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The spacecraft carrying Curiosity enters the thin Martian atmosphere at a speed of 13,200 miles an hour. It has six or seven “minutes of terror” to come to the virtually full stop needed to place the rover on the surface of Mars.
 (NASA/JPL-Caltech)




CHAPTER ONE

The Lure and Challenge of Mars

“If we saw something anything like this on Mars, we’d stop right away. We’d spend a lot of time with it and check it out with everything we’ve got.”

So said John Grotzinger, top scientist for NASA’s Mars Science Laboratory (MSL) mission—probably the most ambitious and important planetary mission ever flown. As the science lead for the mission, he coordinates the team that decides where the roverrobot Curiosity will go on Mars and what it will investigate.

A group of us were with Grotzinger on a mountainside in the barren Nopah Range of southeastern California, not far from Death Valley. The view to all sides was entirely Mars-like, except for the occasional barrel cactus or lonely browned grass. With the wind blowing, the dust kicking up, and the land parched and hot in the extreme, it wasn’t hard to imagine we might actually be on Mars—a place equally parched and often as cold as Death Valley is hot. That’s why the Curiosity team brings the rover’s test twin to the area for simulated runs.

What Grotzinger wanted to show us was an unusual presence in the rock—the remains of a cylinder formation embedded in a bedrock with the kind of wavy lines that suggest the ancient presence of life. To the unschooled eye, it’s just another jumble of rocks on the undistinguished side of what is known as Ash Hill. But to Grotzinger, it was a sign that the craggy hills of the area had once been flat—indeed, the bottom of an ocean. And more than a billion years ago, mats of single-cell microbes grew across that ocean floor. The California Institute of Technology geologist had studied the rocks intensively in the past and had written an important journal article about them, concluding that the “tubes” were most likely the remains of an unusual columnar form of ancient life. Though in the American desert, Grotzinger was identifying the kind of features Curiosity would be looking for on Mars and explaining some of the ways scientists hoped the rover would locate and examine its targets.

It has been a long time since NASA has sent a mission to Mars that was explicitly involved in astrobiology—the search for life beyond Earth. The last astrobiology mission was in the 1970s, when the two Viking landers initiated human exploration of the Martian surface and sent back negative, though equivocal and even conflicting, results.

While MSL/Curiosity is not a “life detection” mission per se, it is definitely searching for the presence of the possible building blocks of life on Mars. It carries extremely powerful cameras, a robotic arm that can grab and drill, a laser, and two mini-laboratories with capabilities unlike anything sent beyond Earth before. One formal goal is to look for organics—the complex carbon compounds that are essential for life on Earth and presumed to be similarly essential on Mars. In addition, Curiosity will be assessing whether its destination—Gale Crater—ever had the characteristics that make a place “habitable” or was potentially once even inhabited. So while Curiosity might not exactly be looking for signs of life, it is definitely on the trail of extraterrestrial life present and past.

Both of its primary searches involve painstaking and highly complex gathering and testing of crushed bits of rock at the superhigh temperatures that can be generated within Curiosity’s portable chemistry labs. But they also involve geology—the kind of forensic investigation that practitioners use on Earth to tell the history of a place through its rock formations. Gale Crater was selected as Curiosity’s landing site precisely because it has a huge mountain at its center—18,000-foot Mount Sharp—on which many layers of rock are clearly exposed, allowing for an entirely unprecedented examination and reading of the planet’s past.

Grotzinger wanted some of us who will be writing about the journey of Curiosity across the surface of Mars to be introduced to one of the important tools that scientists will be using, and to learn about it in a setting that feels positively Martian. The layering of rocks can tell geologists stories about whether and when water was present, whether the planet experienced long-ago quakes and faulting, whether the very weak Martian atmospheric magnetic field used to be much stronger, and what compounds (including those organic compounds) were on the surface and how they interacted to form minerals. All this just by reading and analyzing the rocks.

And then there’s the distant chance of finding something like the tubes in the rock with biologically formed wavy lines on the surface that Grotzinger wanted us to understand. It won’t take the discovery of a deposit like that to make the Curiosity mission a success, but if it happened, it would be among the most important scientific discoveries in human history.

To bring the point home again, Grotzinger took us several miles away to an area of abandoned talc mines. We didn’t have to hike up a mountain to learn the next lesson; it was in an outcrop we could practically drive to because of those earlier mining operations that pulled the soft, white mineral from the earth. We trooped only down a ravine and back up before coming to a rock face that told a most intriguing tale.

Near the bottom of the rock face was a collection of light silver, oblong shapes two to four inches long. Scanning upward, these stopped abruptly and were bordered by a foot of rock with the straight lines of building sediment. Then came a larger area with fanlike patterns, once again the wavy variety generally associated with life. Then another line of sediment. And so it continued up the rock face.

Grotzinger explained what we were seeing: The beautiful, curvy shapes were fossils of stromatolites, most likely the first life-forms on Earth that could leave behind an actual fossil. Stromatolites were (and still are in some locales) colonies of single-cell microbes that form structures large and small by collecting passing sand and other sediment. Those thumb-shaped outlines on the bottom were a particular kind of stromatolite and the fan shapes were another. The sediment lines represented a time when the stromatolites were gone, and then they appeared again at later times in different forms. If Curiosity came across any Martian shapes like these, Grotzinger said, scientists in the NASA control center on Earth would direct it to begin an intensive examination.

But the chances of coming across this kind of undeniably biological formation at Gale Crater are not great. That’s why Grotzinger had us hike the next day up to the ridge of Ash Hill to do some classic geology. We all examined the rocks—as scores of geology classes had done before us on this somewhat iconic ridge—for unusual shapes, grain sizes, interactions between rocks, or faults and maybe even for a long-ago deposit of oolites, a form of sedimentary rock we had seen on the side of the hill the day before. As their name suggests, oolites are tiny white spheres that look, through a field magnifying glass, a lot like eggs. They’re beautiful and suggestive of biology, but are entirely the result of inorganic activity. (They’re also similar to pearls that were once created outside of oysters and without the help of biology at all.) If the origins of rocks and the deposits in them can be so complex on Earth—where you can actually pick up a specimen—imagine what challenges might lie ahead on distant Mars.

A morning of geology on the ridge introduced us to the pleasures and complexities of rock layering—the stories it can tell, and those it can hide. The outsides of rocks change as they weather, so it’s important to break them open and see the original material inside. Curiosity has the ability to brush Martian rocks and drill a few inches into them, as well as to zap them with lasers and release original fragments and gases. But there won’t be any actual breaking apart of Martian rocks until an astronaut-geologist arrives sometime in the future. As NASA and Mars scientists see it, that’s the ultimate goal of their efforts, and Curiosity is a most important explorer and fact finder on the way to that distant but much hoped-for day.

We left Ash Hill hot and sunburned but enthused about what Curiosity might find. The combination of its landing site with all that exposed rock nearby, its ability to rove for miles, and its extremely high-tech portable chemistry labs seemed destined to write a new chapter in our understanding of the planet in our solar system most like Earth.

And then a different reality intruded. As we headed to a final teaching site, one of the three large SUVs in which our party was riding suddenly pulled off the road. A tire had blown out. We were still very much in the desert and it was blazing hot, but a tire change didn’t seem like such a big obstacle. At first, that is. But in the new Chevy Suburban, finding the equipment to remove a tire and then retrieving the spare is no simple matter. Indeed, for a half hour or more it seemed that it would be impossible and we’d have to call for help—if only we could get a phone signal in the desert. Our journey to Mars-on-Earth came to a disquieting halt.

The obvious question that arose as we considered our situation was this: What happens if Curiosity blows a tire, or something similar? Here we were—17 very bright and resourceful people—marooned (temporarily) in the California desert and struggling to return to normal. What can be done when something similar happens to Curiosity, which will be at least 127 million miles away and can only repair itself via computer commands? It will be traveling on terrain studied by satellites from above, but still unpredictable. Its goal is to climb partway up Mount Sharp, and that will mean some awkward maneuvering for a vehicle the size of an SUV.

As the NASA team on the trip knew well, the most recent American rover on Mars did, in effect, blow a tire—or the rover equivalent of that. The wheels are actually wide rings of fine, lightweight aluminum designed to keep the rover from sinking in sand, but they are subject to failure, too, and one wheel motor on the precursor, and far smaller, rover Spirit did wear out in 2006. That led to much consternation at the time until a work-around was conceived and the Spirit team determined that the vehicle would now move better backward.

Limping in reverse around an area known as the Columbia Hills, the rover with its dangling wheel ended up getting stuck in the sand. Trying to pull Spirit free, the team was forced to spin its wheels aggressively, in a way that initially proved useless logistically but became invaluable scientifically. In fact, the stuck rover eventually made what may well be the most important scientific discovery of the mission: Digging through the crust, it exposed a rock deposit that turned out to be a sulfate mineral, jarosite. It was the first of its kind ever found on Mars and highly significant since that kind of mineral is formed only in the presence of water and often nearby a steam vent—the kind of hydrothermal activity that comes with volcanoes. Sulfate minerals are an important clue about the Martian past and also happen to be associated with both habitable environments and life itself. And now we know about Martian sulfate minerals—simply because one of Spirit’s wheels broke.

That was a reassuring thought as we sought to change the Suburban’s tire, and ultimately we succeeded. Working through adversity is part of life on Earth—and definitely on Mars, too. But while adversity can set a mission back on Mars, it can also create an opportunity.

Of course, that will become true for Curiosity only after it safely lands on Mars, and the blown tire got me thinking about the fact that most missions to the planet have actually failed. The United States, the former Soviet Union, Russia, Japan, and the European Space Agency have sent 43 missions to orbit, fly by, or land on Mars, and more than two-thirds have failed. Only six of the descents to the Martian surface have succeeded (landed and completed their missions) and they’ve all been flown by NASA—an accomplishment often lost in the public assessment of the agency.

So, landing on Mars is very hard under the best conditions. And the MSL/Curiosity spacecraft will require no simple landing—not that any Martian landing is really simple. It will involve technology and procedures never before used on Mars, and the margin of error is slim. NASA officials are confident of their plan, but that doesn’t mean it will work. What happens if the equivalent of a blown tire occurs during entry, descent, or landing?

Since the spacecraft will enter the Martian atmosphere at 13,000 miles an hour and has just six or seven minutes to slow down to the speed where it can touch down gently and safely, the answer is pretty obvious. Any equipment failure on entry means one thing only: The dreams of the thousands of scientists and engineers working with Curiosity crash with the rover and $2.5 billion in taxpayer funds are lost.

Clearly, when those seven high-anxiety minutes of spaceship reckoning arrive on August 6, many people—indeed, a nation—will be holding their breath.


[image: ]

Landing inside Gale Crater will involve the most challenging descent and touchdown ever on another planet. The landing site is between the walls of the crater and three-mile-high Mount Sharp.
 (NASA/JPL-Caltech)
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The one-ton weight of the rover requires a new kind of landing that ends with an unprecedented “sky crane” maneuver, gently dropping the tethered Curiosity from a descent spacecraft. That vehicle stays aloft by using four retro-rockets to hover 66 feet above the Martian surface.
 (NASA/JPL-Caltech)
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NASA selected Gale Crater in part because it has so much exposed rock face, which geologists will “read” to piece together a history of the planet. This image was taken by the rover Opportunity at Victoria Crater.
 (NASA/JPL/Cornell)
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Curiosity project scientist John Grotzinger explains how to read rock layers in the Nopah Range of southeastern California, a kind of Mars on Earth.
 (Marc Kaufman)
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The Nopah hills and mountains contain many fossilized stromatolites, layers of sediment-collecting microbial mats believed to be the earliest life-forms on Earth to leave behind a clear signature. Curiosity is unlikely to find such a formation, but a hint of anything similar on Mars would prompt an intensive investigation.
 (Marc Kaufman)
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Curiosity is larger, heavier, and more sophisticated than any robotic vehicle ever sent to another planet. Final assembly and testing took place at NASA’s Jet Propulsion Laboratory in Pasadena, California.
 (NASA/JPL-Caltech)


CHAPTER TWO

Landing the Hard Way

Imagine you’re an Olympic high platform diver. You’re planning a dive never attempted before, something with more elements than believed to be possible and no room for error. You have less than two seconds to make all your moves, which include a unique and dangerous entry into the water. And while you’ve practiced each of the maneuvers individually, you’ve never had access to the high platform to actually practice the dive. The difficulty factor: 10.5 out of 10.

Now imagine you’re in charge of landing a $2.5 billion spacecraft on Mars that is carrying the hopes and possibly the future of the nation’s entire Mars program. You also have what amounts to seconds to execute all your maneuvers—many of them untried—and you begin your entry into the Martian atmosphere at 13,200 miles an hour. Within six to seven minutes, the spacecraft has to position its heat shield so it can block the full 3,500-degree blast of friction heat that will do much of the slowing; it will make three broad S curves to correct its trajectory toward the landing site; a solar parachute has to properly open and operate; dozens of rockets and pyrotechnic devices large and small have to fire correctly to further slow the capsule and blast free those components no longer needed; and an additional vehicle tucked into the original capsule must be detached so it can drop further and position itself and begin a rocket-powered hover.

But you’re still not done, because that hovercraft now must release the Curiosity rover itself and, using three tethers, lower it down to the Martian surface. Since the rover-robot is headed for a site inside a crater, the landing ellipse has to be smaller than any selected before—by a lot. And unlike the Olympic diver, the rover is speeding toward not water but very hard rock.

“Yes, thinking about all the things that have to go right is terrifying—I can’t deny it,” admits Adam Steltzner, NASA’s chief engineer for the entry, descent, and landing, and one of a handful of intrepid souls who came up with the Curiosity landing formula. “When we proposed this plan, we were almost laughed off the project. People said it couldn’t possibly work. Well, we now have a risk analysis that says it has a 99 percent likelihood of succeeding. That’s higher than any Mars lander that’s flown before. Reassuring, for sure, but with a big caveat: That low risk assumes all the parts will operate and deploy as they should. Given the circumstances and essential timing of all the maneuvers, we’re definitely asking a lot. That’s what keeps me up at night.”

The landings are so difficult in part because the thin atmosphere makes for a super-speedy drop, and slight changes in atmospheric conditions can quickly turn a picture-perfect landing into a disaster. There’s no opportunity to fine-tune the landing from Earth while it plays out because of the time lag of about 14 minutes between when something happens on Mars and when Mission Control learns about it. In other words, the landing will be successfully or unsuccessfully completed before NASA Mission Control knows for sure it has started. Overall difficulty factor for the descent and landing: You don’t want to know.

The need for such a complex landing is straightforward: Curiosity is much larger and much heavier than any of its predecessors. Some have likened this increase in size and weight to a kind of “monster SUV” effect and suspect that NASA has fallen into a bigger-is-better way of thinking. But actually, the extra weight is due to the fact that Curiosity will carry to Mars both an organic chemistry lab and a geochemistry lab, each far more complex and capable than anything delivered to the surface before. It will also have a much larger robotic arm with more tools to do geology work. And it needs a sturdy chassis to move around and climb Mount Sharp. By themselves, the ten science instruments together weigh only 165 pounds and are marvels of compaction. But the structure needed to deliver and protect them still makes Curiosity—at 10 feet long, 7 feet high, and almost 2,000 pounds—twice as large and more than five times as heavy as the two rovers currently on Mars, Opportunity and Spirit (5.2 feet long, 4.9 feet high, and 375 pounds).

Those earlier rovers were dropped onto Mars wrapped in large and highly engineered protective “air bags,” and Steltzner and his team very much wanted to use that landing architecture again. But Curiosity had outgrown that technology, and landing inside the crater required a different level of accuracy. So Curiosity had to arrive on Mars differently—leading to those six or seven “minutes of terror,” as the landing is often described.

On its way down through 80 miles of Martian atmosphere, Curiosity will make use of at least three technologies or procedures never before tried on Mars. The first is “guided entry,” a process by which the capsule can reposition itself based on changed atmospheric conditions. This is necessary as part of the first phase of the descent, when the entry capsule turns so its heat shield takes the full force of the friction. If the turn is slightly too sharp, the capsule drops too fast and most likely crashes. If it’s too flat, then the capsule rides the atmosphere boundary too far and skips well past its landing site. Since humans can’t make the tweaks in real time needed to make sure the heat shield is properly positioned, the computers aboard the capsule have to do the job. A more rudimentary version of this technology was used when the Apollo capsules returned to Earth from the moon back in the late 1960s and 1970s, but it hasn’t been used since and certainly never on faraway Mars.

The descent will also use retro-rockets in an entirely new way. After being slowed down significantly by the force of the atmosphere on the heat shield and the deploying of a supersonic parachute, a final “powered descent vehicle” stage begins that will bring the rover and its carrier to a height of about 60 feet above the Martian surface. Eight rockets (called Mars Lander Engines) are used to slow the powered descent to a near halt and allow the duo to hover. Advanced throttleable engines were used on the Viking missions in 1976, but not since then on Mars. And they were never used to provide the kind of hovering platform required for this landing.

After a several-second hover, a set of pyrotechnic bolts are fired to detach the rover from the descent shell. By then, Curiosity has changed from its stowed flight configuration and opened up to prepare for landing. But the descent vehicle is still some 60 feet from the ground, and that’s when the most novel (and controversial) aspect of the landing commences: the “sky crane” maneuver. The rover is connected to the hovercraft by three nylon tethers and a line for power and communications, and the tethers are released to allow Martian gravity to pull Curiosity slowly to the ground. If all goes well, there will be one ton of rover, dangling on three tethers, inching its way to the surface. When it finally hits, it will be falling at about 1.7 miles an hour.

In keeping with the mission instinct to push the envelope, for the first time the descent—or more precisely, its last 100 seconds or so—will be recorded continuously and in color from the spacecraft itself. The MSL Mars Descent Imager (MARDI) will be tucked in on the still stowed rover, but the camera will be exposed when the heat shield is released and will film that final phase of the descent. MARDI is important because it will show Mission Control exactly where Curiosity is, but it also will provide dramatic footage of that sky-crane finale—if it succeeds, that is. Plans for the instrument were actually scrapped by NASA several years ago to reduce costs, but Michael Malin of Malin Space Science Systems decided to finish the work without additional pay. The man behind many of the cameras that have flown to Mars, Malin just couldn’t let the opportunity pass.

The entire entry, descent, and landing is choreographed down to the second and coded into the two redundant computers onboard. One small malfunction or defect, and Curiosity will become an object lesson in mission hubris rather than the most remarkable planetary mission ever. As the MSL team is wont to say, the difference between folly and greatness is small when you’re trying to do something on this scale. If people don’t think your ideas are ridiculous at the beginning, they say, then you’re not really coming up with anything new.

But so many things have to go just right for Curiosity to land safely: The capsule has to first enter the Martian atmosphere at just the right angle, it has to make three large S turns as it maneuvers to get the heat shield in the correct place, it has to deploy the parachute (the largest ever used) at precisely the right moment, the rockets have to fire perfectly, 76 pyrotechnic bolts have to explode and release, and then the rover has to make that unprecedented hover and sky-crane landing.

“We know the sky-crane maneuver looks crazy,” Steltzner says. “It even looks crazy to us. But it’s the result of careful, reasoned engineering thought, and we have been beating on it from outside for almost a decade. It holds up really well, and we’ve solved all the problems we knew about with this configuration.

“And then for touchdown, we have an approach fundamentally designed to land on Mars terrain. The wheels are wide and made of thin aluminum, and so are really part of the landing system. But what makes this landing possible is the simple and wonderful fact that we know so much more about Mars now and have images of almost every rock and boulder in Gale Crater.” Curiosity could grow so much bigger and more complicated only because of all that’s been learned from the landers and orbiters going back to Mariner and Viking in the 1960s and 1970s.

Talking with engineers and scientists at NASA’s Jet Propulsion Laboratory (JPL) several months before landing, it becomes apparent that past missions loom very large—not only because of that knowledge gained about Mars but also because the past missions battle-tested the MSL/Curiosity staff. Steltzner helped design the entry and landing system for the two NASA rovers now on Mars, and scores of other key players for Curiosity worked on those rovers, on the Phoenix lander mission, on the first Pathfinder rover, and even on Apollo, because of that guided-entry technology. So when the EDL (Entry, Descent, and Landing) team meets to monitor how the craft and rover are doing on their way to Mars and to make any minor corrections deemed useful, they have many combined decades of Mars experience in the room.

The man responsible for the overall design and performance of MSL/Curiosity is the chief engineer, Rob Manning. He was a key player in Mars lander and rover missions including Pathfinder/Sojourner (1997), the follow-on Mars exploration rovers (2004), and the Phoenix lander (2008), as it was his job to sign off on every technical aspect of the MSL mission and, as the spacecraft flew to Mars, to keep the JPL Mission Control on its toes. With a certain glee, he spoke of the hidden “virtual” gremlins he was planning for the all-hands-on-deck descent and landing rehearsals as the spacecraft approached Mars, in the expectation that the staff would find them before the mission ended in (virtual) disaster.

“The whole team comes in for four or five days and we work the test bed as if it was Mars,” Manning explains. “I could kill the mission for sure, but that’s not the point. We want people to understand problems and figure out what to do. The unit of test here is humans.”

And they are not really who you might imagine they would be. JPL can look more like a college campus than the buttoned-down NASA facility of old. Among the top engineers and operations managers are one with small metal hoops in his ears and a history of playing in a rock band (Steltzner), another with a flair for playing jazz trumpet with his twin brother (Manning), a third with a newborn baby at home being cared for by her retired Air Force husband (MSL surface mission manager Jennifer Trosper)—brilliant people with strong personalities who nonetheless have to work intimately together as a team.

How do they keep from cracking under the pressure? Manning says that the several all-hands-on-deck operational readiness tests (ORT) at JPL help with both maintaining productive focus and rehearsing roles until they become second nature. “We don’t do a lot of them, but we do enough so that by the time of the actual landing, it’s very hard for your mind to tell the difference between the real thing and the ORT. At least for me. I can remain calm because my brain keeps telling me that this is just another ORT. Of course, when a real image from Mars goes streaming in, that impression vanishes.”

As a veteran of numerous Mars flights, including several that did not succeed, Manning also tries to always remember that he and the others are involved in both a great scientific endeavor and what is “simply, massively, a creative arts project—a vast mural with hundreds of painters painting with a single overall defining objective, but working on vastly different pathways … We are very lucky to be allowed to attempt this.”

Ultimately, there’s a limited amount they can do during the entry itself, and so the fine-tuning focuses on the spacecraft computer codes and the craft’s position as it approaches Mars. But there are limits there as well. While all the parts of MSL/Curiosity have been aggressively tested, one of the sobering truths of the mission is that the hair-raising descent and landing itself couldn’t be tested on Earth. The atmospheres of the two planets are so different that testing the half dozen minutes of terror would be as useless as it would be impossible.

“We think there’s a really good chance this will work, but as a complete system it’s never been tested,” says Manning, with a look that suggests he is aware that he has just delivered some quite surprising news. “We’ve simulated the possible problems as part of tests, but none could be called the test.

“That happens on August 6.”


CHAPTER THREE

The Science and Travels of Curiosity

Is the power working? Do we have communication? Is the rover on stable ground?

A successful landing of Curiosity will set off jubilation at Mission Control at JPL and in observatories and labs, government and industry offices, and homes around the globe. But then the small army of scientists and engineers tasked with operating the rover will quickly move on to the actual work at hand: Determining if the vehicle landed with its essential systems intact. If they are working, then comes a gradual unfolding, deploying, and revving up of the ten science instruments and cameras that are Curiosity’s reason for being.

It’s a process that will take days, and in some cases weeks or months. But the MSL team will know soon whether the key power and communication systems have sustained any damage during the 352-million-mile journey or during the high-wire landing.

Communication is largely accomplished through relays to three satellites orbiting Mars or through the Deep Space Network, a system of giant interconnected antenna dishes in Madrid, Spain; Canberra, Australia; and the Mojave Desert. Assuming that communications are established, the first order of business will be to verify the health of the small nuclear battery that will provide power for the rover. Curiosity carries ten pounds of plutonium-238 dioxide as a heat source, which is then used to produce the onboard electricity needed to move the rover, operate the instruments, and keep the frigid nighttime cold at bay.

If all is well, what follows will be a highly choreographed unpacking of the rover. First the mast goes up, with its suite of cameras. Weather and radiation monitoring instruments are turned on, as well as the laser-camera combination that can zap rocks up to 23 feet away and take readings of the “excited” gases released in the process.

By “sol 10” (“day 10”—each Martian solar day, known as a sol, is 24.66 hours long), all ten instruments should have been started up to see if they’re working, and Curiosity is scheduled to take its first tentative steps—kind of like shaking one’s legs to get rid of the pins and needles after a long journey. Only around sol 30 will the seven-foot robotic arm be tested, grabbing Martian soil for the first time to crush and deliver to the two rover mini-laboratories—Sample Analysis at Mars (SAM) and Chemistry and Mineralogy (CheMin).

All the while, scientists will be determining exactly where Curiosity is in relation to both the walls of the 80-mile-diameter Gale Crater and the three-mile-high Mount Sharp in the middle of its huge depression. Gradually, the science team will take more control of the mission and address the first big questions: Where should Curiosity be headed? And then, which rocks should be sampled? Where does the soil look especially interesting and worthy of a full and time-consuming examination?

“We’ll have about two hundred to three hundred scientists on site at JPL, and I can assure you it will be both fascinating and grueling,” says Joy Crisp, deputy project scientist for the MSL project. “We’ll be working 16-hour days for those first months, and we’ll be entirely on Mars time.” That means the data and instructions coming and going to Curiosity are pushed 40 minutes later each day to compensate for the extra length of the Mars sol. Eventually, the JPL team will be having science meetings and making decisions about the next day’s instructions and activities at 3:00 in the morning.

But seldom in human history has science had an opportunity this grand. Curiosity will be looking for the carbon-based building blocks of life, using instruments that have a good chance of finding them if they’re present; it will be searching for habitats that could have once supported life; and just possibly it will find some biosignatures that show, or at least strongly suggest, that Mars was indeed once home to living things.

It’s interplanetary forensics at its most complex and exciting, a kind of CSI: Mars. While it’s conceivable that Curiosity will actually come across the signature of a long deceased life-form, that is considered highly unlikely given the cold, dry, and highly irradiated surface of the planet and the choice of a now-parched crater as a landing site. So the goal of Curiosity is to collect clues about what has happened over the eons at Gale Crater—its history as recorded in the layering of rocks, the presence of telltale minerals, and the chemicals that fill the atmosphere and rock faces.

For instance, scientists know from satellite imaging that substantial amounts of water were once present in the desiccated crater. But how much? Was there a lake, a river, a set of mud or clay flats—or possibly all of the above at different times? And during which Martian eras was the water present, and what might have been dissolved in it? Curiosity has the instruments to potentially answer these questions.

With liquid water broadly confirmed as having once existed on Mars, NASA is ready to move beyond its “follow the water” game plan to a new one: “Follow the carbon.” That element in its myriad forms and combinations is essential and central to life as we know it—serving as the organizing substance to all organic compounds, including amino acids, proteins, nucleobases, and other building blocks of life.

Ancient organics in rock are famously hard to find even on Earth, where samples can be studied extensively in labs. So, when explaining Curiosity’s search for organics on the way back from our Death Valley field trip, MSL science leader John Grotzinger was eager to downplay expectations. “We do have a chance of finding organics, but it’s very, very hard to do. We’ll need both extremely savvy work, and some good luck.”

The likelihood that Curiosity will succeed in its organics quest remains something of a long shot. Much of the rock on Mars is not known for preserving organics, and the surface is bombarded daily by cosmic radiation (which on Earth is deflected by our atmosphere) that may destroy Martian organics.

That said, organics certainly fall on the Martian surface, because they are everywhere in space and fall on Earth in large amounts in the form of meteorites and cosmic dust. Previous Mars exploration came up short in terms of finding organics, leading some to conclude that the planet could never have supported life.

But what if the instruments used in the past were just not up to the task of finding the elusive organics? And what if something in the Martian atmosphere or on the surface destroys organics, or modifies them in unexpected ways? Curiosity can provide some answers.

Scientists are also eager to know the kinds of minerals formed in the Gale Crater water and when that mineralization took place. Knowing both will help them understand the nature of the quite possibly deep waters that once filled the crater, and how likely it is that the crater’s rocks have preserved any organic (carbon-based) material.

The scientists are hopeful because sulfur-based, or “sulfate,” minerals such as jarosite and gypsum are present on Mars and are well known for preserving organics. The same is true of silicon-based phyllosilicates and clays, which have also been identified on Mars. If present at Gale Crater, Curiosity has the wherewithal to find them. (Sulfates, phyllosilicates, and clays are also known to generally form only in liquid water that is not too acidic and not too alkaline—the same kinds of conditions that support life.)

The question of Martian organics has gotten even more interesting within just a few months of the landing. Researcher Andrew Steele of the Carnegie Institution of Washington (and member of the MSL science team) and colleagues published a paper that identified carbon-based organics in a number of Martian meteorites that had been collected on Earth. His team concluded that the organics were not created through biological processes but rather through volcanic activity. Nonetheless, Steele said the presence of organics—firmly established for the first time—increases the possibility of Mars once being habitable and even inhabited.

The heart of the rover is probably SAM, the Sample Analysis on Mars. With more than a third of a mile of wiring crammed into a gold-covered box the size of a microwave oven, SAM holds miniaturized equipment that would normally take up most of a laboratory room on Earth. Nonetheless, it can heat pulverized and powdered samples up to 1800°F on just 40 watts of power, and in the process it can detect a fainter trace of organics than any instrument sent previously to Mars. Together, Curiosity’s ability to sample a wide range of rocks and soils as it moves around the crater and the sophistication of the SAM detection abilities are a major step in the follow-the-carbon game plan.

CheMin, the Chemistry and Mineralogy experiment, also examines rock samples, but it is looking for minerals rather than organics. Minerals all form under particular environmental conditions, and so identifying a phosphate or carbonate or sulfate tells scientists about the chemistry, temperatures, atmospheric pressure, and presence of water on Mars at the time the mineral was formed. The experiment shoots x-ray beams at crushed rock samples and can tell if a particular mineral is present if it makes up at least 3 percent of the original rock. Like SAM, CheMin requires substantial amounts of power—up to ten hours of x-ray bombardment for one sample analysis.

The hunt for the building blocks and conditions needed for life on Mars is at the heart of Curiosity’s science mission, but there are many more paths for discovery. Other instruments will sniff the atmosphere, drill into rocks, magnify rock outcrops, and bounce particles off Mars—getting newly sophisticated information about its weather, the radiation hitting the surface, the size of grains in the rock, and the prevalence of frozen water and water in minerals underground.

Often lost in the drama and science of the mission is another Curiosity surprise: It is a remarkably international effort. Although it is a NASA mission, Canada, Russia, and Spain were largely responsible for three instruments, while Germany and France supplied sophisticated (and costly) components and direction. Curiosity’s laser, for instance, was made in France. The radiation detection system was designed and built in collaboration with German engineers and scientists. A highly sophisticated spectrometer, which will identify elements in rocks, was made in Canada. MLS may well be the most international Mars mission ever.

The landing is expected to be on what is believed to be ancient Martian rock—not covered by lava or weathered by other conditions that can change it—but the real prize is Mount Sharp. Named after former NASA planetary scientist Robert Sharp, it is known to have lots of minerals at its base and many layers of rock to study. Scientists want to understand how towering Mount Sharp came to be in the middle of a crater. The mountain doesn’t seem to have a volcanic history, leading some to theorize it was carved out of the crater by powerful, circular winds.

However it came to be, the mountain offers the best look ever at the geology of Mars. Gale Crater is known to be more than three billion years old, and so Mount Sharp is expected to have a geological history—present in the layering and composition of different kinds of rock—going back that far. If all goes well, the rover will intensely examine the mountain base and then continue to climb up its sloping valleys during its functional life. Curiosity will examine exposed geological layers never seen before and analyze their contents. It will be quite literally a field day for geologists, though at a many-million-mile remove.

The mission calls for Curiosity to be roving, sampling, analyzing, and sending back images for two years. With a power source that can supply electricity far longer than two years, though—as well as a history of Mars rovers lasting years longer than their expected life span—there’s a good chance that a healthy Curiosity could make it far higher, even to the top of Mount Sharp. The limiting factor would be NASA funding, which is in increasingly short supply.

The journey of Curiosity will unquestionably be an odyssey of surprises, discoveries, and difficulties. The limitless promise is what excites scientists like John Grotzinger, Joy Crisp, and the hundreds of others who will gather at JPL and then gradually trickle back to their homes and labs to work their Curiosity data from tied-in computers around the world. And those difficulties are accepted as inevitable by the engineers. The distinction became apparent in a conversation at JPL with John Wright, one of the team that will “drive” Curiosity.

Wright, who helped remotely drive the Mars rover Spirit, said that directing Curiosity “is at least ten times more complicated.” This is a function of its size, its science payload, the terrain it will travel, and the fact that it can make more than 4,000 unique maneuvers.

Its path and the timing of its moves will be largely written in code sent to the rover from Earth at the beginning of each Mars day, but Curiosity presents another unique challenge: The rover can make many more decisions on its own than past models and so requires a different and far more intense kind of oversight. In this sense, Curiosity is more of a self-controlling robot than past rovers, although the MSL team is clear in saying it does not have artificial intelligence per se.

While Spirit and Opportunity could also make some limited decisions on their own about which path to take to avoid an obstacle, that information was lost to the rovers as soon as they made their moves. Curiosity will be more capable of guiding itself and will also keep track of everything it has done and where it has gone. As Wright explained it, this new capability for storing Curiosity’s decision-making onboard requires his team not only to know where the robot-rover has been but also to understand where “the rover thinks it drove.”

“The people who designed and built the software tried to make it easy to use,” he said. “The way they did that was to make the rover smarter and more aware, to remember more things so it could respond on its own. We wouldn’t have to specify everything.

“But for us, that means we have to know everything that the rover knows. It’s possible that Curiosity could think it is in a different place than we know it to be, and that could cause some problems. So we have to know, in a sense, what it’s thinking.

“This is a brand-new world for all of us. We have to know what it knows. And when it gets really, really smart, we need to know what it will do.”

This is where the R2-D2, C-3PO, and WALL-E qualities of the Curiosity persona begin coming into focus. Nobody at JPL has any illusions that Curiosity is anything but a roving robot, but it’s nonetheless not unusual to hear scientists and engineers talk about what “he” will do in particular circumstances.

There’s a certain pride (along with wariness) about Curiosity’s increased knowledge, and there’s an unspoken but undeniable sense of the rover as brave and heroic. This is really not unexpected: The previous, surprisingly long-lived Mars rovers Spirit and Opportunity became famous worldwide as the “little rovers that could”—plucky fellows that far exceeded human expectations.

As Curiosity makes its Martian trek—and especially when it starts climbing Mount Sharp—it would be surprising if a similar kind of emotional attachment didn’t develop with the NASA team and the public at large. The rover is a machine, but that doesn’t mean it can’t have personality, too.
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Artist’s rendering of Curiosity using its laser to study rocks on the surface of Mars. The Curiosity mission calls for the rover to explore Mars with ten instruments either entirely new to Mars science or greatly improved.
 (NASA/JPL-Caltech)
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NASA has for decades sought to “follow the water” on Mars in an effort to determine whether the planet was much wetter in its distant past and when. Scientists are now convinced that large amounts of water once flowed, as seen in this color-coded image of Mars taken by the orbiting Mars Global Surveyor.
 (NASA/JPL-Caltech)
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Is water still flowing on Mars’s surface? What may be streams of briny water were detected in 2011 at several small craters on Newton Crater during the Martian summer, when subsurface ice could melt.
 (NASA/JPL-Caltech/Univ. of Arizona)
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The gold-plated Sample Analysis at Mars set of instruments can heat crushed Martian rock and soil to 1800°F as part of its search for organic compounds, the building blocks of life.
 (NASA)
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The suite of cameras on Curiosity was designed and built by Malin Space Science Systems, which has provided cameras for most of the nation’s Mars missions. Curiosity’s mast cameras can take high-definition images as well as videos.
 (NASA/JPL-Caltech/LANL)
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The path of the rover will be determined at JPL’s Mission Control, where “drivers” put together the computer code that guides Curiosity. Here, drivers work successfully to get the rover Spirit out of a sand trap that threatened to end its mission.
 (NASA/JPL-Caltech)
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The Curiosity mission is scheduled to last for one Mars year, or two Earth years. Engineers and scientists believe it can operate far longer and even climb well up Mount Sharp, if funds are found to keep it going.
 (NASA/JPL-Caltech/ESA/DLR/FU Berlin/MSSS)

[image: ]

The Curiosity mission is part of a long-range plan by NASA to eventually bring a rock sample back from Mars and ultimately to send humans to Mars. Some private space entrepreneurs are also developing rockets and capsules they hope will take humans to the planet.
 (NASA)




CHAPTER FOUR

Can Curiosity Save the Mars Program?

The Curiosity mission is exceptional in so many ways—its size and its payload, the new technologies it uses, its need to land in a tightly defined site with little room for error, the return to an overtly astrobiological mission, and the sheer complexity of the undertaking. It is not unusual to hear scientists and engineers inside and outside the program say it is the most sophisticated interplanetary mission ever undertaken, and it may well be the most important NASA endeavor since the Apollo landings on the moon.

That significance comes from its goals and technologies, of course, but also from the timing of its landing. That date, set long ago based on the position of Mars relative to Earth, turns out to be a moment that will be either remarkably propitious or a disaster of major proportions. The reason: NASA’s Mars program—despite a decade of unprecedented success—is nonetheless on the budgetary chopping block in Washington. The most recent proposal coming from the White House, reflecting the budget realities in Congress, is essentially to put ambitious Mars exploration on hold. That lack of financial support will not affect the Curiosity mission, but it would have dire consequences for future Mars exploration if it became policy and law.

And that is why the mission is considered so enormously important to all who want to see interplanetary exploration continue. A successful landing with exciting discoveries to follow could put NASA’s Mars program back on track with government funders and lead to a long sought (and very costly) Mars sample-return mission. But the loss of a $2.5 billion investment could have the equally dramatic effect of closing the door on ambitious Mars and other planetary missions for decades to come.

“MSL could be the most important NASA mission since Apollo,” says Chris Carberry, executive director of Explore Mars, Inc., a nonprofit that advocates for an ambitious Mars program. “Since we’re in such a complicated budgetary situation, and NASA is navigating a very unusual transition, success or failure of this mission could have a dramatic effect on the future of the space program—a positive effect on space exploration if it succeeds, and a negative effect in Congress and among the public if it doesn’t. I really can’t overstate its importance to people who care about exploring and someday landing on Mars.”

Firouz Naderi, now the director of solar system exploration at JPL and one of the key architects of the parade of successful NASA missions to Mars over the past decade, also sees the Curiosity mission as a turning point. With past experience as a guide, Naderi says that success could create a groundswell of support for continued major missions to Mars and other planets. If it’s a failure—well, he can’t even entertain that thought.

“We know that the American public and large segments of the global public follow the Mars rovers carefully once they land; they’re a much noticed triumph,” Naderi observes. “And this one, with its James Bondish landing and absolutely unprecedented capabilities, should get even more attention.”

Naderi is in a unique position to assess the mission’s importance in terms of Washington decision-making and politics. In 2000, after two costly and humbling NASA Mars failures, Naderi was brought in by the agency’s first Mars program director, Scott Hubbard, to help lead the team that put together the strategy that led to five major Mars successes in the past decade. Now, with the Mars program under threat, he was recently asked to join a similar team to imagine another run of Mars missions and successes.

“It’s really an upside-down situation,” he says. “In 2000, we were brought together after two embarrassing failures that strongly suggested a broken program. But when we came up with our ten-year plan, we got support across the government.

“Now, following a remarkable run of successes, the climate for Mars exploration and funding is worse than in 2000. The banking crisis, the debt problems, a shrinking government, and the troubles of our European partners—it’s a perfect storm for the Mars program. We delivered a golden egg with American success on Mars, but we may now be throwing it aside.”

Quite an added heavy load for Curiosity to be carrying.

Inevitably, at times like this, the question that comes up regarding costly Mars missions and other NASA ventures is existential: Why bother? Why not spend tax dollars on solving more practical concerns here on Earth?

There was a time when the answer was obvious to Americans: The Soviet Union was actively trying to explore and land on Mars, and they were making significant progress. Later events would overtake and diminish the achievement, but the Soviets were actually the first to have a successful soft landing on Mars—in 1971, with the capsule Mars 3. It was the high point of the Soviet Mars program, but also a sign of what was to come: Mars 3 communicated from the Red Planet for a mere 14.5 seconds before losing contact, perhaps in a dust storm. After several Mars flybys early on, the Soviets had sent a number of unsuccessful orbiter and lander missions to Mars before the 1971 disappointment, and their track record (including the subsequent Russian efforts) has been equally troubled ever since.

Others have had their achievements and disappointments, too. The European Space Agency (ESA), for instance, lost the British lander Beagle in 2003 but had success with a Mars orbiter of its own.

Meanwhile, NASA has landed six vehicles on Mars, has put six satellites into Mars orbit, and has become the acknowledged master of Mars exploration. NASA has also had its failures, notably the Mars Observer in 1993, the Mars Climate Orbiter in 1998, and the Mars Polar Lander in 1999. But as with the moon, the United States has dominated humankind’s exploration of Mars. Talk about projecting positive “soft power” in the world.

Scientific excitement about the planet is especially high now that previous missions have discovered that Mars was not always cold and dry—as it is now—but was once wet and warm. Canyons and deltas created by running water have been identified, and minerals that are formed only in the presence of water are now known to be widespread. The recent discovery on Mars of periodic releases of methane—a gas generally, but not exclusively, produced through biology on Earth—has added to the thinking that the planet just may have been habitable at one time and perhaps is home to microbial life even today.

This represents enormous progress from the days of the Viking landers, when hopes were also high that signs of past or present life might be found. Instead, Viking cameras showed a seemingly endless desert, and NASA concluded that Viking’s life-detection experiments had come up empty-handed—although one set of biology tests did produce results that remain the focus of some debate and controversy. The Viking conclusions largely killed interest in the planet for more than a decade, until it was rekindled in the 1990s.

So, as the MSL mission plays out, it does so during a complicated time: We are in something of a golden era for Mars and planetary discovery in general, but funding for follow-on missions is drying up fast. American participation in what were to be two joint NASA-ESA Mars missions in 2016 and 2018 was canceled early in 2012 after the White House Office of Management and Budget made substantial cuts in the NASA science budget, especially the planetary budget.

Even before those cuts, NASA’s budget accounted for less than half a penny of the federal tax dollar. In comparison, at the height of the Apollo program and Viking’s beginnings, the NASA budget took up more than four cents of the federal tax dollar. No wonder Presidents regularly call landing astronauts on Mars one of NASA’s highest priorities, yet the day when that might happen fades further and further out.

In a development that some consider promising and others would call daydreaming, private space entrepreneurs have said they will send their own spacecraft to Mars—preferably alongside a NASA program, they say, but on their own if necessary. The most high-profile of the group is Elon Musk, the founder and president of Space Exploration Technologies, or SpaceX. Musk, who made his fortune with the company PayPal, says he initially got into the space business to build a fleet of rockets and spacecraft to take humans to Mars.

Ten years after founding SpaceX, he already has an undeniable track record of success. In May 2012, as Curiosity was speeding to Mars, Musk’s Dragon spacecraft became the first privately built and managed capsule to dock with the International Space Station (under NASA’s watchful eye). Musk’s goal of sending humans to Mars in the 2020s is scoffed at by many, but so were his plans to send a private capsule to the space station.

Will the journeys of Curiosity be the end of the NASA era on Mars? Will the long-held NASA dream of bringing a rock sample back from Mars to study and someday sending a human to the planet be put on indefinite hold? Will other nations and private companies increasingly take the lead?

The fate of Curiosity on Mars will definitely help shape the answer. The White House has left the door open to future Mars missions, even big ones, if they can fit into the newly shrunken agency budget. Dramatic discoveries by Curiosity would undoubtedly kick the door open wider.

I asked Naderi how he responds to that lingering question of “Why do we go to Mars?” and it was pretty clear that he’s been asked that quite a bit. He brushed aside all the more practical reasons—that it encourages students to go into the sciences, that it spurs technological innovation of all sorts, that space exploration can and has led to the development of valuable consumer products like GPS—and told this story:

An immigrant from Iran, Naderi was invited in 2006 to Ellis Island in New York harbor after winning an award for his outstanding achievements as an American born outside the country. Addressing the assembled crowd, he spoke of America as the “Ellis Island of space,” the essential gateway for humankind’s exploration of the cosmos and its eventual manned travel to other planets and beyond.

But he also asked people to think back much further than the Ellis Island days, to the time of Christopher Columbus and his arrival in the “New World.” “Who knew then what America would turn out to be today?” he remarked. “Nobody, because America was unimaginable.”

Naderi continued: “It’s similar with thinking about other planets and space. We can’t think in terms of the next budget or election; we have to think in terms of centuries. There is today absolutely no way to imagine what we could find in space four or five centuries from now.

“There’s no clear path forward, but there is a clear and very undesirable result awaiting us if we don’t push ahead,” he said. “If we stifle the curiosity that humans have, especially the curiosity about space, they and society will stagnate.”

The newest and most capable Mars rover ever is part of that unclear but valuable path forward. And it carries the name Curiosity with very high hopes and for good reason.


 

For more exciting coverage, watch “Martian Mega Rover” on the National Geographic Channel or visit natgeotv.com to witness the dramatic story behind NASA’s Curiosity rover.
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APPENDIX

The Ten Science Instruments on Curiosity

 (source: NASA)

Sample Analysis at Mars (SAM)

The Sample Analysis at Mars will use three miniaturized instruments inside Curiosity to study chemistry relevant to life. A central objective is to check for the carbon-based compounds that on Earth are molecular building blocks of life. It will also examine the chemical state of other elements important for life and assess ratios of different atomic weights of certain elements for clues about planetary change and ongoing processes.

SAM will accomplish these tasks by examining gases from the Martian atmosphere and gases that ovens and solvents are able to free from powdered rock and soil samples. Curiosity’s robotic arm will deliver the powdered samples to one of two inlet funnels on the rover’s deck. Atmospheric samples enter through filtered ports on the side of the rover.

SAM’s tools fit into a microwave-oven-size box inside the front end of the rover. While it is the biggest of the ten instruments on Curiosity, this tightly packed box holds instruments that would take up a good portion of a laboratory room on Earth. Its two ovens can heat rock samples up to 1800°F and can do it on only 40 watts of power.

The analysis of material from Martian rocks or soils begins after powder collected and processed by tools on the arm is dropped into one of SAM’s two entry points. The inlet tubes are highly polished funnels that vibrate to get the powder to fall into a reusable sample cup.

One tool that receives the powdered Martian material is a mass spectrometer, like those seen in many television crime-solving laboratories. It identifies gases by the molecular weight and electrical charge of their ionized states, and it will check for several elements important for life as we know it, including nitrogen, phosphorus, sulfur, oxygen, hydrogen, and carbon.

Another instrument, a tunable laser spectrometer, uses absorption of light at specific wavelengths to measure concentrations of methane, carbon dioxide, and water vapor.

The third analytical tool is a gas chromatograph, which separates different gases from a mixture to enable identification. It detects organic compounds exiting a capillary column, and then it feeds the separated gases to the mass spectrometer for a more definitive identification.

With these instruments, SAM can detect a fainter trace of organics and identify a wider variety of them than any instrument yet sent to Mars. It also can provide information about other building blocks of life and clues to past environments.

NASA’s Goddard Space Flight Center built and tested SAM. France’s space agency, the Centre National d’Études Spatiales, provided support to French researchers who developed SAM’s gas chromatograph. NASA’s Jet Propulsion Laboratory (JPL) in Pasadena, California, provided the laser spectrometer.

Chemistry and Mineralogy Experiment (CheMin)

Like SAM, the Chemistry and Mineralogy Experiment will analyze powdered rock and soil samples delivered by Curiosity’s robotic arm. It will identify and quantify the minerals in the samples—a highly significant task because minerals provide a durable record of past environmental conditions, including information about possible ingredients and energy sources for life.

CheMin uses x-ray diffraction, a first for a mission to Mars. This is a more definitive method for identifying minerals than was possible with any instrument on previous missions. The investigation supplements the diffraction measurements with x-ray fluorescence capability to determine further details by identifying ratios of specific elements present.

X-ray diffraction works by directing an x-ray beam at a sample and recording how x-rays are scattered by the sample at the atomic level. All minerals are crystalline, and in crystalline materials, atoms are arranged in an orderly, periodic structure, causing the x-rays to be scattered at predictable angles. From those angles, researchers can deduce the spacing between planes of atoms in the crystal. Each different mineral yields a known, characteristic series of spacings and intensities—its own fingerprint.

On Curiosity’s deck, near the front of the rover, one funnel with a removable cover leads through the deck top to the CheMin instrument inside the rover. The instrument is a cube about 10 inches on each side, weighing about 22 pounds. The rover acquires rock samples with a percussive drill and soil samples with a scoop.

A sample processing tool on the robotic arm puts the powdered rock or soil through a sieve designed to remove any particles larger than 0.006 inch before delivering the material into the CheMin inlet funnel. Vibration helps move the sample material—now a gritty powder—down the funnel. Each sample analysis will use about as much material as in a baby aspirin.

David Blake, an expert in cosmochemistry and exobiology at NASA’s Ames Research Center, Moffett Field, California, is the principal investigator for CheMin. He and Philippe Sarazin of inXitu, Inc., in Campbell, California, a co-investigator on the CheMin team, developed the technology while Sarazin was working as a postdoctoral fellow at Ames.

Mast Camera (Mastcam)

The high-definition, color cameras on Curiosity’s mast are the left and right eyes of the Mast Camera and are situated about 6.5 feet off the ground. The right-eye Mastcam looks through a telephoto lens, capturing details with about three times better resolution than any previous landscape-viewing camera on the surface of Mars. The left-eye Mastcam is a medium-angle lens and provides broader context. Both can take and store thousands of full-color images from six feet to infinity and can record high-definition video. Combining information from the two eyes produces three-dimensional views where the images overlap.

Malin Space Science Systems (MSSS) of San Diego, California, built the Mastcam.

Alpha Particle X-Ray Spectrometer (APXS)

The Alpha Particle X-Ray Spectrometer is located on Curiosity’s robotic arm and, like its predecessors on all previous Mars rovers, will identify chemical elements in rocks and soils. The APXS on Curiosity, however, has greater sensitivity, is more versatile in terms of scheduling, and can operate from more positions.

Past APXS rover instruments found salty compositions in bedrocks that strongly suggested a wet past, as well as the signature of an ancient hot spring or steam vent in soil. The APXS can determine the abundance of elements that form rocks and soil and is highly sensitive to salt-forming elements such as sulfur, chlorine, and bromine, which can indicate that water was present in the past. In a quick ten-minute scan, it can find even minor ingredients to concentrations of about 0.5 percent. In three-hour readings, it can detect telltale trace elements down to concentrations of fewer than 100 parts per million.

The APXS was made in Canada and was contributed by the Canadian Space Agency.

Rover Environmental Monitoring Station (REMS)

The set of instruments, provided by Spain, will record information about daily and seasonal changes in Martian weather. The monitoring will assess wind speed, wind direction, air pressure, relative humidity, air temperature, ground temperature, and ultraviolet radiation. The measurements will be taken for at least five minutes every hour of the 98-week mission. Information about wind, temperatures, and humidity comes from electronic sensors on booms that reach out from the main mast that holds the ChemCam laser and the Mastcam. Temperatures near the surface at Gale Crater are expected to range from –120°F to 32°F.

Spain’s Ministry of Science and Innovation (Ministerio de Ciencia e Innovación) and its Center for Industrial Technology Development (Centro para el Desarrollo Tecnológico Industrial) designed and constructed REMS. The Finnish Meteorological Institute developed the pressure sensor.

Chemistry and Camera (ChemCam)

Using a rock-zapping laser on Curiosity’s mast, the ChemCam can hit rock or soil targets up to 23 feet away with enough energy to create a pinhead-size spot of glowing, excited gas called plasma. A telescope with a spectrometer can then observe and analyze the spectrum of light emitted by the plasma, and it can identify the chemical elements of the sample.

The telescope, with a diameter of 4.33 inches, doubles as the optics for the instrument’s camera, and it can also be used independently of the laser for observations of targets at any distance.

Information from ChemCam will help researchers choose which targets to approach for more intensive study using the robotic arm and the laboratory instruments. ChemCam can analyze many more samples per day than the more complex and slower processing SAM and CheMin instruments.

The ChemCam’s infrared laser can focus more than one million watts of power on a rock sample for five one-billionths of a second. Light from the resulting flash comes back to ChemCam through the telescope, then through about 20 feet of optical fiber down the mast to three spectrometers inside the rover.

Among the many elements the instrument can identify in rocks and soils are sodium, magnesium, aluminum, silicon, calcium, potassium, titanium, manganese, iron, hydrogen, oxygen, beryllium, lithium, strontium, sulfur, nitrogen, and phosphorus. If a rock has a coating of dust or has been modified through weathering, hundreds of repeated pulses from the laser can remove those layers to provide a reading of the rock’s interior composition and a comparison between the interior and the coating.

Roger Wiens, a geochemist with the U.S. Department of Energy’s Los Alamos National Laboratory in New Mexico, is the principal investigator for ChemCam. Los Alamos partnered with researchers in France, funded by the French national space agency, Centre National d’Études Spatiales, to develop, build, and test the instrument. The laser was built by Thales, Paris, France. Los Alamos National Laboratory supplied the spectrometers and data processors.

Mars Hand Lens Imager (MAHLI)

The Mars Hand Lens Imager is a focusable color camera on the tool-bearing turret at the end of Curiosity’s robotic arm. Researchers will use it for magnified, close-up views of rocks and soils and also for wider scenes of the ground, the landscape, or even the rover. Essentially, it is a handheld camera with a macro lens and autofocus.

The instrument takes its name from the type of hand lens magnifying tool that every field geologist carries for seeing details in rocks. Color, crystal shapes, mineral planes, and other visible details from these close-up observations provide clues to the rock’s composition.

In sedimentary rocks, the sizes and shapes of the grains in the rock, along with the scale of fine layering, provide information about how the grains were transported and deposited. Sharp-edged grains have not been worn down by tumbling long distances, for example. The size of grains can indicate whether the water or wind that carried them was moving quickly or not. This information gathered from MAHLI images can aid both in selecting targets to analyze with other instruments and in directly reading the environmental history recorded in the rocks and soils.

As a close-up magnifying camera, MAHLI resembles the Microscopic Imager instrument mounted at the end of the robotic arm on each of the twin Mars rovers Spirit and Opportunity. But MAHLI has significantly greater capabilities than those predecessors—full color, lights, and adjustable focus. Also, it sits on a longer arm, one that can hold MAHLI up higher than the cameras on the rover’s mast for seeing over an obstacle or capturing a rover self-portrait.

MSSS developed, built, and operates MAHLI.

Radiation Assessment Detector (RAD)

The Radiation Assessment Detector will monitor high-energy atomic and subatomic particles reaching Mars from the sun, distant supernovas, and other sources. These particles constitute naturally occurring radiation that could be harmful to any microbes near the surface of Mars or to astronauts on a future Mars mission. RAD’s measurements will help fulfill the Mars Science Laboratory (MSL) goal of assessing whether Curiosity’s landing region ever had conditions favorable for life and for preserving evidence about life.

Unlike the rest of the mission, RAD was partially funded from the NASA human exploration program and will help in the design of human missions by determining how much shielding from radiation future astronauts will need. The instrument took measurements during the trip from Earth to Mars because the radiation levels in interplanetary space are also important in planning human missions, and it will continue to do so while Curiosity is moving across Mars.

The Southwest Research Institute in Boulder, Colorado, and San Antonio, Texas, together with Christian Albrechts University in Kiel, Germany, built RAD with funding from the NASA Exploration Systems Mission Directorate and Germany’s national aerospace research center, Deutsches Zentrum für Luft- und Raumfahrt.

Dynamic Albedo of Neutrons (DAN)

The Dynamic Albedo of Neutrons investigation can detect water bound into shallow underground minerals along Curiosity’s path. DAN shoots neutrons into the ground and measures how they are scattered, giving it a high sensitivity for finding any hydrogen to a depth of about 20 inches directly beneath the rover.

The instrument can be used to identify promising places for investigation with Curiosity’s other tools. Also, rock formations that the rover’s cameras view at the surface may be traced underground by DAN, enhancing the ability of scientists to understand the geology. The word albedo means reflectance—in this case, how high-energy neutrons injected into the ground bounce off of atomic nuclei in the ground.

The Russian Federal Space Agency contributed DAN to MSL as part of a broad collaboration between the United States and Russia in the exploration of space. Russia’s Space Research Institute developed the instrument in close cooperation with the N. L. Dukhov All-Russia Research Institute of Automatics in Moscow and the Joint Institute of Nuclear Research in Dubna, Russia.

Mars Descent Imager (MARDI)

During the final few minutes of Curiosity’s flight to the surface of Mars, the Mars Descent Imager will record a full-color video of the ground below. This will provide the MSL team with information about the landing site and its surroundings to aid in interpretation of the rover’s ground-level views and in the planning of initial drives. The video will also give viewers worldwide the unprecedented virtual experience of riding a spacecraft to a landing on Mars.

The full video—available first from the thumbnails in YouTube-like resolution and later in full detail—will begin with a glimpse of the heat shield falling away from beneath the rover. The first views of the ground will cover an area several miles across and then progressively smaller areas until touchdown. The video will likely jump back and forth quite a bit as the Imager descends—first due to the parachute, then due to rocket engine vibrations, and finally as the rover swings on tethers during the sky-crane landing.

MSSS provided MARDI.
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Marc Kaufman has been a journalist for more than 35 years, including the past 12 as a science and space writer, foreign correspondent, and editor for the Washington Post. He is also author of First Contact: Scientific Breakthroughs in the Hunt for Life Beyond Earth, published in 2011, and has spoken extensively to crowds across the United States and abroad about astrobiology. He lives outside Washington, D.C., with his wife, Lynn Litterine.

(Seth Shostak)
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