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INTRODUCTION

Here’s what happened today. What really happened.

Dawn broke first in the Pacific: because our international dateline is in the middle of our largest ocean that’s where the day’s dawn always breaks first, its tangential light reflected from a million waves and a few container ships into an empty sky. What wasn’t reflected lit up the upper layers of the ocean, a soft new light for the fish and that which they feed on.

When it made landfall in the north, the sun swept over the tundra like water up a beach; a couple of hours later, at the other end of the world, it broke like a wave against the mountains and pastures of New Zealand. Soon it was filling the rice paddies of the Philippines and the shallows of the South China Sea. And every time the sunlight hit something green – something truly green, not something painted green or dyed green: something with a greenness that grew – the most important process on the planet began again.

When the light shone on the greenness, the greenness welcomed it, and comprehended it, and put it to use. The greenness was chlorophyll, a pigment. It was arranged in pools and the sunlight’s energy bounced from one molecule to the next like a frog across lily pads before reaching the subtle trap at the pool’s centre, the three-billion-year-old trap where the light of the sun becomes the stuff of the earth. As the trap’s jaws snapped shut on the sunlight, the spring that powered those jaws pulled electrons from a nearby water molecule, breaking it up into hydrogen and oxygen. The hydrogen was used, along with the stream of electrons that flowed up through the trap, to turn carbon dioxide into organic matter. The oxygen was discarded.

In every plant reached by the dawn this extraordinary mechanism came to life millions of times over. There are hundreds of thousands of pigment pools and sunlight traps in every green cell, hundreds of thousands of cells in full-grown leaves. And once awakened by the light, the flow of electrons through the leaves did not stop until darkness fell. The carbon dioxide to which those electrons were channelled was turned first into a sugar and then into all sorts of other molecules. Some of them were used to thicken the plants’ stems, to lengthen their leaves, to enrich the soil beneath them and to colour the flowers still held tight in their buds. The rest were used to fuel the processes that make such growth possible. Light made life: that is what photosynthesis means.

If the light-driven flow of electrons stopped, on this day or any day, so would everything else that you care about. So would almost everything that evolution has wrought. If this process stopped, so would the world. The planet wouldn’t stop turning: dawns would still arrive with impressive regularity. But they wouldn’t matter. No more datelines. No more dates.



The manufacture of life from light is not the only thing going on as our dawn sweeps over Asia. For every leaf that greets the dawn there’s an ant that eyes the leaf; for the growing grass there are hungry calves, and for the fattening calves there are hungry men; for the sugar-swollen root there’s a sugar-sucking fungus. For growth there’s decay. All over the world, by day and night, animals and bacteria and fungi and the plants themselves are using the oxygen which photosynthesis spits out into the atmosphere to turn organic material back into carbon dioxide and water. In so doing, they liberate the energy the plants stored away. The two processes come close to cancelling each other out.

Today, though, things are out of balance. Today is a spring day – at least it is spring in the northern hemisphere, which is home to most of the world’s plants, as well as most of its people. And on spring days, photosynthesis wins. Carbon is pulled out of the air and into the green faster than it can be returned. Today, the world is growing.

By the time it reaches me in England, the dawn has come halfway around the planet. Between the sloped roof of my neighbours’ house and the high, unbroken side elevation of the ugly hall that sometimes plays host to my wife’s dance troupe, the sun lights upon a line of four young sycamores, the tallest of them maybe ten metres high. I don’t think anyone told the sycamores to be where they are, on a sliver of soil by the ramp down to the hall’s car park. I think they just grew there. Twenty years ago, at a guess, they fluttered there as seeds. Since then they’ve grown into full-blown trees. And they’ve done it just by doing what every other plant that’s been lit up over the past twelve hours has been doing: eating the sun.

They’re not eating as greedily today as they will in a month from now. It is still spring, and they have only a few leaves. A month ago the branches were bare; a couple of weeks ago, they were in bud, their black winter lines touched with a slight fuzziness, a dream of the green to come. Now, though the shortest of the four is still only in bud, the tallest has small leaves held close to its upraised branches. And on the other two trees the leaves have opened out quite fully, especially at the far ends of the branches, where they flop into the air like spindly five-fingered flags. Sycamores, especially small sycamores, come into leaf early, to get a jump on the competition, eager to pull themselves a little higher into the sky and out of others’ shade.

I mention the differences between these four sibling trees to point out that there is individuality here. For the most part, this book will be about the universal – about the physics and physiology of trapping sunlight and putting it to use, about the structure of the molecular machinery shared by everything that’s green, about the historical role that the photosynthesizing plants play en masse in the planet’s life. But it’s worth remembering that the organisms that embody these universalities all have their little quirks – a particular pattern of branches, a slight suddenness in coming into bud, a shape that reflects the shadow of an ugly building, an accommodation to the drainage offered by a parking ramp. Within the universal, the unique.

On the leaves of each of these variously developing trees, and on every other leaf that greets the sun, there are tiny openings through which the air that will be strip-mined of its carbon is let in. With the sugars built from this carbon, and with the energy stored in those sugars, the little leaves are made bigger; with sugars stored in the roots over winter and brought upwards in the sap new leaves are begun. Within a couple of months these sycamores, which a few weeks ago were just sets of sticks pointing upwards, will have increased their surface area a hundredfold by covering themselves with leaves. The trees will absorb many times more sunlight than the little patch of land on which they stand. Next year they will do the same – but they will spread a little wider and start off a little taller, having turned another year of air and sunshine into new rings of wood in their trunks and branches.

In the Atlantic, to the southwest of me, plankton are blooming off the coast of Africa, floating in cloudy eddies large and distinct enough to be seen from space, like Florentine marbling on the ocean’s blue parchment. The plankton eat the sun in just the same way that the tundra and the forests and the rice paddies and the sycamores do, using inorganic carbon dissolved in the water that surrounds them. Unlike the trees, though, the plankton will not survive for year after year; they will not build up an architecture of trunk and branch and twig and leaf. The only growth they know is multiplication – which they carry out with great alacrity. For all that the bloom is a passing fancy of wind and current, rather than a solid landscape like a forest or savanna, it will end up weighing tens of thousands of tonnes. Transient as their lives may be, over the course of the year the plankton in the sea will suck up almost as much carbon dioxide as all the trees, grasses and other green things on the land.

By the time dawn has reached America, most of the people on the earth have woken up and gone to work; some in the east have retired for the night. During their working day, almost all of those who can see will have seen something green. In built-up London I can count well over fifty trees on the hundred-metre walk from my flat to the Light Rail station. We might not give a conscious thought to the ever-present green, but at some level we will enjoy it. The greenness of life is so important and all-pervading that evolution has tuned our eyes to discriminate among its various hues more precisely than among those of any other colour, and so shaped our brains that we take solace in it. The green, we know without thinking, is good.

We don’t just enjoy seeing the green. It shapes the possibilities of our lives. More than two billion of us will have tended to the eaters of the sun in some way today. We will have hoed the ground for them, planted them, fed them fertilizers. We will have picked their fruits, dug up their nutritious roots, fed them to our livestock and ourselves. We will have made their carcasses into fabrics and furniture and firewood. We will have tended to some of them simply for their beauty – and to others because we know no finer surface over which to run while kicking a ball.

And even if we ignore today’s plants completely, if we cut ourselves off in concrete and steel, we will still rely on yesterday’s. On this day we will burn over thirty million tonnes of fossil fuel to generate our electricity and drive our cars and fire our factories and warm our homes. And all that power and warmth comes from sunlight eaten long ago. Energy trapped 300 million years ago by trees simpler but grander than my sycamores ended up stored in coal; plankton like those now blooming off the Azores were transformed into oil and gas. The carbon in the carbon dioxide we give off by burning them is carbon taken from the ancient atmosphere they breathed.

There’s a catch, though. The rate at which we reclaim energy from the distant past has produced an accounting error; the profits and loss in our carbon accounts no longer balance. Which brings us to the last place, more or less, to see our dawn; Hawaii. Set apart from all the continents, Hawaii is one of the best places on the planet from which to measure the average composition of the atmosphere. Such measurements have been made there almost every day for nearly fifty years. While the measurements may jump around a little from one day to the next, over time there are trends. Today’s measurement will probably be a little lower than the one made a week ago, because today – and every day for the past few weeks – the great greenness of the northern hemisphere has been taking in carbon dioxide through photosynthesis much faster than it is released by respiration, or the burning of fossil fuel. The world is breathing in.

Over the course of the spring, the carbon-dioxide level will drop and drop as billions of tonnes of carbon are taken from the air and put into plants. Only in the autumn, when the leaves fall and the grasses lose their song, will the carbon-dioxide level start to grow again, the great exhalation of a world eating its stores of food while waiting for the sun’s return. From Hawaii, you can see the carbon rise and fall in this annual cycle. You can watch the breathing of the world, year in and year out. And you can also see that, each summer, after the plants have had their fill, there is a bit more carbon dioxide left in the atmosphere than there was the year before. That’s the residue of the fossil fuels: ash from energy stored away long ago. Ash building up faster than it can be swept away.

As the dawn moves past Hawaii, the day is almost done. On this day, and the next day, and every day, a scarcely conceivable 4000 trillion kilowatt hours of energy reached the top of the earth’s atmosphere as sunshine. Some was reflected back into space and some was absorbed by the atmosphere. Some warmed the land and the sea, its warmth driving the winds and the ocean currents. Only a small fraction of one percent of that sunlight was captured by the pools of chlorophyll. But this tiny fraction of a vast number is still vast: the scrap of sunlight eaten by the plants today represented a similar amount of energy to that stored in all the world’s nuclear weapons put together. And over the course of the day, that energy served to turn hundreds of millions of tonnes of carbon dioxide into food and living tissue.




And as a result the world stayed alive.

That’s what really happened today.





We all learn at school that photosynthesis is the defining property of plants. It is what makes plant life strange and alien and wonderful, silent and strong and unfeeling. Left to themselves the plants need almost nothing more than light and air and water; they need no prey, no care, no others.

But photosynthesis is not just a thing that plants do. It is a thing that planets do, too. More specifically, it is a thing that this planet does, and the thing that marks it out from all the others in the solar system.

This planet is covered not in dust, or lava, or dirty, cratered ice, like the others. It is covered in tiny photosynthetic machines with which it has been ceaselessly resupplying itself for three or possibly almost four billion years, craftily fashioned pools of pigment with traps at their centres. Their colour is the single most noticeable feature of the land’s surface as seen from space. These machines, more numerous than the sands of the sea or the stars of the sky, are vital parts of the organisms they sit in. But at the same time they belong to the planet as a whole. They have built themselves into the physical and chemical cycles of the earth; they are quite as fundamental to them as the falling of the rain or the rhythm of the waves. They are interactions of light and matter far more complex and purposeful than anything a non-living planet would have to offer; but they are as basic to the nature of the earth as the colour of a rock or the dustiness of a sky. And they are much longer-lasting.

The individual machines are ephemeral; the hard work of taking light from the pools of pigment and funnelling it into chemical reactions takes its toll on their mechanisms. Plants spend a significant amount of the energy they take from the sun keeping their photosynthetic machinery in good repair, and when light levels drop in winter, the factories in which these machines do their work are discarded in their unnumbered trillions as no longer worth the upkeep. But the idea behind the machines, the idea written down in DNA and broken out afresh each spring, is not so fragile. It is always there, and always available. Instantiations perish; the design does not.

All the machines are variations on the same preserved design, a plan that pre-dates all the species now living on the earth. Machines built to this plan were there when the grasses first began to ripple in the winds, and when the first flowers bloomed for the delight of the insects around them. They were there when forests and swamps covered continents to which our animal ancestors were still strangers. They were present in the seas when all the land was barren, and when all the world was ice. And they were there before.

This book is about how those machines work, and how they have shaped the world. And it is about how we can use that knowledge to understand and deal with the imbalance in our carbon account – the carbon dioxide that we are importing from the planet’s past by burning fossil fuels, and with which we are changing the climate. It is about how, and whether, we might use our knowledge to take further control of the machines that made the earth what it is.



A book, like science, like language, like life itself, is a thing that cuts the world up and then puts it back together. Life breaks down molecules and reconstructs them. Science cuts the world into interlocking concepts that can be understood through physical laws. The elucidation of photosynthesis is as inspiring a tale of such achievement as twentieth-century science has to offer.

This book takes the dismantlings of science that have made the green world understandable and tractable and reassembles them into a picture of the whole process that transcends the boundaries of any single scientific discipline. It is a picture larger and stranger than we are normally used to, in which planets are seen through molecules and molecules through planets. Once glimpsed, it can be seen anywhere. Walking over open meadows, or cutting basil in a windowbox, or putting a log on a fire, or lying beneath a tree in a park, you can see the whole wonderful chain from pigment to planet.

To try and describe all this, I’ve cut this book into three parts from which to make a whole. Each part is defined by a subject matter and a span of time. Part One, which fits into the scale of a human life, is the story of how scientists used the astonishing tools of the twentieth century to replace a view of photosynthesis that had come down from the Enlightenment with something far richer and deeper. Part Two is on the scale of the planet’s life. It tells the story of how the molecules discovered in Part One came to dominate the earth’s chemistry, to reshape its atmosphere, and to drive vast changes in its climate and habitability. Part Three is on the scale of a tree’s life – a matter of a few centuries, past and future. It is the story of what our use of fossil fuels is doing to the carbon cycle, and through it to the climate.

It’s also about how our understanding of photosynthesis might help us choose a wiser future. The science that enriches our wonder at the world also offers us ways of making things better. Our understanding of photosynthesis, at the level of the pigments and at the level of the planet, offers ways to use up the carbon-dioxide ash that’s clogging our air and to find new methods of drawing energy from the sun.

A tree can live for hundreds of years, and this last part of the story, which began two centuries ago, is far from over. But it is the most pressing aspect of the process at the heart of this book, and its telling is tied firmly to the preceding stories of human ingenuity and planetary evolution. The only place where all these scales can really come together is in our minds; and it is on the present and near future that our minds should be focused.










PART ONE

In the span of a man’s life



The mind, that ocean where each kind

Does straight its own resemblance find;

Yet it creates, transcending these,

Far other worlds, and other seas …

ANDREW MARVELL, ‘The Garden’



Tinkering as a child seems to me, in retrospect, to have been as enjoyable, intense and meaningful as doing research in later years. The feelings have not changed, only the budget and the kind of questions that are being asked. The amazing thing is that one is paid for what one likes to do and occasionally is even appreciated by the outside world.



GEORGE FEHER










CHAPTER ONE

Carbon

Scripps, planets and proteins

Andrew Benson’s chemical education

Martin Kamen and the Rad Lab

Carbon-14

The reversals of war

Melvin Calvin and the path of carbon

Rubisco



Yet still the unresting castles thresh

In fullgrown thickness every May.

Last year is dead, they seem to say,

Begin afresh, afresh, afresh.

PHILIP LARKIN, ‘The Trees’








Scripps, planets and proteins



The Scripps Institute of Oceanography must be, simply by grace of its setting, one of the nicest places in the world for a scientist to work. Just north of La Jolla Cove, just south of the cliffs of Torrey Pines, its buildings are worked into the slopes that lead down to the Pacific like foliage tucked into a tumbling rockery. In the soft climate of southern California the distinction between inside and outside is blurred. The buildings’ corridors take every opportunity to open out into balconies; staircases wander from one building to a seemingly separate one below with no need to worry about exposure to the elements, stepping down the slope to the steady rhythm of the surf below.

Scripps owes much of its modern pre-eminence to Roger Revelle, once described by a colleague as ‘a combination of charismatic visionary and con man’. A spectacularly entrepreneurial scientist, he used the funding boom which followed the Second World War to expand the laboratory’s remit as far as he could, and the further post-Sputnik boom to establish the University of California’s San Diego campus, which stands on the higher ground behind it. Revelle used to joke that the field of oceanography covered everything that anyone at Scripps wanted to study, and today Scripps boasts as eclectic a research agenda as you could hope to find, with scientists studying everything from the giant kelp in the cove offshore to air bubbles trapped in the Greenland icecap.

Among the things Revelle himself studied was the radioactive carbon-14 produced in nuclear tests – studies dating from his time leading the science team studying the first tests on Bikini Atoll. In 1957, in the course of this work, he gave voice to one of the defining truths of our age. In the late nineteenth century the great chemist Svante Arrhenius had pointed out that carbon dioxide warmed the earth by trapping outgoing heat in the atmosphere – the greenhouse effect – and that humans were putting a lot of carbon dioxide into the atmosphere. That addition, Arrhenius suggested, should warm the planet, something he saw as being basically a good idea. In the first half of the twentieth century, though, oceanographers had argued that the oceans would quickly soak up the carbon dioxide humanity added to the atmosphere, forestalling any such warming.

While thinking through his carbon-14 work, Revelle realized there was a basic chemical flaw in this argument which meant that the oceans could not absorb carbon dioxide anything like as quickly as humans could produce it. Carbon dioxide must have been accumulating in the air since the beginning of the industrial revolution. As a result, Revelle wrote, ‘Human beings are now carrying out a large-scale geophysical experiment of a kind that could not have happened in the past nor be reproduced in the future.’ That experiment is the climatic background against which the history of the twenty-first century will unfold.

Today, when details of new carbon-dioxide measurements and trends can make front-page news, it is hard to realize that when Revelle wrote his now-famous words there were no reliable measurements of the world’s carbon-dioxide level, and few scientists had any interest in making any. Revelle made it his business to hire one of the only people attracted by the problem, a young geochemist from the California Institute of Technology (hereafter Caltech) in Pasadena. With Revelle’s encouragement and support, Dave Keeling was able to put carbon-dioxide monitoring equipment in inaccessible places where the value might reflect the global average, rather than anything going on nearby; places like Antarctica and Mauna Loa, one of the Hawaiian volcanoes (which is not, at the moment, emitting gases itself). Within a few years, Keeling had shown that all round the world levels of carbon dioxide were steadily rising year on year. He also showed that levels in the atmosphere tracked changes in the biosphere, the earth’s active, living component. Carbon dioxide rose and fell as plants grew in the spring and leaves then rotted in the fall. Keeling’s findings illustrated both the global impact of industrial carbon emission, and the global effects of photosynthesis.

[image: A graph showing the Keeling Curve from 1960 to 2010. Carbon dioxide concetration (parts per million shows a steady increase from 315 parts per million in 1960 to 385 by 2010.]

Almost fifty years on, Keeling was still at Scripps when I visited a few years ago, and still measuring carbon-dioxide levels; he had devoted the bulk of his professional life to monitoring atmospheric carbon dioxide and trying to understand the ways in which it changes over time. A charming, courtly man, slightly hard of hearing, he had a large, airy office at the south end of the Scripps campus, lined with drawers full of data; younger colleagues working on similar issues had desks in the larger room outside his door.

Dave Keeling’s story is the story of a planet; Andrew Benson’s centres on a protein. Benson’s office, a few hundred yards north of Keeling’s, has a very different feel: a small room on the top floor of one of the Institute’s bigger, blockier concrete buildings, cluttered with reminders of a scientific life devoted to a great many different subjects. Keeling chose a hedgehog career, centred on knowing one big thing. Benson has been more eclectic. He has worked on the biochemistry of ageing in salmon, and on the energy-rich waxes in the Lantern Fish and the Orange Roughy (don’t eat them whole, he warns, or that wax will go through you like a dose of salts). He’s studied specialized topics – the extraordinary concentration of arsenic in the kidneys of giant clams on the Great Barrier Reef – and universal ones, such as the composition of the membranes that define the surfaces of cells, a subject on which almost everyone in the field thinks he is wrong. The bare walls of his room – they have the grain of the wood that was used to form the concrete still preserved in their texture – are hung with art from the Pacific northwest and from Japan. Some of Benson’s closest friends are Japanese, and their national aesthetic is one that pleases him. There is no contemplative calm, though, in the stacks of papers and other research materials that brim over on the shelves and fill the cabinets.

Benson is a short, spry man in his eighties, born a decade earlier than Keeling. A Californian native, he has something of the midwestern farm boy about him, perhaps because his father, a Minnesotan doctor of Scandinavian extraction, chose a peculiarly midwesternlooking part of California to settle in, soft stream-rich country near Modesto. He remembers his boyhood, well supplied with woods to play in and uncles to learn from, as an idyllic one. The lifetime that came after that has left him with the face of a man who knows his own mind, who keeps a clear head, and who has spent a fair number of his days in the open air. He’s fun to talk to, a bit testy now and then, sometimes a little sly. Like most elderly men, he has his bugbears and eccentricities; like most elderly chemists, one of them is the paralysing spread of environmental regulations into the laboratory, which, he avers, must surely mean that young people today can’t begin to learn or teach their craft.

Benson has spent much of his life as a biochemist, someone who uses the tools of chemistry to study the processes of life. When he began his career, though, he was something which, though it sounds similar, is really rather different. He was an organic chemist – an Organiker, as this ritualistic order was known when German set the tone for science and chemistry was king.

Organic chemistry is the chemistry of compounds which contain carbon. The carbon atom’s gift is that it is peculiarly good at making various sorts of chemical bond. It can make straight chains, kinky chains, branched chains and a variety of rings in ways that no other element can manage. These complex molecules were first seen in living things, which is how they came to be called organic. But for well over a century chemists have delighted in making carbon-bearing molecules that life has never bothered with, and those synthetic molecules are called organic, too.

Organic chemistry is thus no longer unique to living things. But it is still indispensable to them, which means that life, or at least the sort of life we find on earth, needs a source of carbon. For animals that source is other creatures. We eat them, break down some of their molecules to use as components with which to build up our own proteins, fats, nucleic acids and suchlike, and burn the rest up as a source of energy. Once the useful components and energy have been taken out, what’s left is water and carbon dioxide. And as far as animals are concerned, once the carbon is in the form of this colourless, odourless, unreactive gas there’s nothing more that can be done with it.*

The oceans can take this inert carbon dioxide and use it as the basis for further ‘inorganic’ chemistry, creating electrically charged ions – bicarbonates and carbonates in which carbon is combined with oxygen. It was by considering the details of these inorganic transformations that Revelle first realized that carbon dioxide must be building up in the atmosphere. But neither the ocean, the air nor the rocks of the earth have the power to turn carbon dioxide back into organic carbon compounds. Only living things can do that – and some 999 times out of a thousand, photosynthesis is the way in which they do it. All the organic carbon molecules you are made of rely on some plant (or possibly a photosynthetic bacterium) having used sunlight to take some carbon out of the inorganic world and refashion it into a form suitable to the world of the living.

That plants revive the world in this way has been known since before the words ‘carbon dioxide’ were ever uttered. In the late eighteenth century, a number of Enlightenment scientists showed that plants took inert carbon from the air and, with the help of sunlight, ‘fixed’ it into their living tissues; in doing so, they also provided the air with oxygen. In the nineteenth century, this assimilation of carbon from the atmosphere was seen as the basis of plant physiology, and by the end of the century it had been given the name ‘photosynthesis’, a word intended to distinguish the unique way that plants use inorganic carbon from the ways in which animals assimilate organic carbon. The requirements for photosynthesis in plants were established as water, carbon dioxide, sunlight and chlorophyll, a green pigment; its primary products were carbohydrates – sugars, often stored as starch – and oxygen. This list of attributes didn’t capture everything about photosynthesis – by the late nineteenth century it was known that there are photosynthetic bacteria which use sunlight to fix carbon without giving off oxygen – but it was good enough for practical plant physiology.

Photosynthesis was not just an abstract idea; by the second half of the nineteenth century it could be visualized beautifully with the help of stencils and iodine. A leaf with a stencil superimposed on it would photosynthesize only in the areas that sunlight could reach, and thus only in those regions would starch accumulate. Exposed to iodine, the starch would blacken, producing an image of the stencil. Photosynthesis was as real as photography. What distinguished the two was that no one knew how the natural process worked. No one knew how the carbon was fixed, how energy from the sunlight drove the fixing process, or how the oxygen was produced. The tools with which to answer those three questions – questions around which the first three chapters of this book are arranged – had not been invented. Nor had the disciplines in which such questions could be articulated. Biochemistry, central to the question of how the sun’s energy drives the chemistry of photosynthesis, was a twentieth-century invention; so too was biophysics, which explained how the light was captured in the first place; molecular biology, a later innovation still, finally laid bare the mechanisms underlying the whole process, including the production of oxygen.

Now those questions have been answered; and all the work that went to answering them has taken place within Andrew Benson’s lifetime. As proof of the point, Benson points at a shelf in his office that carries a book printed in 1917, the year that he was born. Benson says Untersuchungen über die Assimilation der Kohlensäure (‘Investigations into the assimilation of carbon dioxide’) by Richard Willstätter and Arthur Stoll, is still ‘elegantly informative’. But their later book on how chlorophyll might actually work, 436 pages of ideas and experiments aimed at finding out how the carbon gets fixed into plant tissue, now seems utterly irrelevant – ‘forlorn and futile’, as Benson puts it.

Carbon dioxide’s journey from air to starch was eventually traced with the same quintessentially twentieth-century tool that Revelle used to monitor carbon-dioxide uptake in the ocean: carbon-14. There was a time, before the first nuclear explosions, when Benson had in his safekeeping all the man-made carbon-14 in the world. And later, when Dave Keeling started measuring the rate at which carbon dioxide builds up in the planet’s atmosphere, Benson discovered which of the plants’ proteins carbon dioxide must pass through if it is to be used by living things, the molecular gateway between the organic and inorganic worlds. Working with two pioneers who would never complete the task, and then with one of the century’s most renowned chemists, Melvin Calvin, who almost denied him the honour that was his due, this sharp old man discovered one of the basic facts of life on earth.

Andrew Benson’s chemical education



As a boy, Benson had been interested in all sorts of science: in his father’s portable X-ray screen; in the insects living in the woods; in the test tubes of his chemistry set and the more exciting reactions of not-entirely-burned-out fireworks after the Fourth of July; in the stars. He’d ground his own telescope mirror – a common rite of passage among scientifically enthused teenagers living under clear skies at the time. His father took him to the University of California, Berkeley for an interview with Wendell Latimer, the dean of the chemistry department, which at the time was the most prestigious department on the campus, and one of the best chemistry departments in the world. Latimer approved of him, and Benson enrolled at the university in 1937.

While the boy Benson played with his fireworks, chemistry, particularly what was known as physical chemistry, was suffering thunderclaps of its own. Until the early years of the twentieth century, chemists had treated atoms as simple building-blocks. Every chemical element was identified with a specific type of atom; all the atoms of that element would be identical in every way. As far as being a practical chemist was concerned – and chemists had a penchant for being practical, not least because of the huge industrial importance of their discipline in the production of dyes, drugs, explosives and eventually artificial fertilizers – there was little point in speculating about the insides of these building-blocks. Indeed there was a strong supposition that they were indivisible and had no insides.

Around the turn of the century, physics found its first ways of looking into the structure of the atom. The new understanding of matter, energy and their effects on each other that spilled out of those investigations changed the ways that first physics, and then its neighbouring disciplines, saw the world. The change spread out, discipline by discipline, altering the ground on which the scientists stood and the goals of which they could dream.

In the new physics atoms were made up of, in order of discovery: electrons, light particles that carry a negative electric charge; protons, much heavier and positively charged; and neutrons, of similar mass to the proton but chargeless. By the time Benson came to Berkeley, the physicists had developed a ‘quantum mechanical’ picture of the atom in which a heavy nucleus of protons and neutrons was surrounded by shells of electrons. The nucleus gave the atom its mass; the surrounding electrons gave it its chemical identity – its willingness to partake in various different sorts of reaction. In the 1910s and 1920s, Gilbert Lewis, the chairman of the Berkeley department and probably the most famous American chemist of his day, provided a thoroughgoing picture of how the disposition of electrons in atoms explained the affinities of the different elements.

The most dramatic features in the new landscape of chemistry were the sea cliffs at its edge, the frontiers where parts of the subject were being eroded away by the waves – and wave equations – of physics. As physics solved basic questions about the atom, and about the ways in which electrons mediated the relationships between atoms by binding them together, it removed them from the realm of future chemical enquiry, or so it seemed. ‘Physical chemistry’, Lewis wrote in the 1920s, ‘no longer exists.’ But the young Benson was not particularly drawn to physical chemistry; he was more interested in the sort of chemistry that builds intriguing new molecules than in the sort which explains the fine details of atomic interactions. His enthusiasm was for organic chemistry, with its entrancing synthetic lattices of carbon, hydrogen, nitrogen and oxygen.

Graduating from Berkeley in 1939, Benson went on to pursue a doctorate in organic chemistry at Caltech, down in Pasadena, where Linus Pauling was building a spectacular career on chemistry’s physical shore, extending Lewis’s insights into the quantum mechanical view of the world that physicists formulated in the 1920s. It was said that if everyone else had decided to go home and just leave Pauling to get on with things, Caltech’s chemistry department would still have been one of the best in the country.

Benson’s graduate years in Pasadena were happy ones. Caltech, though small, was an incredibly ambitious institution, engaged on a whole range of scientific frontiers. Every week Benson would go over to the optical shop and marvel at the apotheosis of one of his childhood hobbies: the endlessly precise polishing of the five-metre (200-inch) mirror destined for the observatory at Mount Palomar.* His research centred on the synthesis of a chemical called difluoro-diiodothyronine, a process which started off with a gallon of burning anise oil in a vat of fuming nitric acid and ended up, twenty reactions later, with a few drops of liquid in a vial. By and large it went well. There was lots of time for climbing expeditions to the Sierra Nevada and snorkelling outings to South Laguna. There was time to fall in love and get married to a girl whose family lived nearby.

Three years after arriving, Benson didn’t just have a doctorate and a wife; he also had a new job. At the end of his final oral exam, Pauling asked him, out of the blue, ‘Andy, can you write on the board the differential equation for the decay of a radioactive isotope?’ The question had nothing to do with the work Benson had just described, and Benson wasn’t particularly hot on nuclear theory. But Pauling was always asking odd things, and Benson knew enough to answer the question, so he chalked the equation up on the blackboard and chalked the experience down to some sort of caprice on Pauling’s part.

In fact, the question had been a quite deliberate one. Within a week, Benson received an offer to go back to Berkeley as an instructor, an offer that he later realized had been set up by Pauling. He was to work with a pair of scientists who needed some organic chemistry back-up on a fascinating research programme. Their plan was to use radioactive carbon – hence Pauling’s desire to be sure Benson wasn’t completely unversed in physics – to try to understand a great mystery that had, until then, passed young Benson by: the transfer of carbon from the atmosphere to living tissue. With a doctorate and a young family Benson headed back up to Berkeley to work with Sam Ruben and Martin Kamen.

Martin Kamen and the Rad Lab



Martin Kamen was well-educated, prodigiously gifted, and keen to enjoy those gifts to the full. Just four years older than Benson, he was born in Toronto in 1913, the son of immigrants from Russia who soon moved on to Chicago. His father had a photography business, in which his mother also worked, and invested some of the money they made in real estate; they were soon fairly comfortably off. Young Martin, much doted on, grew into a scholar with a broad range of interests, mainly in philosophy and the humanities. He was also a talented musician, a child prodigy on the violin before changing to the viola in his late teens. He entered the University of Chicago, a few blocks from the family home, in the spring of 1930, intending to major in English.

Unfortunately for the Kamens, at more or less the same time their fortunes took a severe blow in the aftermath of the Wall Street Crash. The property portfolio evaporated, and young Martin found himself under pressure to follow a course of studies with more practical potential. His father thought chemicals sounded like the road to riches, and as Martin was not averse to the idea, chemistry became his new major. The same change of fortunes saw Kamen adding jazz pieces to his burgeoning chamber-music repertoire, the better to pick up a dollar or two a night in Chicago’s speakeasies.

Chemistry could indeed make you rich; at the World’s Fair in 1933, Kamen was amused to discover that a man he had taken for a tramp shuffling up to the registration desk at a convention of chemists was in fact Leo Baekeland, the Belgian chemist whose invention of the photographic paper used by Eastman Kodak and then of Bakelite had made him a multi-millionaire. But Kamen himself showed no inclination to head off into industry. He wasn’t much interested in the synthesizing-new-compounds parts of chemistry that entranced Benson. He was attracted by the how-it-allworks parts, the parts with a lot of mathematics, the parts on the shores of physics. He wanted to pursue deep problems about the building-blocks of the physical world. He was a Physiker, not an Organiker.

Staying on at the university as a postgraduate student, Kamen started doing research into the chemistry of radioactive elements. Radioactivity was one of the key phenomena of the science of atomic structure, and thus thoroughly in the purview of physics. But radioactive decays and transformations could change atoms of one element into atoms of another, and sorting out such transformations took chemical expertise. In Chicago, a large amount of the university’s work on radioactivity was going on in the chemistry department, which was in fact better equipped for such investigation than the physicists were (a fact that naturally didn’t stop the physicists looking down on the chemists).

In traditional chemistry, the atoms of each element were identical, and thus all atoms of the same element weighed the same amount. In atomic physics, atoms of the same element could weigh different amounts. The chemical identity of an element depended on the number of electrons in the shells surrounding each of its atoms, and the number of electrons depended, in turn, on the number of protons in the nucleus. But though all atoms of the same element had to have the same number of protons, they did not have to have the same number of neutrons. And so, contrary to the chemical orthodoxy of the nineteenth century, two atoms of the same element could have different masses.

Carbon atoms, for example, all have six protons in their nuclei, but can have five, six, seven or eight neutrons. Atoms that differ in their number of neutrons are distinguished as an element’s different ‘isotopes’, a term deriving from the Greek for ‘same place’. The isotopes are chemically all but identical, occupying the ‘same place’ in the chemists’ periodic table of the elements, but physically distinguishable. Isotopes thus allowed the tools of physics – such as sensitive ways of weighing molecules – to reveal things about how atoms behaved that chemistry alone could never fathom. That ability was to be the basis of first Kamen’s and then Benson’s careers.

Weight is not the only distinction between isotopes. Some isotopes – including carbon-12 (six protons, six neutrons) and carbon-13 (six protons, seven neutrons) – are stable. There is just as much carbon-13 on the earth today as there was when it was formed 4.5 billion years ago. But the six-proton, five-neutron carbon-11 nucleus is incapable of keeping its act together, and will fall apart in a matter of minutes, giving off radiation as it does so. That quick decay makes it easy to tell carbon-11 from other isotopes. Of course, on a 4.5-billion-year-old pile of atoms such as the earth you wouldn’t actually expect to find any short-lived carbon-11 lying around. But that doesn’t mean it couldn’t be made in laboratories. By the 1930s, it could.

The new technologies of radioactivity, which provided sources of neutrons, or protons, or neutron-proton pairings called deuterons, made it possible to change the numbers of protons and neutrons in atomic nuclei. It was possible to turn one isotope into another (meaningless in the old chemistry), or one element into another (unthinkable in the old chemistry) or even to make elements that didn’t exist outside the lab (don’t even start). ‘Radiochemists’ like Kamen busied themselves studying the processes that produced new isotopes of old elements and finding the most practical compounds to irradiate for different purposes. It was an amazingly up-to-date field in which to begin a career. When Kamen switched to chemistry as an undergraduate in 1930, the neutron had not even been discovered; by 1936, the changes neutrons could bring about in nitrogen nuclei were the central concern of his doctoral dissertation.

For all the freshness of the science, though, Kamen did not much enjoy his graduate years at the University of Chicago. He chafed at the hierarchy within the chemistry department, and resented the degree to which the young researchers were exploited by their elders. In 1935 his mother, whom he had seen as his one unfailing source of strength, died in a car crash. By the time he received his doctorate he was eager to leave the city he had grown up in, though he knew he’d miss the White Sox. He headed for Berkeley, California, where Ernest Lawrence was pioneering what would come to be known as ‘Big Science’ at the University of California’s Radiation Laboratory: the Rad Lab.

Science undertaken on a quasi-industrial scale, built around very expensive pieces of equipment and the new ways of organizing the workforce that come with them, was a new phenomenon in the 1930s, and like many new phenomena of the twentieth century something of a Californian speciality. It was growing up in well-funded and ambitious new institutions such as Stanford, Caltech – think of the great Palomar mirror – and the University of California, Berkeley. In the mid-1930s Lawrence’s Rad Lab was the greatest flowering of Big Science yet seen. The instruments the Rad Lab was built around – quite literally, in the case of its later buildings – were cyclotrons, a type of particle accelerator invented by Lawrence in 1929. If you want to bang protons into atomic nuclei you first need to accelerate them; the greater the acceleration, the more you can do with the particles. Lawrence’s cyclotrons were the best accelerators of the age – built, at least to begin with, from components being made in the cluster of electrical engineering firms near Stanford University, across the Bay, among the orchards that would become Silicon Valley forty years later. The name ‘cyclotron’ was derived, partly in jest, from the trade-name of the Radiotron vacuum tubes the early machines made use of. From the electron on, -tron was for decades the designated suffix of techno-chic.

By the standards of today’s particle accelerators, which are measured in kilometres, the cyclotrons started off tiny. Lawrence’s first machine was just ten centimetres across. However, the magnets needed to keep the particles confined to their circular paths quickly grew impressive. The second-generation cyclotron, just thirty-five centimetres across, required a magnet that weighed over two tonnes. By the time Kamen arrived in 1936 the state of the art was a machine just under a metre in diameter (thirty-seven inches) which required an eighty-six-tonne magnet, something unwieldy and complex enough to eat up time and expertise at a phenomenal rate.

The machines’ performance was always being fine-tuned to provide greater acceleration or greater current. As a result they were always breaking down and needing maintenance. And they were used for a number of purposes other than physics. Lawrence’s brother John was pioneering the use of radioactive isotopes made with the cyclotron beams in radiotherapies.

These competing demands meant that the simple pursuit of science was often squeezed out, and the Rad Lab was often scooped in questions of fundamental physics. The early cyclotrons could easily have been the first machines to split the atom, but they weren’t – it was done with much simpler equipment at Cambridge University’s Cavendish laboratory. When the first creation of a new radioactive isotope was announced by Frédéric Joliot in Paris, Lawrence and his team realized they had been making such isotopes in their own lab for ages. Emilio Segre`, a radiochemist who would later join the Rad Lab full-time, discovered one new element, technetium, in a piece of discarded shielding from Berkeley that he took back to his lab in Palermo. For all this, though, the Rad Lab was at the forefront of research thanks simply to the power of its machines, and Lawrence’s unrivalled ability to sell the merits of that power to people who might give him funds.

It was a hotbed of research – ‘hot’ in more than one respect: stray cyclotron radiation induced radioactivity in everything from gold teeth to the zippers on trouser flies – and Kamen got into the bed with gusto. He loved the power of the cyclotrons. He loved the sense of a future coming into being, the intellectual excitement, the lack of stuffiness, the socialist politics, the workplace camaraderie. He loved Esther Hudson, a woman he met shortly after his arrival, and soon married her. He loved the access to a pool of musical talent as impressive as the intellectual resources of the university. He played with Yehudi Menuhin and started a lifelong friendship with Isaac Stern at the same time as working with Gilbert Lewis and Ernest Lawrence and Robert Oppenheimer. And on top of all this he had a salary. Most workers at the Rad Lab had to find funds from elsewhere; some worked for free. Kamen’s duties as the man in charge of producing radioactive isotopes, mostly for medical purposes but also for pure research, meant he got a paycheck.

While the main cyclotron product was radioactive sulphur for radiotherapies, there was an increasing interest in a range of other isotopes from biochemists trying to study the chemical processes going on inside living creatures. The isotopes’ radioactivity meant that they could be used to label chemical compounds. Imagine you want to track what a cell does with the phosphorus that it ingests in order to find out which of the many compounds containing phosphorus get made first. You can dose the cell with radioactive phosphorus, wait a fixed amount of time, and then analyse the cell’s contents. Some of them will be radioactive; those will be the ones into which the cell incorporated the phosphorus you fed it. Normal chemistry had no way to distinguish between phosphorus atoms that the cell had just encountered and those it had been hanging on to for ages. Radiochemistry did. A radioactive tracer would in principle move along a biochemical pathway as noticeably as a goat moves down the digestive tract of a python.

Science is always looking for new ways to see things; the clear descriptions and diagrams that end up in textbooks hide the pervasive uncertainty about what’s going on that characterizes so much of research. The mind’s eye of a scientist spends most of its time peering around darkened rooms, straining to see objects the shape of which, even the existence of which, is unclear. A tool that lets you see what previously was only imagined is worth just as much as a tool for making something that could never be made before. Maybe more. The cloud chambers which allowed Kamen and his colleagues to see the particle beams they produced were in many ways as vital as the cyclotrons that made the beams in the first place. Radioisotope tracers gave biology a similarly powerful new way of seeing what was going on. As Archibald Hill, a Nobel-prize-winning physiologist, said to Lawrence when he visited the Rad Lab around this time, ‘Some day people may look back on the isotope as being as important to medicine as the microscope.’

One person keen to use this new microscope was an ambitious and highly gifted Berkeley chemist called Sam Ruben. He and Kamen came to form a remarkable team, exploiting the potential of the new radioactive tracers with, as Andy Benson later recalled, ‘the frantic energy of maniacs’. They were a contrasting couple to look at. Ruben was tall, a high-school basketball star, with a receding hairline and a fine, handsome face; Kamen had a broad brow and a strong jaw frequently dark with stubble, and his shock of dark hair just about came up to Ruben’s chin. But they were well matched in the dirtiness of their lab coats, and in their passion for their work. In their lab in the ‘Rat House’ – an annexe to the chemistry department that had at one time been used to breed experimental animals, and in which their free-living but less academically inclined descendants maintained a proprietorial interest – they would argue fiercely over every detail of their experimental plans. Then they would stay up all night helping each other make sure the plans worked. Perhaps most importantly, they complemented each other near-perfectly in their expertise. Kamen knew how to make the radioisotopes and deliver them in chemically useful forms; Ruben understood the organic chemistry needed to try to distinguish the various types of molecule the radiation ended up in. This was the team to which Pauling would send Andrew Benson in 1942.

Kamen and Ruben were interested in how living things assimilate carbon. The tracer they started off using was radioactive carbon-11, a spirited but short-lived little isotope. It had a half-life of just twenty-one minutes – which means that however much you started off with, within twenty-one minutes you’d have only half that amount left. In practice, this meant that experiments with carbon-11 could not take much more than two hours, because after that only one percent of the original radioactive carbon atoms would remain, and the sample would thus be a hundred times less radioactive. Their research would start at about eight in the evening, when the physicists would normally have shut up shop. Kamen would take over the controls of the cyclotron – a U-shaped console of welded steel festooned with dials and switches and control wheels. It looked pretty much exactly as a reader of the 1930s science-fiction would have imagined the cockpit of a spaceship. If the machine refused to cooperate, he would call Ruben with the scattily laconic catchphrase ‘Cyc’s sick, Sam’. If it worked, then after irradiating his target and separating off the radioactive carbon dioxide, Kamen would run down the hill from the cyclotron building to the Rat House.

In the Rat House, Ruben would have all the experimental materials he needed set up and ready to go. Hot plates were hot, Bunsen burners were lit; the atomic clocks, after all, were ticking. A red light would tell him when the cyclotron up the hill had been turned off, alerting him to Kamen’s imminent arrival.* Ruben would meet Kamen at the door, grab the radioactive carbon, and turn its bearer away – fresh from the cyclotron Kamen would be radioactive enough to trigger the various Geiger counters set up for the experiments and ruin the results. On at least one occasion when he had been splashed with a radioactive contaminant, Ruben himself stripped off and worked in the nude, which in a chemistry lab is imprudent as well as immodest.

Many scientists study photosynthesis because they have been fascinated by it since an early age. Ruben and Kamen were not of their number. In the early days of their collaboration, their focus was on animal metabolism. But pretty soon they came to focus almost exclusively on plants, for a number of reasons. One was that carbon-11 could be got into plants quicker than it could be into animals (to get it into animals you had to grow a plant and then have the animal eat it). Another was that there was a biologist involved in the animal work for whom they didn’t much care – Ruben felt the man had stolen some of his ideas – and if they concentrated on plants he could be frozen out. Their contact in plant biochemistry, Zev Hassid, was a much more welcome collaborator.

And for chemists used to the inanimate, plants were just much easier to work with. Animals were difficult. On one occasion a pigeon that was going to be fed radiocarbon-doped leaves got loose, smashing all sorts of glassware in the lab before an enraged Ruben finally caught it and pulled its head off with a pair of pliers, an action that left him too devastated to continue with the experiments. Plants were more peaceable.* But practicalities and personalities were not the whole story; the more the two ambitious young scientists thought about it, the more they realized that, if they could show what plants actually did with the carbon dioxide they fixed from the atmosphere, they would have made a world-class scientific breakthrough.

Carbon-14



The radioactive tracers being used by Kamen and Ruben were not the only way of using isotopes to make distinctions normal chemistry could not. Harold Urey, a Nobel laureate running an isotope chemistry lab at Columbia University in New York, was taking another approach, using stable isotopes. On earth, for every ninety atoms of common-or-garden carbon-12 there’s an atom of carbon-13, which is no more radioactive than carbon-12 but has one extra neutron in its nucleus; for every 500 atoms of oxygen-16 there’s an atom of oxygen-18; and as Urey himself had shown, in the work that won him the Nobel, for every 6400 hydrogen atoms with just a single proton as a nucleus, there was one with a proton bound to a neutron, an isotope marked out by a name, not just a number: deuterium.

Urey’s approach to biological chemistry was to produce samples of carbon with more than the usual amount of carbon-13. Molecules that incorporated this ‘enriched’ carbon would be slightly heavier than their unenriched counterparts: carbon-13-dioxide, for example, weighs two percent more than the usual stuff. By careful weighing of the various compounds produced when isotopically enriched carbon compounds were fed into a biochemical pathway, you might be able to track the path of the heavy carbon from reaction to reaction. The laboratory procedures required fastidiousness – but you had all the time in the world to get them right. Unlike here-today, gone-to-two-to-the-72nd-power-tomorrow carbon-11, carbon-13 would stick around.

In the fall of 1939 Lawrence heard of Urey’s claims and began to worry. Radioisotopes were a key part of his Rad Lab’s claim to fame. If they were devalued as research tools, the lab’s prestige, and thus its ability to raise funds, would suffer. And it was certainly true that for the elements most commonly found in life – carbon, hydrogen, nitrogen and oxygen – the Rad Lab had little to offer. Carbon-11 was the best of the bunch, and the work by Kamen and Ruben was getting some attention, but its short half-life was proving hard to work with: nitrogen-13 was yet worse, with a half-life of just ten minutes: oxygen-15 managed just two. Tritium (hydrogen-3), which had recently been made for the first time by Lawrence’s protégé Luis Alvarez, would eventually turn out to be much longer-lived, but at that point its half-life had
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