
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  Of Navigation Science: 1100–1802


  The birds and the bees do it, and so do butterflies. They navigate over long distances, using built-in biological instruments that we are struggling to understand. Humans have had to invent inorganic navigational instruments to guide them to places they cannot see. The earliest one that deserves the name of “instrument” is the magnetic compass, invented in China over two thousand years ago, though not applied to wayfinding until about the year 1000. Even then, its use was in land-based orienteering as part of military training for a hundred years before becoming standard equipment for ships. European mariners adopted this technology from Chinese vessels at once, recognizing it as a huge advance over the polarized-light-sensitive “sunstone” crystals used by Vikings to find the direction of the sun on cloudy days.


  An instrument to measure speed through the water came next, using a reasonably accurate interval timer in the form of a half-minute sandglass, rather than an hourglass. A triangular piece of wood called a chip log, with its corners tied to the end of a rope in which evenly spaced knots are tied, remains nearly stationary in the water after being dropped from the stern, if the rope is paid out freely. The number of knots paid out before the glass runs out is the speed in nautical miles per hour, or “knots” for short.


  Combining the compass and the log with a reasonably accurate clock allowed for dead reckoning, the art of calculating both distance and direction through the water without visual reference to land or even to celestial bodies. In parts of the ocean without substantial currents, dead reckoning was at least as accurate as the charts of the medieval and Renaissance eras. But since there was no way to measure currents, knowledge of ocean currents like the Gulf Stream had to be collected into books for navigators’ use.


  Direct finding of a ship’s position in the northern hemisphere, where almost all shipping takes place, is aided enormously by the North Star, Polaris. Many devices were developed to measure the angle between the northern horizon and Polaris, including cross-staffs, octants, and sextants. The angle observed is the vessel’s latitude within one degree. Near the Equator, it’s a small angle of just a few degrees. Standing at the North Pole, it’s 90°—directly overhead. And in Venice or Minneapolis, it’s about 45°.


  In the southern hemisphere, none of the naked-eye stars are anywhere near as helpful, so the Polynesian navigators of the South Pacific had to create sophisticated and lengthy oral traditions to interpret the star fields at various times of year.


  For daytime navigation in either hemisphere, the angle the Sun makes with the horizon at noon provides a very accurate latitude if the navigator has a book giving the Sun’s “declination” for each day of the year. Since the Earth’s axis is inclined 23.5° to the axis of the Earth’s orbit around the Sun, a navigator at latitude 23.5°N will find the Sun directly overhead on June 21. Returning to the same place on December 21, the navigator will find the Sun only 43° above the horizon. The books that record these predictions, called nautical almanacs, have gradually been improved to match the greater accuracy of angle measurements by modern sextants, better than one-hundredth of a degree.


  Finding longitude—position in the east-west direction—is a very different matter and requires another instrument, the chronometer, a clock so accurate as to give the correct time to within a second or two. The Earth’s rotation on its axis—producing the illusion of Sun, Moon, planets, and stars apparently circling the Earth once per day—needs that accuracy to predict where each celestial body will appear. Until recent centuries, navigators had to combine direct measurement of latitude with a dead-reckoning estimate of longitude, augmenting the latter with whatever knowledge they possessed of currents. Dead reckoning accumulated errors rapidly, partly because the navigator was depending for speed data on the skill of the men trailing and timing the chip log, and depending for direction data on the steadiness of the man at the wheel as well as the quality of the compass. Very little quantitative data on currents was available, even when Benjamin Franklin made his amateur measurements of the Gulf Stream on his many voyages to Europe.


  In 1707, this problem proved tragic for a homeward bound—and fogbound—Royal Navy fleet under Admiral Sir Cloudesley Shovell. His navigators knew they were south of the latitude of the English south coast, and north of the latitude of Brittany’s Ushant Island. They calculated they were miles east of the sharp-edged rocky Isles of Scilly, which stick out like monstrous daggers from Land’s End, the southwestern corner of England. But the calculations, based on inaccurate estimates of when sextant measurements were made (before the fog rolled in), were badly off. The navigators’ northeast course was intended for Falmouth, but instead took the whole fleet into those rocks.


  The catastrophic loss of over a dozen ships and two thousand sailors prompted Parliament to offer the monumental prize of £20,000 for a solution. At $4 million in modern terms, it was so handsome that the Admiralty’s Board of Longitude couldn’t, half a century later, bring themselves to pay it to a simple Yorkshire clockmaker, John Harrison, who had spent those decades developing a chronometer. Harrison’s clock ran steadily in hot weather and cold, at whatever angle the ship’s deck was canted, even absorbing the shocks of heavy waves. The Board claimed that only luck and coincidence could have given the sea trials of his chronometer more success than the methods favored by the empire’s greatest astronomers. In the end, Harrison got some of his money by going over their heads and getting an interview with King George III. The King tested an advanced model at the palace for ten flawless weeks and, exasperated with the Board, told the inventor, “By God, sir, I’ll see you righted!”


  Even with accurate time, navigators had to perform some complicated arithmetic (including spherical trigonometry) when working up sextant sights. At sea especially, it required large books filled with tables of numbers to do all the arithmetical heavy lifting, leaving only adding, subtracting, interpolation, and careful plotting for the navigator to do. Harrison’s chronometer was the solution to the longitude problem if accompanied by accurate mathematical tables.


  That was a big if. To produce these books of tables, bored tired men sitting on high stools did the calculations by hand, copying the results on paper with their quill pens. Bundles of the papers went to a print shop where apprentices—young “printer’s devils”—set the type (necessarily in mirror image and sometimes upside down as well), copying digits that had no meaning for them. The opportunities for omissions, duplications, transpositions, 2s confused with 5s, and 6s confused with 9s, were infinite. Short budgets of time and money, as well as pressure to get the volumes out, curtailed proofreading.


  In the first years of the American republic, a patient slight-built youngster, Nathaniel Bowditch of Salem, Massachusetts, passed up playing vigorous games with his schoolmates because he much preferred examining and correcting the error-ridden tables used by his seafaring family. His book, The American Practical Navigator, became the ninth title published by the United States Navy’s Hydrographic Office, and a much updated “HO-9” is still a bestseller in the nautical world.
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  Of Computer Science: 1642–1907


  Like Nathaniel Bowditch a generation earlier, Charles Babbage corrected entries in large books of mathematical tables for use in celestial navigation. Unlike Bowditch, who was doing what he loved for the family business, young Babbage was working at a job, in his native London, for which he was absurdly overqualified. Bored and frustrated, he longed to make use of the pinnacle of technological innovation of his time. “I wish to God these calculations had been executed by steam,” he exclaimed.


  Babbage became the first to attempt development of steam-driven calculating machines. I suspect there could have been earlier large-scale machines, driven by the windmill or watermill technologies that had been grinding wheat into flour for centuries. And if such machines could have existed, why didn’t they? One surprising answer is an invention in the last third of the seventeenth century by two mathematical giants, Sir Isaac Newton in England and Gottfried Leibniz in Germany. Newton (with an astronomical orientation) and Leibniz (with a mathematical orientation), simultaneously invented a new analytical approach to physical problems, making large-scale calculating machines unnecessary for over a century.


  Their advance was called calculus—differential calculus to generate formulas for rate-of-change problems, and integral calculus to generate formulas for the accumulated effects of varying forces. They built on René Descartes’ development of analytical geometry, applying his system of perpendicular coordinates (with a numerical scale along each axis) to expressions for smoothly changing variables such as the motion of planets through space. In schools and colleges today, analytical geometry is fittingly called “precalculus.”


  The value of the “differential calculus” lay in the ability to express differentials or derivatives—the rate of change of one variable with respect to another—in the same sort of algebraic formulas that describe the behavior of the original variable. That made them computable with small-scale manual adding machines like Blaise Pascal’s “Pascaline” of 1642 or Leibniz’s “Stepped Reckoner” of 1694.


  The “integral calculus” part of their invention conferred a similar benefit on the reverse process, deducing the formula for an underlying variable from an expression for its rate of change. For fairly simple functions, these operations can be performed by devices that we don’t even think of as computers. Dashboard instruments in twentieth-century cars perform mechanical differentiation of a wheel’s rotation to position a speedometer needle, and equally mechanical integration of the same variable to drive an odometer’s number wheels.


  The tedious labors of young Babbage took place at a time when the demand for more accurate calculations was undergoing explosive growth. The practical limits of calculus had been reached in two areas, both relating to celestial observations of Sun, Moon, planets, and stars. One, which we’ll meet later in spacecraft navigation, was the famously intractable three-body problem, where the motions of a body significantly attracted by the gravity of two or more other moving bodies cannot be expressed in a neat algebraic formula. The other was the complexity of navigational arithmetic.


  Babbage was born into London banking money and access to all the stars of the British Enlightenment. At Cambridge University, he found the programs in mathematics badly inadequate and sought to raise the level of intellectual stimulation by forming the Analytical Society with some brilliant friends. This society served as the platform for Babbage’s bold arguments about the best notation for calculus, couched in the elegant elaborate puns for which Cambridge is famed. Babbage tagged Leibniz’s notation (exemplified by representing the rate of change of a variable x with respect to time as dx/dt, pronounced dee-ex-dee-tee) “d-ism” as a riff on the religious philosophy of Deism so characteristic of the Enlightenment. He dismissed Newton’s notation (exemplified, for the same purpose, by an xwith a central dot over it, pronounced ex-dot) as “dot-age.”


  Taking a degree in 1814, Babbage married in defiance of his father’s objections and began his career while raising a family of nine children. Seeking a route to calculation “by steam,” he studied small-scale calculating devices and Johann Müller’s design for a “difference engine” of 1784. In 1822, he persuaded the Royal Astronomical Society to back construction of his own design of a difference engine to calculate entries for mathematical tables. The name comes from use of the “differences method,” a basis for the method of “difference equations” used for calculating positions and velocities of spacecraft in the twentieth century.


  Construction began in 1823 and quickly ballooned into a mega-project requiring revolutionary advances in building machine tools to form the engine’s parts and, like Apollo over a century later, in project management. After production of only a small proof-of-concept model and a decade of ever-increasing problems with contractors, politics, and funding, Babbage was forced to halt his development project in 1832. It had consumed £17,000 of government money and £6,000 of his own, totaling approximately the sum used by John Harrison over a lifetime of developing chronometers, but with less result.


  Overcoming his great “disgust and annoyance” with the failed project, Babbage in 1834 conceived a higher vision, a machine that would “eat its own tail,” his phrase for feeding the outputs of some of the calculations back as inputs to other calculations. [It seems likely that “eat its own tail” is a Bowdlerized Victorian version of what Babbage actually said. A more accurate image, more likely to have been used by this rough-mannered genius, is “eat its own shit.” Babbage must have been aware of Vaucanson’s automaton of 1739, the Canard Digérateur, a mechanical duck that ate and defecated, and was claimed (falsely) to digest. The duck remained on display in a Paris museum, with hidden machinery capturing the swallowed grain and supplying synthetic poop, until 1879.] After five years of research and development, he faced the new model’s need for a systematic approach to programming. Fortunately, he had only to look at a new silken portrait of Joseph Marie Jacquard on his wall to find a ready technology.


  In 1801, Jacquard had invented programmable automatic process control. His automatic tapestry loom used stiff-paper cards, about 5" × 30", with places for hundreds of holes corresponding one-for-one with the threads of the warp. A mechanical linkage “read” each card by poking probes at every hole position. Where there was a hole, the probe passed through by an inch or so, lifting the corresponding warp thread. Where there was no hole, the probe was blocked and the corresponding warp thread stayed put. Then the operator sent a weft thread across on a flying shuttle below the lifted warps, reset the probes to home all the warps, and brought the next card into position by pulling on a pair of strings. Rube Goldberg would have died of joy to watch it.


  What hung on Babbage’s wall was an exquisitely detailed 1839 portrait of M. Jacquard, a nineteenth-century “selfie” automatically woven in silk under control of 24,000 punched cards as a bravura demonstration of the technology. Babbage figured out how to make the Jacquard warp lifters control his new model, enabling it to perform more general forms of processing than just polynomial equations. This “analytical engine” would transcend calculation, arithmetic done on numbers representing measurements such as distance, time, speed, and money. Processing of all forms of information, including text, sound, and pictures as well as numbers, became known as computation.


  Ada Lovelace (Augusta Ada Byron, Countess of Lovelace, to give her full name and title) was quick to see the possibilities. In an age when offering women any significant education was abnormal, the romantic poet Lord Byron trained his only legitimate daughter in mathematics from childhood. He even took her, as a teenager, to a presentation by Babbage of his difference engine. She was so impressed that she cherished the memory through a dozen dutiful years as a wife and mother. As soon as the day-to-day pressures of that role eased off, she sought out Babbage again. Applying her well-furnished mind to the burgeoning science of mathematical logic, she worked with him on the analytical engine. He was then among London’s leading social lions, in demand not only for his brilliance in developing dozens of different inventions but also for his ill-tempered and articulate impatience with non-geniuses. Charles Babbage was the premier “badly socialized nerd” of the early Victorian era.


  As they worked together—he, for the most part, on the mechanical details of the engine; she, for the most part, studying a notebook full of his program code—the silken portrait of M. Jacquard looked down from the wall. A fly perched on that picture, on a certain day, must have seen and heard something very like this:


  


  Ada looked up at Babbage, then back down at the page, up again, took a deep breath, and spoke. “I say, Mr. Babbage, this part isn’t going to work in the Southern Hemisphere, where you give the latitude in negative numbers.”


  He continued scratching away at drawings of the special gearing for long division. “Bugger the Southern Hemisphere; nobody sensible goes there.”


  She sipped at her cup. “How then, sir, are we to get our tea from India, but by doubling the Cape of Good Hope?”


  The scratching only became more feverish. “Tea!” he snorted.


  With a twinkle in her eye, she topped up his cup and pressed her point: “And how shall we navigate, to transport such ruffians as yourself to Australia?”


  He sighed and looked up. “Mind your saucy tongue, mistress, or I’ll ...” He paused, squinted as if at something far away, snatched the notebook from her hands and glared at the page. “Damn me! I suppose you mean this one, that I called iota-2.” She nodded, but he did not see, nor need to. He muttered aloud to himself, “That wretched little angle does have to keep the sign of the latitude, don’t it?”


  He looked up as if seeing her for the first time, cocking his head to one side. “Ada—my very dear Ada—” He ignored the sudden elevation of her left eyebrow and continued, “Your father raised you to bear the title, Princess of Parallelograms. Today I promote you to Empress of Hemispheres. You must run your curry-comb through all my programming. Only … you won’t tell Mrs. Babbage about this, will you?”


  She smiled serenely and reassured him, “Nary a word, Mr. Babbage, nary a mumbling word.”


  He smiled back, an effort in a face unused to it. “And never mind about ‘Sir’ and ‘Mr. Babbage’ now. ‘Charles’ will do nicely.”


  


  Scholars differ over whether Ada actually created any code, which would make her the first female programmer, but there can be no doubt she was the first person to specialize in what we now call software. Italian Luigi Menabrea was so impressed by the design of the analytical engine that he wrote a paper on it in French to make his subject available to the largest number of educated people. Ada translated it into English, adding her own notes which included the first description of computer programming ever published. She combined vision—great enough to see that a computational machine might compose music—with a talent for communicating to the world the facts and significance of the analytical engine. It would have been the world’s first general-purpose computing machine if its designer had been able to build any substantial part of it. How might the British Victorian computer industry have developed if Babbage could have tempered his intellectual hubris with some of Ada Lovelace’s communications savvy, and practiced enough courtesy with officials to get funding for advanced development? A novel, The Difference Engine, by William Gibson and Bruce Sterling, speculates at length on this point for a fascinating alternative history.


  Up through the nineteenth century, “engine” meant any ingenious device, not just a steam engine—though the friction of numerous metal gears would have required steam power for the analytical engine. Shakespeare has Hamlet use the word’s military sense (seeming to foreshadow Saturn rocket engines, and to cast Rosencrantz and Guildenstern as doomed astronauts):


  


  … Let it work;


  For ’tis the sport to have the enginer


  Hoist with his own petar’; and ’t shall go hard


  But I will delve one yard below their mines


  And blow them at the moon.


  


  By the twentieth century, “engine” had become tied almost exclusively to locomotives and the motors of other vehicles, so “computing machine” and eventually “computer” took over.


  But many key issues remained the same. Defining a coded expression of the steps to a solution—programming—was a design issue for the Jacquard loom-cards of the analytical engine, and remains so today. The practice of program code inspection introduced by Ada Lovelace is still a valuable tool in software development, and the uneasy relationship between precision and accuracy has persisted. One pragmatic nineteenth-century soul complained about Babbage’s insistence on keeping forty or possibly even fifty digits of precision for each number, when the achievable accuracy of measurements didn’t generally surpass one part in ten thousand or maybe a hundred thousand, that is, four or five digits.


  Quite aside from such long numbers making a full-scale analytical engine impossible to drive (because the required brute force of steam power would have overwhelmed the brass fabric of the gears), it was a monumental waste of resources to calculate and store so many digits that couldn’t possibly mean anything. Today, accuracy still means “how exactly do I really know this quantity” and precision still means “how many digits will I use to express it.”2
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  The application of electricity to projecting information and action over a distance also began in the nineteenth century. First came action, what we now call remote control. In 1800, Count Alessandro Giuseppe Antonio Anastasio Volta was looking for a way to demonstrate the power of his new invention, the Voltaic pile, or battery. Knowing that a novel military device would get the most attention, he thought of Sir William Watson’s 1748 demonstration that electricity would travel through a two-and-a-half-mile wire (apparently) instantly, and devised a remote control to fire a gun. In the next town, thirty miles away, he set up a flintlock musket with one copper wire, thirty miles long, attached to the barrel. He rigged a second thirty-mile wire so that its end hung just above the gunpowder in the musket’s flash pan, and told the assembled dignitaries to watch the gun carefully when the church bell struck noon.


  He raced back on his best horse, on the road along which the wires were laid out, to his home town of Como, where one wire was attached to the bottom of the biggest Voltaic pile he’d built. When the Como church bell struck noon, he slapped the other wire down on top of the pile and prayed—as engineers have always prayed—for the flawless operation of his prototype. The voltage set off a spark in the musket’s flash pan, thirty miles away, firing the gun just as the flint striking the steel would normally do.


  With battery technology thus established, Samuel Finley Breese Morse achieved information at a distance by exploiting the principle of electromagnetism, published in 1826 by André-Marie Ampère. One could make a piece of non-magnetic iron into a temporary magnet by passing an electric current through a wire wrapped around the iron, empowering magnetic force to move metal objects under precise electrical control. During the 1830s, Morse applied this technique to move a pencil over paper in response to a voltage pulse in a wire, hence the name telegraph (distant writing). He represented information by a digital code composed of four types of signals: short pulse (dot), longer pulse (dash), short pause (between pulses within one letter code), and longer pause (between one letter code and the next). Note the different pauses in the best-known Morse code message, the distress call “SOS”: dot-dot-dot—dash-dash-dash—dot-dot-dot.


  Soon he substituted a telegraph sounder for the unreliable pencil mover when he discovered that operators could interpret its audio dots and dashes in real time. Extending this technology to distances longer than a few hundred miles became a problem because of the amount of energy converted to useless heat by the resistance in the wire. Morse developed repeaters that used a weak incoming signal to actuate an electromagnetic switch—a relay—to send a refreshed signal on to the next station.


  Coast-to-coast telegraph communication in the United States was established on October 24, 1861, just in time to assure President Lincoln that Utah would not secede from the union. The hopelessly outclassed Pony Express went out of business two days later.


  Morse can be called the grandfather of electrical/electronic computing because his relay, which could be configured to perform other digital logical functions (AND, OR, etc.) as well as simple repetition, would be recognized as the first amplifier of electrical signals. The relay became the basis for electrically driven computers almost a century later.


  Morse can also be called the grandfather of not telephones, but telephone exchanges, a very different invention. While Alexander Graham Bell’s 1876 telephone was the first analog device, making variations in an electrical signal follow sound waves and restoring the sounds electromagnetically at the receiving end, it was a point-to-point communicator with no switching, that is, no digital function. Switching was introduced in 1877 with the invention of a relay-technology telephone exchange by Thomas Edison’s Hungarian associate, Tivadar Puskás. It was built by the Bell Telephone Company in Boston, Massachusetts.


  The art of electronics began right after the turn of the twentieth century, as a way to project sounds over distances too great for simple telephone technology. Engineers sought a way to exploit the Edison Effect to achieve wireless telegraphy, now called radio communication. In London in 1904, John Ambrose Fleming invented the thermionic diode, in which an internally heated cathode loosened electrons from their normal orbits, and a nearby anode collected them—sometimes. If the circuit to which these two electrodes were attached put the anode at a positive voltage relative to the cathode, electrons would flow to complete the circuit. If the voltage was negative, nothing would flow and the circuit would stay open. The device did for electric currents exactly what a check valve does for liquid currents in a hose, allowing flow in only one direction, which was an essential first step in detecting radio waves and converting them to sound waves. That’s why it was called a thermionic valve, a term that long survived in British use for the whole class of devices that work by making electrons leap from cathode to anode. All such devices work best if enclosed in a glass or metal tube from which nearly all the air has been evacuated, leading to the American term vacuum tube.


  An Iowa-born American, Lee De Forest, patented his refinement of the diode in 1906 as part of his extensive pioneering of radio technology. What bothered him was the fact that it did nothing to strengthen the signal, as Morse’s relay did for wire telegraphy. Suddenly he realized that Morse’s use of a battery for an energy source could be applied to Fleming’s valve, maintaining a positive voltage at the anode, if he interposed a third element between the cathode and the anode to regulate the flow of electrons. De Forest’s “grid”—so called because it was a metal screen with plenty of open space to let electrons through—could cut off the flow with a fairly small negative voltage or let it pass through to the anode with a fairly small positive voltage.


  Combined with a “load” resistor between the anode and the battery voltage, his tube amplified a small or weak electrical signal into a larger more energetic copy of the signal. De Forest patented his Audion tube in 1907, a dozen years before it acquired the generic name of triode. The best part was that the output voltage would be quite accurately proportional to the input voltage, if the grid voltage was never so negative as to cut off the electron flow entirely nor so positive as to let it flow as copiously as the cathode heating would support. This hugely desirable property, linear amplification, accurately restored the energy lost to space in the radio transmission of the rapidly varying electrical signals created by Alexander Graham Bell’s microphone, much as Samuel Morse’s relays restored energy lost to heat in using long wire runs to send dots and dashes.


  Linear amplifiers became so important for radio purposes that electronic engineers made sure in their designs never to put enough positive voltage on a grid to pass the maximum current through. This principle arose not from any concern for damage, but because “driving the tube into saturation” would violate the holy grail of linearity. That was still taught when I studied electronics in college. The emphasis on linearity made it harder for many engineers to appreciate how the same tubes, operated in saturation or cutoff, could strengthen ones and zeros in digital logic and computing.


  4
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  Of a Systems Engineer: 1939–1956


  My earliest memory of an engineering orientation was getting a perfect present on my fourth birthday: a set of smooth wooden blocks plain in color but shaped like various parts of a car body. I could put them together one way to make a stately 1930s touring car, another way to form a snazzy roadster, or a pickup truck … just about anything. My parents had a problem at bedtime that evening. I was quivering with the excitement of designing and had to be persuaded that it would be waiting for me in the morning.


  Practical grounding in systems engineering began on my twelfth birthday, in the form of a kit to build an HO scale steam locomotive. It was a modest little engine, whose prototype was a Baldwin switching engine used by the Baltimore and Ohio Railroad. Its wheel configuration was “0-4-0,” meaning two axles for a total of four driving wheels and no leading or trailing “truck” wheels. No tender was required, since the prototype had a saddle tank for water and enough of a coal bin to supply short runs around the marshalling yard. Where there’s an engine, there must be tracks and cars and other types of engines. Where there are tracks, there must be a layout with buildings and scenery, and a power supply to deliver up to 12 volts DC through the tracks to the engine.


  Soon, I had a plywood table eight feet square with all those features, including a tunneled mountain made of furnace cement, a lake made of water-glass, a small town of cardboard-kit buildings and some outlying settlements, plus a collection of lead people three quarters of an inch high. The control station featured an auto-transformer with a silicon bridge rectifier to vary the train’s speed, and mechanical remote controls for switches, made from choke cables from the auto parts store. If you want to know if you have an engineer in the family, that’s not a bad way to go about it. As an incidental benefit, a 12-volt short circuit through the fingers will educate, but not actually kill, a child.


  My six years of boarding-school experience at Middlesex School in Concord, Massachusetts, while excellently instructive in the liberal arts and math and science, was entirely innocent of rockets and computers. The nearest thing to Boolean Logic was the electrical and mechanical design of the school’s model railroad club. Three of the teachers were called by the students Bull, Zoom-Zoom, and Dingbat.


  William Alexander was “Bull” because he looked like the rough-spoken football coach he was. He had a good eye for mathematical talent and wasn’t a bit shy about expressing his expectations. “Blair-Smith,” he growled at me just before a class in first-year algebra, “you are going to get a hundred on this test or I will wring your scrawny neck.” “Yessir,” I said. And I did.


  John de Quedville Briggs was “Zoom-Zoom” for his brisk style of walking, talking, and everything else. He was as elegant as Bull was plain. He convinced me that developing a skill in writing, and building a vocabulary to support it, was among the best favors I could do for myself and was by no means incompatible with my inclination toward engineering.


  Arthur Motter Lamb was “Dingbat” for his collection of models of trains, dramatic figures, and toys for all ages. He was the music department, played the organ at assembly and chapel, directed the glee club and the annual Gilbert & Sullivan, ran the model railroad club, retrofitted cool gadgets to his car, occasionally rode a unicycle, tied his necktie with one hand while doing something else with the other, and generally made it clear that specialization was no reason to be less than astonishingly good at a variety of other things. There couldn’t be a more multifaceted role model than the sum of those three characters.


  My first three years at Harvard were similarly devoid of rockets and digital electronics, though I did have a short-term summer job one year as … a “computer!” That term was still in use (though rapidly becoming archaic) to denote a human being who operated a desktop calculator. The task was to make statistical calculations for some professor’s research project, and while I never learned to love statistics formulas, the Friden calculators were great fun. They were the size and shape of overgrown typewriters and handled ten-digit decimal numbers, holding them in electromechanical number wheels like those of an old-style odometer. They had a keyboard comprising a ten-by-ten array of keys to enter the numbers, plus a few keys to command the usual functions, and they made a lot of noise.
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  Majoring in Engineering and Applied Physics, I augmented my academic education with a 1955 summer job at Electronics Corporation of America. The project, at ECA’s Erie Street plant in Cambridge, was building a parachute-borne aerospace probe for some darkly military purpose. The first—and most ironclad—rule impressed on new employees was never to take a ruler anywhere near the side of the factory floor where the long antenna assembly was being fabricated. Two copper wires were spaced apart at intervals by transverse clear-plastic standoffs, and I suppose the length of the standoffs was a quarter of the wavelength, something the Soviets mustn’t learn.


  A lot of the inspection of incoming parts involved fairly ordinary-looking hardware with special features for mil-spec compliance, such as cadmium plating. Several times, I found the cad-plating peeling off (good thing I didn’t put any in my mouth, as cadmium is now regarded as a toxic metal to be avoided or surrounded by safeguards). We also looked for defects such as burrs on nuts and bolts, in which connection one of the old hands put to me the standard riddle for inspectors: “Did you ever see a burred screw?”
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  Of Rocket Science: 1897–1961


  The story of rocket science as we understand the term today begins around 1897 with Konstantin Eduardovich Tsiolkovsky in Russia. Although he never built a rocket, his mathematical thinking and technical writing on the principles of aviation and space flight created a rigorous science studied by Robert Goddard in America and Wernher von Braun in Germany.


  Tsiolkovsky’s achievements formed the largest grain of truth underlying the hyperbolic claims by Soviet overlords that everything worthwhile was invented in Russia first. (Star Trek fans may recall the Enterprise’s crewman Chekhov parroting this line occasionally.) Apollo’s deflation of those claims, which were central to the Soviet Union’s pretensions to be the only true way to the future of all mankind, can be considered a decisive factor in the Cold War.


  Robert Hutchings Goddard played the all-American tinkerer to Tsiolkovsky’s bookish nerd, launching the first liquid-fueled rocket at Auburn, Massachusetts, in 1926. It burned gasoline, but couldn’t get oxygen from the air fast enough, so he had to build in a tank of liquid oxygen (now called “LOX”). Goddard was also a talented professor and writer, documenting his thoughts and discoveries in aviation, electronics, and space travel. In that connection, he drew an avalanche of ridicule for suggesting that rocket propulsion could take a payload to the Moon or even Mars. Everybody knew that a rocket engine needed air to push against … but everybody was wrong. Goddard’s proof that rockets work by pushing against the forward end of the combustion chamber remains the first thing students of rocket science must learn. Sergei Pavlovich Korolev followed in Goddard’s footsteps, building similar rockets at a government institute in the Soviet Union in the early 1930s, and equipping them with gyroscopic stabilization for use as cruise missiles.


  In Germany, Hermann Julius Oberth had a similar fascination with liquid-fueled rockets, self-publishing his proposed doctoral thesis Die Rakete zu den Planetenräumen (“By Rocket to Planetary Space”) in 1922 because Göttingen University wouldn’t touch anything so unrealistic. In 1929, his consulting role helped Frau im Mond (“The Woman in the Moon”), the first movie with outer-space scenes, to become a force popularizing rocketry and space travel. In 1930, his eighteen-year-old student Wernher Magnus Maximilian, Freiherr [Baron] von Braun, learned well and later called Oberth “the guiding star of my life.”


  During part of World War II, they worked together at Peenemünde, developing the V-2 rocket weapon to wreak vengeance upon England in a lunatic tantrum for a lost war. The “V” designation, shared with the V-1 flying bomb launched by steam catapult and powered in flight by a simple pulse jet engine, was a name change forced by Hitler in his burgeoning madness. It stood for Vergeltungswaffe, or Retaliatory Weapon, translating to the appropriate English word Vengeance.


  Kenneth Northcott, my English brother-in-law, had many connections with the wartime British intelligence organizations. His older brother Eric was a sort of small-scale “M,” running spies all over Nazi-occupied Europe. His University of London mentor in Germanic Languages, Professor Frederick “Bimbo” Norman, was involved in the interpretation of Ultra intercepts at Bletchley Park (mentioned in R.V. Jones’s The Wizard War). Bimbo got his nickname from fellow POWs in World War I, Italians who called him “Bambino” as the youngest prisoner in the camp. He told me some tales of how the development of the V weapons looked to the British wizards.


  The Germans, having put all their own factory hands in uniform with rifles, had to staff Peenemünde’s fabrication lines with slave labor from the Benelux countries. Because the morale of these workers had to be maintained, the Germans allowed them vacation leave at home, where they instantly looked up their neighborhood British spies and told all they’d seen. For a long time, this flood of information was frustrating and baffling to Allied intelligence, until they figured out that two very different weapons were being developed in the same facility. Once they realized that the V-2 was a pure rocket weapon with some sort of guidance system, they focused on that. It wasn’t necessarily the best choice because the crude low-tech V-1 was a more effective weapon, “landing” horizontally in a London street and exploding while still moving fast, thus collapsing twenty or so buildings at a time. The more elegant high-tech V-2 came straight down and pulverized one or two buildings, leaving their neighbors standing.


  They learned that V-2 guidance was the job of an officer at the launch site, directing the pitchover from vertical launch with an airplane-style joystick while looking through an artillery-type sighting grid. And they learned of a training incident with an inert warhead, in which the trainee was so awed by the ascending rocket that he unconsciously pulled back on the stick, sending the practice missile backward into Poland. Partisans there handed it to their neighborhood British spies.


  In the 1945 Nazi Götterdämmerung, Oberth and von Braun and most of his team made sure to come under the control of American forces. Some other Peenemünde engineers, who were less resourceful, less lucky, or perhaps leaning toward communism, wound up in the Soviet Union. Both sides found it possible to quietly forgive such engineers their ingenious contributions to the Nazi cause, provided they started making equally ingenious contributions to what was soon to become the Cold War. Oberth thus became one of “our Germans.” Unlike von Braun and many others, however, he did not complete the immigration and assimilation process. He divided his time between the U.S. and Germany, retiring to Germany and living just long enough to see the Berlin Wall come down and reunification begin in 1989.


  Just after the war, the general enthusiasm for denazification required that our Germans be kept under wraps, working quietly at remote southwestern desert sites on V-2 clones like the WAC Corporal. Operation Paperclip was an ingenious end-run around an executive order by President Truman, barring any German whose participation in Nazi party affairs was more than purely nominal. The U.S. Army simply made up sufficiently denazified biographies of the rocket scientists and “paperclipped” them to their files. As a pre-teen in those years, I saw news articles and newsreels about the WAC Corporal and similar systems, but had no way to know that these feats of American ingenuity were in fact “master classes” in rocketry taught by our late enemies.
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  Siegfried Fred Singer, an American physicist born in Austria, was ahead of his time in researching the potential payloads these rockets might carry. While stationed at the U.S. Embassy in London in 1951, he and British Interplanetary Society leaders Arthur C. Clarke and A. V. Cleaver put together a design for MOUSE—Minimal Orbital Unmanned Satellite, Earth—to carry a variety of instruments for scientific observation of the Earth. Pictures of their model show a cylindrical shape with two antenna poles mounted axially. Appearing like a spool of thread with a Tinkertoy dowel sticking out both ends, the MOUSE looks too heavily built to be orbited by contemporary rockets.


  A few years later, Singer was on a team of University of Maryland physicists who built lightweight Oriole rockets, costing about $2,000 each, that could take scientific instruments to 50,000 feet. In recent years, he has become a notorious dissenter against nearly everything that responsible peer-reviewed journals have published regarding sunscreen, the ozone hole, second-hand smoke, and global warming. The MOUSE concept, publicized in an article in LIFE magazine which I saw as a teenager, was the first thing to give me the idea that putting things in orbit would be a useful and interesting thing to do. But Singer’s design was not pursued. American designers of Vanguard, and Soviet designers of Sputnik, chose a spherical shape to enclose the greatest volume in the least structural material.
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  As noted in Chapter 1, solid-fuel rockets, burning first gunpowder and then more sophisticated substances, had no role in actual human transportation until they appeared as strap-ons for the Space Shuttle’s boost configuration. Their utility is sharply limited by two factors: steering and stopping.


  Most approaches to steering the thrust of solid-fuel rockets involve moving rudder-like vanes to block one side of the exhaust—not a very elegant approach, though it served well enough for the Polaris missiles mentioned in the prologue. There is no way to stop a solid-fuel burn so that it could be restarted. The closest approach to stopping it at all is to eliminate nearly all the thrust by destroying the rocket, as range safety officers must occasionally do, leaving the remaining fuel to burn uselessly. Both of the Space Shuttle’s strap-ons were cast off when either ran out of fuel, with small auxiliary rockets steering them away from the vehicle so the other strap-on’s fuel could safely burn to exhaustion during the long parachute drop to the ocean, where they were recovered and reused.


  All other rocket engines involved in twentieth-century manned aerospace vehicles were liquid-fueled, of two major types. In a fuel-oxidizer engine, valve openings deliver a mixture of fuel (kerosene for heavy launching, hydrogen for on-orbit thrusting) and liquid oxygen to a combustion chamber where an ignition device starts the burn and valve closings stop the burn. Gimbaled nozzles in some of these achieve steering by directing the thrust, much like the jet nozzle of a personal watercraft or the lower unit of an outboard motor. The hypergolic type of engine mixes special combinations of chemicals like hydrazine and dinitrogen tetroxide, which are scary enough by themselves for their toxicity and corrosiveness, and ignite explosively as soon as their feed-pipe valves put them in contact.


  Making the liquids flow to the right places is simple enough on the ground, but gets much trickier when starting a burn in the zero-gravity of space travel. Fuel tanks for hypergolics contain membranes flexed by gas pressure to force the chemicals toward the valves, so hypergolic systems tend to be small. Fuel-oxidizer engines need a spurt of artificial gravity to move the liquids to the valved end of their tanks. The trick is to supply a brief acceleration by firing hypergolic engines that are aligned with the main engines, an operation quaintly called ullage thrust. As every wine expert knows, ullage is the space in the bottle not occupied by wine, so the term suggests that the ullage in the fuel and oxidizer tanks is being pushed forward by the force of the hypergolic engines. A less poetic phrasing would
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