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			After many failures to get to the Moon and to the planets beyond, Mariner 2 successfully flew by Venus in December 1962. This historic mission began a spectacular era of solar system exploration for NASA and many other space agencies. With the tremendously successful flyby of the Pluto system by the New Horizons spacecraft in July 2015, humankind completed its initial survey of our solar system, and the United States became the only nation to reach every planet from Mercury to the dwarf planet Pluto with a space probe. 


			Solar system exploration has always been and continues to be a grand human adventure that seeks to discover the nature and origin of our celestial neighbors and to explore whether life exists or could have existed beyond Earth. Before Mariner 2, everything we knew about our solar system came from ground-based telescope observations and from analysis of meteorites. This limited perspective could not begin to reveal the diversity and the true nature of our solar system. In this brief introduction, we address how NASA and other space agencies have approached a comprehensive series of missions for the last half century of solar system exploration. 


			The Solar System Exploration Paradigm


			It is our spacecraft missions that provide the opportunity to get up close and personal with many bodies in the solar system. Mariner 2 was just the first robotic space probe to conduct a successful planetary encounter, the first step in a long journey. The scientific instruments on board were two radiometers (microwave and infrared), a micrometeorite sensor, a solar-plasma sensor, a charged-particle sensor, and a magnetometer. These instruments measured the temperature distribution on the surface of Venus, made basic measurements of Venus’s atmosphere, discovered the solar wind, and determined that Venus, unlike Earth, has no intrinsic magnetic field.1 This powerful set of observations fueled our fascination with our cosmic neighborhood and our desire to learn more. 


			
[image: NASA's Mariner 2 was the world's first successful interplanetary spacecraft. Launched August 27, 1962, on an Atlas-Agena rocket, Mariner 2 passed within about 34,000 kilometers (21,000 miles) of Venus.]


			Artist’s concept of the Mariner 2 spacecraft. (NASA/JPL: PIA04594)



			Since Mariner 2, in exploring any particular object, solar system exploration has followed a general paradigm of “flyby, orbit, land, rove, and return samples.” A complete campaign may not be performed for each object in the solar system, since not all of our scientific questions can be studied at all objects, and there are difficult technological challenges and financial hurdles to overcome for some types of missions and certain destinations. Moreover, a healthy program of solar system exploration requires a balance between detailed investigations of a particular target and broader reconnaissance of a variety of similar targets. This approach is summarized in Figure 1 for the inner solar system and Figure 2 for the outer solar system, showing progress made in exploration of the major types of solar system bodies. Figures 1 and 2 also show NASA (black, roman text) and international (blue, italic text) space missions, with new mission concepts that have been put forward by the science community as our next steps (red, bold text). 


			By following the above paradigm in our exploration of the solar system, we have forged a path of significant progress in our knowledge and understanding and a recipe for future exploration as well. For the past 50 years, our primary goals have focused on advancing scientific knowledge of the origin and evolution of the solar system, the potential for life elsewhere, and the hazards and resources present as humans explore space. The quest to understand our origins is universal. How did we get here? Are we alone? What does our future hold? Modern science, especially space science, provides extraordinary opportunities to pursue these questions.


			For the last several decades, NASA has sought guidance from the National Research Council (NRC) of the National Academy of Sciences on priorities in solar system exploration. The last two NRC “decadal surveys” of solar system exploration—New Frontiers in the Solar System: An Integrated Exploration Strategy (2003) and Visions and Voyages for Planetary Science in the Decade 2013–2022 (2011)—show the wide diversity in potential targets. The next scientific leap in understanding these targets requires landers, rovers, atmospheric probes, or sample-return missions. The NRC’s latest mission recommendations in its last planetary decadal survey are shown in Figure 1 and Figure 2 in bold text. The next planetary science and astrobiology decadal survey 2023–2032, got under way in 2020 and will further refine priorities.


			[image: Table listing the spacecrafts launched to Mercury, Venus, and the Earth's Moon.]




			
[image: Table listing the spacecrafts launched to Earth's Moon, Mars, and Mars' moons.]


			Figure 1. Summary of missions by inner solar system planetary body and steps in planetary exploration: flyby to orbit to lander to rover to returning samples





			[image: Table listing the spacecrafts launched to Jupiter, Jupiter's moons, Saturn, and Saturn's moon Enceladus.]




			
[image: Table listing the spacecrafts launched to Saturn's moon Titan, Uranus, Neptune, Dwarf Planets, Asteroids and Comets.]


			Figure 2. Summary of missions by outer solar system planetary body and steps in planetary exploration: flyby to orbit to lander to rover to returning samples





			To track spacecraft beyond low-Earth orbit (LEO), NASA developed the Deep Space Network (DSN), which has constantly been upgraded to continue to provide outstanding data tracking, telemetry, and navigation services. Today, all space agencies support large radio-frequency dishes that are coordinated through international agreements between the agencies to meet planetary mission needs. This has worked remarkably well and has naturally forged a set of tracking and navigation standards to the benefit of all. 


			Flyby Missions


			Flyby missions are designed to obtain the most basic information on their target bodies. Early flyby missions also enabled space agencies to learn to fly between planets. This early trek into the solar system was accomplished with flybys to each planet in our local neighborhood as shown in Figure 1. U.S. Mariner and Soviet Venera missions surveyed and inventoried the inner planets Mercury, Venus, and Mars. In this section, we will discuss a few of these examples. The early flyby missions were all about leading the way in how to venture out into the solar system. 


			The first two Venera spacecraft were designed as flyby missions, but after they failed, the Soviet space program began targeting Veneras directly into the planet Venus, using the planet’s extensive atmosphere to slow them down during entry. The Venera 5 and 6 atmospheric probes lasted long enough to provide significant data. Venera 7, designed to survive all the way to the surface, landed and transmitted for about 20 minutes before its battery died. 


			Space agencies also paid particular attention to Earth’s Moon, with Soviet Luna and Zond spacecraft and one early U.S. Pioneer mission. Luna 1 was the first spacecraft to reach the vicinity of Earth’s Moon. Although intended to be an impactor, it missed due to an incorrectly timed upper-stage burn during its launch, and it became the first spacecraft to end up orbiting the Sun. Following the first two Zond mission failures, the Soviet Zond 3 mission, after imaging the far side of the Moon, continued well beyond Earth orbit in order to test telemetry and spacecraft systems in deep space. 


			The principle of gravitational assist was exploited early to provide a method of increasing or reducing the speed of a spacecraft without the use of propellant. The Mariner 10 spacecraft was the first to use gravitational assist to reach another planet by swinging by Venus on 5 February 1974. This maneuver placed it on a trajectory to fly by Mercury a total of three times, twice in 1974 and once in 1975. The MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) mission used the same approach, executing two Venus and three Mercury flybys before entering into orbit around Mercury in March 2011. 


			As shown in Figure 3, the outer solar system had flybys with two Pioneer and two Voyager spacecraft. The Voyager flyby missions completely changed the way we view the outer solar system. The primary mission of Voyagers 1 and 2 was the exploration of the Jupiter and Saturn systems. After making a string of discoveries there, such as active volcanoes on Jupiter’s moon Io and the intricacies of Saturn’s rings, the Voyagers’ mission was extended. Voyager 2 went on to explore Uranus and Neptune and is still the only spacecraft to have visited these outer ice giant planets. 


			
[image: Graphic showing the sun, the orbits of the planets of the solar system, and the trajectories of Voyager 1, Voyager 2, Pioneer 10, and Pioneer 11 with their projected locations listed by year.]


			Figure 3. Pioneer and Voyager trajectories throughout the solar system. (NASA: 72413 Main ACD97-0036-3)



			Voyagers 1 and 2 are currently into the fourth decade of their journey since their 1977 launches. In August 2012, data transmitted by Voyager 1 indicated that it had made a historic entry into interstellar space—the region between the stars, filled with the stellar winds of nearby stars. Scientists hope to learn more about this region when Voyager 2 passes out of the heliosphere and begins measuring interstellar winds. 


			As part of NASA’s New Frontiers program, the New Horizons mission made the first reconnaissance of the dwarf planet Pluto (at 39 AU from Earth) and is now venturing deeper into the distant, mysterious Kuiper Belt, a relic of early solar system formation. New Horizons was launched on 19 January 2006 from Cape Canaveral, Florida, directly into an Earth-and-solar-escape trajectory with an Earth-relative speed of about 16.26 kilometers per second. After a brief encounter with asteroid 132524 APL, New Horizons proceeded to Jupiter, making its closest approach on 28 February 2007. The Jupiter flyby provided a gravity assist that increased New Horizons’ speed by 4 kilometers per second. The encounter was also used as a general test of New Horizons’ scientific capabilities, as the spacecraft returned data about the planet’s atmosphere, moons, and magnetosphere. Most of the spacecraft’s post-Jupiter voyage was spent in hibernation mode to preserve on-board systems, except for brief annual checkups. On 15 January 2015, the New Horizons spacecraft successfully came out of hibernation and began its approach phase to the Pluto system, which resulted in the first flyby of the dwarf planet on 14 July 2015. With the completion of the New Horizons flyby of the Pluto system, NASA was the first and only space agency to have completed the initial exploration of the solar system. 


			
[image: This high-resolution image of a portion of Pluto captured by NASA's New Horizons spacecraft combines blue, red and infrared images taken by the Ralph/Multispectral Visual Imaging Camera (MVIC).]


			High-resolution image captured by NASA’s New Horizons spacecraft of Pluto’s Sputnik Planum basin. (NASA/Johns Hopkins University Applied Physics Laboratory/Southwest Research Institute: PIA20007)



			Missions That Orbit


			Beyond flybys, the next most sophisticated type of mission aimed to get a spacecraft into orbit around a solar system object. Data from flyby missions were essential to prioritizing which objects to orbit. High-resolution data from an orbiter mission are essential to planning for a future lander or rover mission. 


			After flyby missions, scientists wanted to learn much more about the basic properties of our planetary neighbors, such as structure, size, density, and atmospheric and surface composition. NASA’s Magellan and the European Space Agency’s (ESA)’s Venus Express spacecraft have orbited Venus. The world’s space agencies have sent armadas of spacecraft to orbit the Moon and Mars. We have had groundbreaking discoveries with various orbiting missions. To survey the outer planets following the Galileo orbiter to the Jupiter system, Juno, launched in August 2011, arrived at Jupiter in early July 2016, while the Cassini spacecraft orbited Saturn until September 2017. 


			As our nearest neighbor, the Moon is a natural laboratory for investigating fundamental questions about the origin and evolution of Earth and the solar system. The Lunar Reconnaissance Orbiter (LRO), a robotic mission that has mapped the Moon’s surface at high resolution (~1 square meter), is still operating as of this writing. LRO observations have enabled numerous groundbreaking discoveries, creating a new picture of the Moon as a dynamic and complex body. 


			Planetary scientists have made significant and steady progress in understanding what Mars is like today and what it was like in its distant past. The exploration of Mars is currently being accomplished by an international array of missions from NASA, the European Space Agency and its partner countries, and the Indian Space Research Organization (ISRO). Orbiter missions operating at Mars as of this writing include Mars Odyssey, Mars Express, the Mars Reconnaissance Orbiter, the Mars Atmosphere and Volatile EvolutioN Mission (MAVEN), and the Mars Orbiter Mission. 


			Lander and Rover Missions


			Lander and rover missions enable scientists to acquire “ground truth,” measurements so necessary to fully interpret data from orbital missions. The successful landings of the 1-metric-ton2 Curiosity rover on Mars and the Rosetta mission’s Philae probe on comet 67P/Churyumov–Gerasimenko clearly show the ability of our space agencies to explore our solar system at a new level of intensity. Steps like these will allow humans to go beyond this planet and out into the solar system once again. 


			As of 6 August 2020, Curiosity had been on the surface for eight Earth years. From Curiosity data, we now know that Mars was more Earthlike in its distant past, with rivers, lakes, streams, a thick atmosphere, clouds and rain, and, perhaps, an extensive ocean. Although today Mars is rather arid, scientists now believe vast amounts of water are trapped under the surface of Mars and under the carbon dioxide snow of its polar caps. Water is the key that will enable human activity and long-term presence on Mars. 


			Sample Return


			Sample return provides scientists with essential data to understand the geological history of a body. Up to the present, space agencies have collected samples from several solar system bodies, as well as samples of the solar wind. The Apollo program in the late 1960s and early 1970s brought back over 850 pounds of Moon rocks, soils, and regolith. These materials are still being analyzed and yielding significant scientific results. It is also important to note that many of the meteorites that have fallen on Earth can now be identified with specific solar system bodies such as the Moon, Mars, and Vesta. The comet 81P/Wild (Wild 2) and the asteroid 25143 Itokawa were visited by robotic spacecraft from NASA and the Japan Aerospace Exploration Agency (JAXA), respectively. Both missions returned samples to Earth. 


			The Mars 2020 rover mission was based on the design of the highly successful Mars Science Laboratory rover, Curiosity. This new rover, named Perseverance, landed on Mars on 18 February 2021 in Jezero Crater. Perseverance carries more sophisticated hardware and new instruments to conduct geological assessments of the rover’s landing site, determine the potential habitability of the environment, and directly search for signs of ancient Martian life by contact instruments and by coring and storing rock samples for later return to Earth. 


			
[image: A self-portrait of NASA's Curiosity rover taken on Sol 2082 (June 15, 2018). A Martian dust storm has reduced sunlight and visibility at the rover's location in Gale Crater.]


			A self-portrait of NASA’s Curiosity rover taken at the rover’s location in Gale Crater on Sol 2082 (15 June 2018). (NASA/JPL-Caltech/MSSS: PIA 22486)



			Hitching a ride on Perseverance was another kind of powered craft, the Mars Helicopter Ingenuity. After arriving on Mars and traveling on the belly of Perseverance to a suitable helipad location, Ingenuity demonstrated the first powered flight on another world on 19 April 2021, climbing approximately 10 feet (3 meters) above the ground before hovering and returning to the ground safely. 


			The Next 50 Years


			Our robotic solar system explorers have gathered data to help us understand how the planets formed; what triggered different evolutionary paths among the planets; what processes are active; and how Earth formed, evolved, and became habitable. To search for evidence of life beyond Earth, we have used these data to map zones of habitability, study the chemistry of unfamiliar worlds, and reveal the processes that lead to conditions necessary for life. 


			This overview is not a comprehensive report on past missions. It touches on only a few examples in each of the categories that have defined our approach to solar system exploration for the last 50 years. We are now entering a new era of space exploration as we start to execute more complex missions that will land, rove, and return samples from top-priority targets in the solar system. In Figures 1 and 2, the crosshatched regions indicate the next big steps in the exploration of their target bodies, producing the maximum return based on knowledge acquired from the previous missions. In comparing Figures 1 and 2, it is clear that the inner solar system has been more thoroughly explored. This is understandable since outer solar system missions typically use radioisotope power systems and take many years to arrive at their target bodies. 


			New technologies will enable space agencies to develop and execute an astounding range of more complicated and challenging missions. We are at the leading edge of a journey of exploration that will yield a profound new understanding of the solar system as our home. NASA is building a Space Launch System (SLS) for human exploration, but its use is also being considered for some deep space robotic missions. The SLS will be more powerful than the Saturn V. If it is used for planetary missions to the outer solar system, direct trajectories rather than inner-solar-system gravity-assist maneuvers would be possible, cutting transit time, typically, by one-third. This launch approach alone would open the outer solar system to a significantly increased rate of missions and discoveries. 


			Robotic exploration not only yields knowledge of the solar system; it also will enable the expansion of humanity beyond low-Earth orbit. By studying and characterizing planetary environments beyond Earth and identifying possible resources, planetary scientists will enable safe and effective human missions into space. Scientific precursor missions to the Moon enabled the Apollo landings and have made significant progress toward enabling human missions to Mars within the next 50 years. A single-planet species may not long survive. It is our destiny to move off this planet and into the solar system. We are developing the capability to do it. 
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			In his introduction to this volume, NASA Chief Scientist Jim Green has described NASA’s long-standing paradigm for solar system exploration—flyby, orbit, land and rove, and return samples—and reviewed, from a scientific perspective, the multinational array of robotic missions that have been launched to probe the solar system. In this chapter, historian Peter Westwick provides a wide-reaching and thought-provoking overview of the first 50 years of solar system exploration from a different perspective. He raises important questions along the way, some of which other contributors to this volume address, and some of which remain open, for other historians to answer.


			Westwick asks, for example, who are the people who have made solar system exploration possible? The history of human spaceflight tells the stories of the astronauts, cosmonauts, and leading engineers (e.g., Wernher von Braun, Sergei Korolev) who made it possible—not so much for robotic solar system exploration. “After 50 years, we still need a social history of space exploration,” he observes. 


			“Who are the explorers,” he asks, “the people, institutions, and nations” that have engaged in exploration? And what exactly is “exploration?” he asks. “What does ‘exploring’ involve?” These questions are especially relevant today, as the line between space exploration and space exploitation is beginning to blur, with proposals for asteroid mining and planetary colonization. Advocacy for human exploration has tended to be driven by profit, he notes. “The profit motive, however, as far as I have seen,” he writes, “was largely absent from planetary exploration, which is interesting for a major American enterprise.”


			Westwick entertains a question that other space historians like to think about: why explore space? Scientists, engineers, and others engaged in exploring space tend to answer the “why” question with stories about “spin­off” benefits, jobs on the ground, national prestige, and educational value. All of these benefits can be supplied by other sorts of scientific and technological enterprises, however. So, the question remains open: why?


			Westwick’s thoughtful perspective on the first half century of solar system exploration provides an excellent entry to the rest of this volume.




		

			Chapter 1 
Exploring the Solar System: Who Has Done It, How, and Why? 
(Peter J. Westwick)
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			Some 50 years ago, NASA’s Mariner 2 spacecraft skimmed 20,000 miles over Venus. This first excursion to another planet landed Jet Propulsion Laboratory (JPL) Director William Pickering on the cover of Time magazine and as grand marshal of the Rose Parade. In August 2012, many were captivated by Curiosity’s landing on Mars. That’s the Curiosity spacecraft, not the human spirit of inquiry, although that was certainly present, too. JPL engineers spiced things up by devising a landing sequence with a preposterous, Rube Goldberg flavor. They knew better than anyone what was riding on the landing: a $2 billion rover, for starters, but also, perhaps, the national appetite for solar system exploration itself. Curiosity’s success may have ensured that the United States, at least, will continue to explore the solar system, so that the history considered in this volume will continue. 


			Mariner and Curiosity bookend the first 50 years of solar system exploration. In between, robotic explorers have met triumphant success and epic failure; they have seen ring spokes and blueberries and have dealt with Great Galactic Ghouls and faces on Mars. These 50 years have taught us remarkable new things about the solar system. They have also taught us a great deal about ourselves. We now can look outward to our solar system and contemplate all we have learned about it. We also can drop our gaze back to Earth and consider what deep-space exploration tells us about our own human history over the last 50 years. 


			Who Has Done It?


			The first question is, who are the explorers—not the robots, but the people, institutions, and nations who built them? Let’s start with the people. After 50 years, we still need a social history of space exploration.1 Who are these people, and what do they do all day? How have they changed over 50 years, and how has the work changed? What are their backgrounds? How do they balance work and personal life? What do they do when they are not working, and how does that affect their work? 


			We know a bit about the types of people involved—for starters, mostly men. Engineering and systems management was an overwhelmingly male preserve for the first half of this period. Women in the space program have been studied in relation to the astronaut corps, but much remains to be done for solar system exploration.2 The number of women present in JPL’s mission control for Curiosity was a marked contrast to all the men running Mariner, and how that happened is an interesting story. Still, though, the engineers on Curiosity are mostly male. 


			They are also mostly white. NASA has not had a sterling record of minority representation,3 especially at higher levels, although that has changed recently. One might also think about socioeconomic classes. When we think of the people involved in solar system exploration, we mostly think about white-collar engineers and managers and neglect the many other people involved in the enterprise: machinists, security guards, secretaries—some of whom share the excitement of space exploration, others of whom do not. One JPL janitor said the most exciting thing about the Viking landing was the large rat that ran across the room and jumped into a trash can.


			
[image: The control room at the Propulsions Systems Laboratory as seen circa 1998. Men and women sit at terminals in two rows.]


Glenn Research Center Propulsion Systems Laboratory Control Room. (NASA: C-1998-00279)



			Next, what institutions explore the planets? Looking just at the United States, we have universities, government labs, and industrial corporations, for starters. Each type of institution has different goals and cultures, and sometimes those goals and cultures include things besides solar system exploration. How do university scientists interact with industry engineers? How does academic culture intersect the profit motive of contractors and the government’s demand for accountability? Consider JPL, to take an example entirely at random. JPL started as an Army rocket laboratory, and even after embracing planetary spacecraft as its main mission, JPL continued to work on Earth sciences, astronomy, and, at times, substantial military programs—up to one-fourth of its total program in the 1980s. All these other programs, especially the military ones, affected how JPL built planetary spacecraft, from Ranger to “faster, better cheaper.” And the relationship between civil and military space is by no means confined to JPL. 


			There is also much talk now about private industry and space exploration, the so-called alternative-space movement, also known as alt-space, New Space, or Space 2.0. Most public attention here has focused on the human spaceflight program, with SpaceX ferrying supplies to the International Space Station (ISS), and on potential space tourism. But some private groups have also tried to get into the planetary game, from AMSAT (Radio Amateur Satellite Corporation) in the 1980s to Astrobotic Technology and other teams competing for the Google Lunar XPRIZE. 


			The variety of American space institutions leads us to consider which other countries have done solar system exploration and why. For much of the last 50 years, it was mostly the United States and the Soviet Union/Russia, joined more recently by various European nations, Japan, China, and India. We’ll return to some of these countries in a moment. Let us first note that international comparisons of, say, the types of people building spacecraft—their gender, ethnicity, socioeconomic class—might be illuminating. Consider the bureaucratic politics of the Soviet Union, with the Ministry of General Machine Building (MOM), the Space Research Institute of the Russian Academy of Sciences (IKI), and the various design bureaus, and how these dynamics shaped the Soviet space program. Differences include relations between civilian and military space programs. China, for example, has less distinction between civilian and military space institutions—in part because it followed American suggestions in the late 1970s to embrace the U.S. model and integrate the two realms.4


			Nations collaborated as well as competed in space, and space exploration has provided fertile ground for diplomatic or international history.5 Looking abroad also raises interesting questions about colonialism—that is, colonialism here on Earth, not space colonization. One might consider the Soviets launching spacecraft out of what is now Kazakhstan, or the French launching rockets out of French Guiana.6 Consider also the far-flung tracking stations of the Deep Space Network, which confronted apartheid at its South Africa site. How did such interactions affect the work? 


			How Is It Done?


			Solar system exploration, despite the title of this volume, is of course not 50 years old. Astronomers and natural philosophers have been studying the planets for millennia, and planetary science is still done today by telescope from Earth. But when we talk about “exploration,” we’re talking about going to the planets, not studying them from a distance. And that explains our focus on the last 50 years. What’s special about this period is the technology of rockets, which put humans and machines into outer space. 


			
[image: A group of about 50 men and women  who represent the Mars Pathway Rover team pose with a model of the Rover in 1994.]


Mars Pathfinder rover team with Sojourner model, 1994. (NASA: P-45061)



			There has been a long-running debate over machines versus humans in the U.S. space program. Thus far, only robotic travelers have reached other planetary bodies, except for the Moon. How do we define “exploration?” What does “exploring” involve? Herodotus, the ancient Greek historian known as the Father of History, provided tales of what he saw or heard on his travels, including such marvelous creatures as giant, camel-eating ants and flying snakes. As Herodotus knew, it is not enough just to go somewhere new; we want to hear about what’s there. You went to a new place? What did you see? 


			So what is the record we expect to get back from other planets? It can’t be a traveler’s tale. What is it, then? Numbers? That is, do we just go there and count things? Take pictures? Collect physical samples? The answers to these questions help determine the technologies deployed, such as cameras versus counters, as well as who is looking at the return—for instance, geologists versus physicists. These choices affect spacecraft design, such as the showdown between spin stabilization and three-axis stabilization, pitting fields-and-particles against imaging, atmospheric physics versus geology, and NASA’s Ames Research Center versus JPL. 


			Several chapters in this volume will touch on the evolution of spacecraft technology: from orbiters to landers to rovers, from retrorocket landings to airbags to sky cranes, from flagship missions to faster-better-cheaper. Let us not forget the fun factor, for the engineers building these things. Take the Mars rovers. Here is a marvelous technical challenge: take this car, deliver it 35 million miles to another planet, land it softly on the ground there, and drive it around. Engineers can provide all the technical arguments they want for sky cranes and airbags, but, deep down, perhaps they just thought these were cool ideas and wanted to try to pull them off. 


			One prime development of the last 50 years has been computers. These include computers on spacecraft themselves, which drove feedback loops of capability and complexity and also highlighted differences between U.S. and Soviet spacecraft. U.S. designers could change software midflight, which allowed Mariner 9, for instance, to wait out a dust storm on Mars while a hard-wired Soviet spacecraft plunged fatally into the maelstrom. Later spacecraft pushed this flexibility toward the ideal of autonomy, though they have not taken the additional biomorphic step of replication, urged by physicist Freeman Dyson in the 1980s. So we are still, alas, awaiting the promised profusion of “astro-chickens.”7 


			But computer miniaturization did raise hopes about a proliferation of tiny spacecraft. Proposals for microspacecraft dated to the late 1970s. (Jim Burke, a contributor to this volume, was a proponent.) The motivation was partly nostalgic, an attempt to return to the scale of the early Explorers. Subsequent advances in technology have spurred more recent talk about nanospacecraft, whatever that might mean, with fantastic plans using not only microcircuits but also micromachined rocket nozzles and reaction wheels. These plans have not gotten off the ground, literally. If anything, size is going in the other direction, to judge from the Mars rovers. 


			Miniaturization is an interesting path not taken. Why, after 30 years, are we still launching planetary spacecraft the size of SUVs? The issue is only partly technological (the problem of aperture being one constraint); it is also programmatic—that is to say, political and cultural. Part of the appeal of microspacecraft is the democratization of technology, eliminating the need for massive launch vehicles or massive budgets. And yet solar system exploration remains, so far, a monopoly of nation-states. In other words, how-we-do-it continues to reflect who-does-it. 


			Computers were not just on spacecraft. They also had a role sitting on desktops here on Earth, including not just computers used at the front end of missions, in spacecraft design, but also on the back end, for data distribution and analysis. As computers drove data rates from 10 kilobits per second on Mariner, to 100 kilobits on Voyager, to 100 kilobytes on Galileo, and ever upward, data management became as much a part of exploration as building spacecraft. Some planetary scientists these days probably have little to do with spacecraft; they just sit at their computers and sift through mountains of downloaded data, often in concert with a whole distributed network of similarly desk-bound investigators. Are all these people also “explorers”?


			
[image: Photo of three 34m (110 ft.) diameter Beam Waveguide antennas located at the Goldstone Deep Space Communications Complex, situated in the Mojave Desert in California. This is one of three complexes which comprise NASA's Deep Space Network (DSN).]




Goldstone Deep Space Communications Complex in the Mojave Desert, California. (NASA: JPL-28311)



			While we’re talking about technology, and the front end and back end of missions, let us recognize what we might call the middle. The vital link between the spacecraft and the downloaded data is the Deep Space Network. The DSN is easy to forget because it is here on Earth, in distant places, with the U.S. node out in the remote Mojave Desert. DSN engineers are not on TV when a spacecraft arrives at a planet, but they are crucial to getting it there and hearing from it. They have saved the bacon of spacecraft designers on several occasions, and they have defined the state of the art in telecommunications and coding theory. They, too, are explorers. 


			Finally, “How do we do it?” suggests another basic question. The definition of “exploration” often has connotations of novelty. At what point does that term no longer apply to the planets? We no longer talk much about explorers on Earth—those intrepid souls who ventured across deserts and oceans, or to mountain peaks and the poles. This does not mean there is nothing left on Earth to explore—far from it—but that we now think of this more as science than exploration. This is a loss. The urge to be first to a place has inspired some of humankind’s most remarkable achievements. Is space exploration similarly losing its romantic appeal? Consider the names of deep-space missions. We have gone from Mariner, Ranger, Viking, and Voyager to Mars Polar Lander, Mars Climate Orbiter, and Mars Science Laboratory. Romance gives way to practicality in many long-term relationships. 


			This development has programmatic implications. Do we revisit one planet, such as Mars, to extend our database, or do we seek new places—comets or asteroids, or outer-planet satellites—for broader knowledge? And if space exploration has lost its romantic appeal, how does it inspire the amazing dedication of the people who build these spacecraft? Will they put in 100-hour weeks to launch yet another science lab to Mars? And how about the American public? Will they lose interest when the novelty and romance of deep space travel dwindle? Will familiarity breed contempt? And that leads us to our next question: why do it?


			Why Do It?


			Over the past 50-plus years, NASA has probably spent over $50 billion exploring the planets. There is also the investment of human resources: many thousands of highly trained and dedicated people, with very valuable skills, at NASA Centers, universities, and contractors across the country. What did we get for this investment? Why do it?8 Public information officer Jurrie van der Woude at JPL responded to this question cryptically: if you have to ask, I couldn’t tell you.9 But the U.S. taxpayer, at least, demands a better answer. 


			In 1970, a nun in Zambia named Sister Mary Jucunda wrote to NASA scientist Ernst Stuhlinger, asking how he could propose spending billions of dollars to explore Mars when children were starving on Earth. Stuhlinger laid out several justifications, which have become litany:10


			

					The federal budget is broken up by agency and is not a zero-sum exercise, so the money couldn’t just shift to fight hunger or poverty. 


					Understanding other planets helps us understand climate and geology here on Earth and hence improve agriculture, fisheries, and so on. 


					Space exploration highlights our common humanity and encourages international cooperation; thus, it helps overcome suffering from national strife. 


					If nations do compete, better for them to do so in outer space than through wars here on Earth. 


					Space exploration inspires young people to pursue science and engineering, and their future discoveries will help humanity. 


					And, finally, the spinoff argument: it stimulates new technologies that find applications on Earth. 


			


			Plenty of ink and bytes have been spilled on this debate, and the Curiosity landing revived this issue among the chattering classes. You can look at it two ways. On the one hand, all those billions would pay for an awful lot of school textbooks or food for the poor. On the other, Curiosity cost less than what the Pentagon is spending every week in Afghanistan. (Or insert your favorite comparison here: the current planetary program costs the equivalent of one Starbucks coffee for every American each year, or Americans spend more on dog toys every year, and so on.) 


			But the fact is that a billion dollars is a lot of money. Leave aside the many other social priorities: what about scientific priorities? Genomics, particle physics, astronomy, and materials science could do a lot with a billion dollars. Or just think how many historians of science a billion dollars could support. 


			Polls consistently suggest that only a quarter of the American public is interested in space (and even fewer are knowledgeable about it).11 That is, three-fourths of Americans aren’t interested in space. But then recall the media hordes who descended upon JPL for Viking and Voyager, or track the web traffic for Pathfinder, the Mars Exploration Rovers, and Curiosity. And let us not forget Carl Sagan, whose Cosmos book and TV series touched not quite billions and billions, but many millions of people in the 1980s, followed by Neil de Grasse Tyson’s Cosmos reboot in 2014. But then why did none of the major TV networks break into their programming to show the Curiosity landing live?12


			NASA expends a lot of effort trying to understand this paradox. How to bridge the apathy gap and sustain interest in exploration? It is not just a matter of outreach. NASA has always been very attentive to publicity, from the Mercury 7 and Apollo through Curiosity, and from Life magazine to TV and on to today’s web-based social media and apps. JPL’s first deep-space mission proposals ranked public relations ahead of science or engineering goals. But NASA managers perceived decades ago that space missions apparently do not change how Americans vote, and thus how Congress votes.13


			Space exploration resonates with deep American values, not least the frontier metaphor, and Americans take great pride in it. In October 2012, a million people lined the streets of Los Angeles—a million people, in LA, that bastion of civic apathy!—to watch a Space Shuttle crawl by at 2 miles per hour. Endeavour was only heading crosstown, to a museum, not into outer space, yet its transit was still a major public happening. The chief of the Los Angeles Police Department (LAPD) said he had never seen a crowd so positive and proud.14 But when those same people stepped into the polling booth two weeks later, they probably did not pull the lever based on a candidate’s space policy. 


			The next two chapters in this volume will ponder the politics of space, including shifting ideologies of spaceflight. As the highest expression of socially directed technical progress, the early space program received its main support from politicians on the left. But by the late 1960s, as liberals shifted federal attention toward social problems, conservatives were abandoning fiscal austerity and embracing the vision of space as new frontier, a way to rekindle the old pioneer spirit. Thus conservative media commentator George Will, no friend of federal activity, viewed Voyager as “a smashingly successful government program.”15 Liberal commentators, for their part, came to view the frontier image as an emblem of imperial conquest, military adventure, environmental damage, and corporate profiteering.16 Hence public opinion polls in the early 1980s showed that conservatives were more likely than liberals to support the space program.17


			Some people extended the frontier image to space as a new realm for commerce. Capitalist ideology certainly animates the alt-space movement.18 The profit motive, however, appears largely absent from solar system exploration, which is interesting for a major American enterprise. There was excited talk about space mining and space solar power in the 1970s, though the groups pushing such projects—the L5 Society and their brethren—were not themselves building spacecraft. Today, there is the Google Lunar XPRIZE, but as a ploy to spur private investment, the prize is an implicit admission that no marketplace exists in space. So, while many institutions have made money building planetary spacecraft (and others have lost it), the justification for those missions was not commercial. We have not launched these spacecraft to make money. 


			So why do we do it? Here we have to look at the broader context, at what else has happened over the last 50 years. For more than half the period, that context was the Cold War. One reason the U.S. government supported solar system exploration for many years was to beat the Soviets, in this case in the battle for hearts and minds, in international status and prestige. This reason often rose and fell with the temperature of the Cold War: one heard it often in the 1960s, less so amid détente in the 1970s, but then more again in the 1980s, when Soviet Mars proposals led to jokes about it becoming the Red Planet, in more ways than one.


			Then the Cold War ended. Justifications for space exploration have changed over time. In the 1990s, as the superpower standoff gave way to global competition in the high-tech economy, justifications shifted from maintaining international strategic standing to fueling the engines of economic growth. Solar system exploration, in this argument, supported the high-tech aerospace industry, incubated new technologies, and, perhaps most important, inspired young Americans to careers in science and engineering. 


			Perhaps to compensate for the mundane justification of economic competitiveness, the end of the Cold War also encouraged more transcendent motives, in particular the possibility of finding life elsewhere in the cosmos. The search for extraterrestrial life in a way turned solar system exploration into a biology program, which meshed with wider scientific and economic interests in biotechnology. Recall, however, all those American flags waving around JPL mission control during the 2012 Curiosity landing and the 2004 Mars Exploration Rover landings. Space exploration as a vehicle for national pride and patriotism was not just a Cold War phenomenon. 


			As to the motivation for other spacefaring countries: for the countries of Europe, it was perhaps less patriotism and more a way to foster European integration, while balancing American scientific and technological hegemony. In Europe, too, economic competitiveness was a motive—that is, space missions were seen as a stimulus, or perhaps a subsidy, for high-tech industry—and even stronger and earlier than in the United States. The same was true for Japan. National pride remains a powerful factor, especially for nations experiencing that other key development of the 20th century, postcolonialism. For a developing country like India, a space program symbolizes status as a modern international power, much as nuclear weapons do. (And let us not forget that civil space programs remain a barely veiled signal of military space capability.) But in countries like India and China, where hundreds of millions of people struggle with desperate poverty despite pell-mell modernization, the basic question—is it worth it?—is more acute. How can these countries justify spending a billion dollars on space? 


			In short, motivations for space exploration have reflected the broadest historical developments of this time: the Cold War, postcolonialism, global economic development, and high-tech industry.


			These developments explain why we’ve done it. The follow-on question is: what have we got for it? Some people, like Stuhlinger, like to cite the spinoffs from space exploration. There are certainly examples like computer animation, solar-power technology, and telecommunications coding algorithms. A fun example is the Super Soaker squirt gun, invented by a JPL engineer.19 But arguing that CGI movies and Super Soakers justify solar system exploration is a thin reed. Justifying a program with spinoffs seems a tacit admission that the primary returns are insufficient. 


			And that primary justification, science, may suffice. Consider what we have learned about our solar system. The Ranger and Surveyor spacecraft returned evidence that the Moon had not always been cold and hard, though they could not resolve competing theories about lunar origin.20 Mariner flights confirmed Venus to be a “hellhole,” with 900°F surface temperatures and pressures 90 times greater than on Earth.21 Mariner images of Mercury’s craters, meanwhile, supported the “Great Bombardment” theory for the early history of the solar system, which reinforced catastrophist theories of Earth’s geological and biological history.22 Voyager and its successors Galileo and Cassini turned the outer planets and their moons from blurry smears on astronomers’ plates to complex, diverse, individual bodies, from the sulfurous calderas of Io to the icy ocean of Europa, each undergoing dynamic processes—external bombardment to the point of cracking or splitting entirely, or flexing gravitationally, outgassing, and erupting, seemingly almost living and breathing. 


			Planetary missions, in short, revealed the solar system to be full of marvels: methane lakes, miles-high geysers, volcanoes, supersonic winds, canyons thousands of miles long and several miles deep, mountains that dwarf Everest, and off-kilter magnetic fields. They thus helped to correct the geocentric perspective of planetary scientists—evident, for example, in the surprise at volcanic and tectonic activity in cold outer regions of the solar system. More fundamental still is the possibility of extraterrestrial life, thanks to evidence of water on Mars, Europa, and Enceladus, and liquid hydrocarbons on Titan. 


			
[image: Artist's concept of the New Horizons spacecraft flying by Pluto. The sun can be seen in the far distance.]


Artist’s concept of New Horizons reaching Pluto. (NASA/Johns Hopkins University Applied Physics Laboratory/Southwest Research Institute: PIA19703)



			All these findings suggest that we shift our frame of reference. It is not what we as individual taxpayers get out of solar system exploration, but rather what we as a species gain from it. Some see solar system exploration as a “third age” of human exploration, a fundamental turning point in human history comparable to the oceanic voyages of Columbus and Cook.23 We could look rather to science. Physicist Niels Bohr said that science is “the gradual removal of prejudices.” If so, then solar system exploration might rank with the Copernican and Darwinian revolutions in removing the prejudices of geocentrism and anthropocentrism. 


			Who Cares? 


			So far, we have considered three questions: who did it, how did they do it, and why? Let us add a fourth: why write about the first 50 years of solar system exploration? This chapter began with the observation that 50 years of solar system exploration has taught us a lot about our solar system, but equally about ourselves here on Earth. What does solar system exploration tell us about the last 50 years of history? 


			For example: how does the history of solar system exploration change our view of the Cold War, postcolonialism, the information revolution, or globalization and economic development? If the United States is, indeed, in strategic decline, or at least facing increasing competition, how are these developments shaping solar system exploration? Note that in 2011, amid confusion over U.S. space goals, China announced an aggressive 5-year plan for soft lunar landers and sample returns.24 What about the future of the nation-state itself? Will the rise of transnational, multinational, nonstate, or substate actors introduce new approaches to solar system exploration? For one thing, it suggests that historians find alternatives to the state-centered narratives we usually use for the Space Age.25, 26 Can we consider how post-Fordism and postmodernism affected the planetary enterprise? What about climate change? In the 1970s, Malthusian concerns about overpopulation, resource scarcity, and pollution sparked calls for space colonization. Will global climate change similarly encourage solar system exploration? 


			Historians of solar system exploration should be pretty good at big pictures, since our frame of reference is the entire solar system. But we should remember to step back occasionally and think about the big historical picture—how our work connects to broader developments. Space history can be an insular field, despite the examples of books like Walter McDougall’s …the Heavens and the Earth, which showed how space history can shed light on fundamental historical changes. Our work should not just speak to other space historians but rather should reach out to general historians, as well as the general public. 


			That includes the need for critical voices. Many space historians study this topic because we ourselves started out as space buffs, but we should include the viewpoints of the unbelievers. Solar system exploration is a human enterprise, and it thus reflects not just the great achievements of humankind but also human foibles and failings. Let us appreciate the achievements of space exploration, but let us also consider the costs. 


			Let us also recognize that our topic runs up to the present, where the ice gets thin for historians. Times change, and so do historians’ judgments. Sir Walter Raleigh warned, “Whosoever, in writing a modern history, should follow truth too near the heels, it may haply strike out his teeth.” Or, as Zhou Enlai supposedly said to Henry Kissinger, when asked about the meaning of the French Revolution: “It’s too soon to tell.” But let us begin. 
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			The next two chapters explore how politics and policy shaped the first 50 years of solar system exploration—how bureaucrats, scientists, politicians, and others collaborated and competed to set science, mission, and funding priorities.


			Aerospace analyst Jason Callahan describes the political economy of solar system exploration, explaining how varied and competing interest groups (“stakeholders,” in today’s parlance) have come together to advocate and set priorities for solar system exploration. He discusses the role of external advisory groups, such as the NASA Advisory Council (NAC) and the National Research Council’s Space Studies Board. And he shows how funding for solar system exploration is, nonetheless, subject to other influences.


			Using a very informative set of charts and tables, Callahan lays out the history of federal funding for solar system exploration in the context of overall NASA spending and the federal budget picture. He shows how funding for solar system exploration—like funding for any other federal enterprise—is a reflection of national priorities at any given time. His chapter is “must” reading for any and all who are engaged in advocating for solar system exploration.


			Political scientist Roger Handberg addresses the politics of funding for solar system exploration from a different angle, exploring how demands for the funding of bigger-ticket human spaceflight programs have affected solar system exploration and space science writ large. From the beginning, as he points out, space science and human spaceflight have been intertwined, and the “robotic versus human” debate about the course of space exploration has been persistent.


			Handberg raises the question of whether, in the post–Space Shuttle era, space science can, or will, be a partner in NASA’s grand plans for human exploration. And he wonders whether space science today is best located in NASA or perhaps in some other federal agency.
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			Planetary science in the United States is a public activity, in that the federal government provides nearly all the funding for it and the vast majority of its resources are managed by a federal administration. Over the past 50 years, scientific communities, the executive branch, and the legislative branch have negotiated to varying degrees of success the direction, scale, and composition of this effort.


			In this time, the scientists, engineers, technicians, managers, accountants, students, and others involved in all of the activities of planetary science have coalesced into a coherent scientific community. Furthermore, they have adapted to the shifting federal bureaucratic landscape with three important effects:


			

					Despite many factions, the community now acts with a great deal of unity.


					The community strategizes in terms of programs rather than projects.


					The community, using the first two points, has developed a systematic method for bounding the options for planetary science activities from which politicians and policymakers choose.


			


			Although the planetary science community has made great strides in communicating its goals, funding for planetary science has not followed a stable trajectory over the last 5 decades. Because NASA spending constitutes a minor fraction of the federal budget, which itself is a relatively small part of the U.S. economy, factors determining the allocation of resources to solar system exploration are not always within the control of Agency leadership or the science community. Understanding NASA’s place in the U.S. economic environment helps explain some of the perennial turmoil that typically surrounds the annual budget process. It also sheds light on the influence of national priorities, an important factor to consider as the planetary science community tries to convey the necessity of a continuing solar system exploration program. This chapter considers planetary science in the context of the federal budget, other federal research and development activities, and other space science activities at NASA.


			This chapter also analyzes the history of the U.S. space program, which is marked by major decisions of presidents, members of Congress, and NASA Administrators. The role of the space science community is integral to understanding the importance of NASA’s scientific program and the value of federal investment in science and technology generally. Members of the planetary science community have played a vital role in shaping the U.S. space program by defining options available to national leadership. They have also played a critical part in forming methods by which scientific communities communicate among themselves, with other communities, and with stakeholders.


			Budgeting for Exploration


			The first thing to recognize when looking at the U.S. economy is that, at least in the last three decades, there is little correlation between the Gross Domestic Product (GDP) and spending. In times of recession, federal spending goes up. In times of expansion, federal spending goes up.1


			The financial indicators shown in figure 1 demonstrate one other somewhat disturbing trend over the last five decades. Beginning in the late 1970s (labeled “A”), government expenditures outpaced receipts consistently, and the federal debt grew at a rate matching, and often outpacing, the rate of increase in GDP. The result of this expanding debt is an increasing cost to the federal government each year to pay just the interest on the debt, without bringing down the principal. Interest on U.S. federal debt in 2010 cost $414 billion, roughly 23 times the NASA budget that year. This is not to suggest that the United States would necessarily spend more on exploring the solar system if it carried less debt, but it demonstrates that an increasing debt load can place a significant burden on limited resources. As figure 1 clearly demonstrates, NASA has not encountered a budgetary environment quite like this before.


			
[image: Graph showing GDP, Federal Outlays, Federal Debt, and Federal Receipts between 1959 through 2010 (in millions of dollars, adjusted to 2010 dollars). Point A in the late 1970s shows the time when federal outlays started outpacing federal receipts.]


			Figure 1. GDP, federal outlays, federal debt, and federal receipts, 1959–2010 (in millions, adjusted to 2010 dollars).
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