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Although the invention of plausible hypotheses, independent of any connection with experimental observations, can be of very little use in the promotion of natural knowledge; yet the discovery of simple uniform principles, by which a great number of apparently heterogeneous phenomena are reduced to coherent and universal laws, must ever be allowed to be of considerable importance towards the improvement of the human intellect.

Thomas Young, Bakerian Lectures, 1801.



For Elsa, Rachel, Samuel, and Vadim.


Foreword


Light has illuminated and fascinated mankind since the beginning of time. Only in the last four centuries, however, have we begun to reveal its secrets. Only much more recently have we domesticated it by way of the modern technologies that have revolutionized our lives. It has been little more than a hundred years since the discovery of microwaves, those cousins of visible light that are omnipresent in modern communication, navigation, and medical radiography devices. And it has barely been sixty years since we tamed visible light by inventing the laser. The extraordinary properties of its rays have allowed us to make fundamental discoveries and invent instruments that were unimaginable in my youth.

I have had the fortune of taking part in this adventure over the past half century. In describing the trajectory of a scientific life dedicated to light, I aim to share with the reader the pleasure a researcher feels each time he sees a new phenomenon that illuminates the world in an unexpected and surprising way. After many years of research, my team and I managed to trap a few microwave photons for over a tenth of a second inside a box with reflective walls. By causing these fragile and elusive particles of light to interact with atoms excited by laser beams, we have observed the simultaneous wave and corpuscular behavior of light in experiments that illustrate the strange properties of the quantum world. The pleasure of this discovery was enhanced by the exciting thought that this work might one day lead to new applications, even if it remains difficult to predict what they will actually be. Any researcher who has discovered something new and promising has experienced a kindred sense of pleasure and excitement.

At a time when the need for science is greater than ever, it is important that a non-specialist public be able to understand, through a personal account, what motivates a researcher, what inspires his curiosity, and what role luck plays in a process that never ceases to surprise. It is also essential to recall that research is above all a source of knowledge that enriches a cultural heritage assembled over the course of centuries. Researchers see the world from slightly higher up than others because, according to the famous remark attributed to Newton, they stand on the shoulders of the giants who came before them. From this privileged vantage, they are the transmitters, from one generation to the next, of the knowledge and the rational scientific methodology that are essential to our civilization.

By speaking of science—that which I have practiced myself, but also the work of others that has enriched me and made me look more deeply at the world—I wish to share my passion with young students and beginners in research, so that they might carry forward this endlessly renewed adventure. I also hope to interest those members of the general public who are curious to learn more about a story that has profoundly influenced how we see the world and given us powerful means of action and control over it. I hope no less to interest the reader who already knows the broad outlines of this story, by providing my own personal insights. In this book I have tried to describe what we know about light today and how we learned it, but I have also alluded to what we still don’t know, what it will be up to future generations to elucidate.

It seemed impossible to me to discuss my research without placing it in the context of a rich saga of scholarship that spans several centuries. In addition to optics, this history has touched on all currents of knowledge. Discovering the nature of light involved physics, of course, but also had a profound influence on other sciences: astronomy, chemistry, biology, and the life sciences. In such undertakings as the exploration of our planet and the determination of its precise size and shape, advances in our understanding of light have played a major role. To speak of light, then, is to evoke all fields of knowledge.

The ability to measure with ever-increasing precision is an integral part of this story. Observation of nature became truly scientific with the invention of instruments that made it possible to quantify the phenomena under study and to describe them using numbers that could objectively and reproducibly measure first distances and time intervals, then subtler quantities such as forces, charges, and fields. Mathematics, geometry and algebra progressing in tandem, has connected these numbers through theoretical models that unify apparently disparate phenomena in a global explanatory framework. To evoke this history is to show how scientific knowledge has been built step by step, in a constant interaction between advances in instrumentation and those in methods of calculation. The craftsmen who cut the first lenses and combined them in magnifying glasses, along with the watchmakers who built the first precise pendulum clocks, are essential players in this story, as are the mathematicians who discovered complex numbers or the notions of derivatives and integral calculation.

Presenting science to a non-specialist audience is a challenging art. It is tempting to draw on images and metaphors, but these must not be misleading. Evoking quantum physics, essential to understanding what light is, risks casting us onto the slippery slope of mysticism. This physics is perplexing because we don’t directly perceive it with our senses or our intuition of the macroscopic world, but there is in fact nothing mysterious about it. It has revealed itself to its discoverers logically, leading to a rigorous mathematical theory that allows us to calculate the observed phenomena with precision, leaving no room for esoteric blur.

Galileo was undoubtedly one of the first scientists to attempt to present his discoveries to a wide audience in an educational manner. In his Dialogue Concerning the Two Chief World Systems, he introduced his theory of relativity of motion to disbelieving and disoriented contemporaries. Renouncing the evidence of an immobile Earth at the center of the world was as difficult for the Renaissance man as it has been for the modern man to leave behind the classical images of Newtonian trajectories and embrace the description of an indeterministic world of atoms and photons. The risk Galileo faced was great because opposing the dogmas of religion was heresy, the worst crime under the Inquisition; today, the scientist who seeks to present the counterintuitive concepts of a physical science whose multiple applications have revolutionized our daily life obviously doesn’t risk the same fate as the seventeenth-century scholar.

I am aware, nonetheless, of the dangers—less dramatic but very real—confronting a researcher who addresses non-specialists. He or she risks being either too technical or too simplistic. I have tried to avoid these pitfalls by progressively presenting the concepts of light, relativity, and quantum physics, without equations or formalism. I believe that following the genealogy of ideas and theories through the centuries, and evoking the questions they raised for the great thinkers of the past, will make them more familiar and easier to digest as the pages go by.

Going back in history to the origins of modern science has given me occasion to talk about my scientific heroes, from Galileo to Einstein, touching on the work of illustrious scholars whom everyone knows at least by name and others, more obscure, who contributed to this great adventure as well. This book is not the impartial work of a science historian: I may have gotten some details wrong in setting down a history of knowledge so rich in twists and turns. Rather, the following pages should be seen as my personal vision of the evolution over centuries of our knowledge about light, such as I have portrayed it to myself and as it has guided and inspired my own research.

This book intertwines that history of light with my personal experience. It is divided into two parts of roughly equal length. Three chapters—the first and the final two—cover the last fifty years, describing my research and that of those contemporaries whose discoveries I have witnessed. Readers who have some knowledge of the basics of physics and who are interested in modern developments in the science of light and lasers may begin with these chapters. The central part of the book, from Chapters 2 through 5, forms a backdrop presenting a panorama of light science from the seventeenth to twentieth centuries, in which I show how it has evolved and decisively influenced our view of the world. These chapters also illustrate the deep links that have been forged, since the very beginnings of modern science, between fundamental research motivated by pure curiosity and human activities such as the exploration of the Earth and the development of trade and industry. I hope it will interest the non-scientific reader, and remind specialists of some unknown or forgotten details in an exciting and surprising history.

I have illustrated this book with many figures but do not refer explicitly to them in the text, to ensure a more fluid reading experience. Some of these illustrations and their captions are complements that can be consulted independently. I have also tried to the best of my ability to make the chapters readable as standalones, focusing each one on different periods in the history of light or in my personal journey. A few callbacks from one chapter to another, however, link the ideas and concepts discussed throughout in different contexts. For the historical section, I have drawn inspiration from an abundant body of literature, presented in a few references in an appendix along with three publications from my own research group. An alphabetical index of the scientists involved in this history is given in the appendix as well: their biographies, easily accessible on Wikipedia, may be a useful complement to this book.







CHAPTER 1

The dawn of a vocation


In recent years, I have often been asked: “What made you a researcher? Where did your passion for science come from?” When I speak to high school or college students, I can no longer escape these questions, though I never got them when I was younger. When I would give a lecture twenty years ago, my listeners were more interested in my research than in my motivations. This new line of questioning is the product of age and the honors that have accompanied it. I don’t shy away; I try to answer as honestly and precisely as I can, because even beyond my own case the topic is interesting: why does one become a researcher? What did science mean, sixty years ago, to a young person embarking on this adventure?

It is a nostalgic but invigorating exercise to recall my childhood and my adolescence before an audience of young people who live in a world very different from the one back then. The discussion that often follows shows me that, despite the passage of time, the curiosity of youth has remained the same. Our fundamental understanding of life and the universe has grown considerably, and our means of learning and gathering information about the world are vastly more powerful today, but the enthusiasm I see in the eyes of the students listening to me and the questions they ask are no different from those that inspired me at their age. The world in which they are growing up is merely more complex, more difficult to grasp, than the one in which I was fortunate enough to come of age.

In my youth during the Trente Glorieuses, despite the Cold War and the upheavals of decolonization, the hope reigned that the world was headed toward a future of progress and an ever more advanced and enlightened civilization. Young people drawn to research found it easier than it is today to follow their passion. Confidence in knowledge had not yet been undermined by the poison of post-truth, which today attacks the very values of science. André Malraux had declared that the twenty-first century would be religious or would not be at all, but we didn’t really believe it; I never expected to live, as I do today, in a world so irrational that creationism is thriving and a non-trivial portion of the population believes the Earth is flat or vaccines are dangerous.

The students who ask me questions don’t believe in this nonsense, of course, but then they are a select audience, ready to listen to me and to share the values of the scientific method. It is crucial that these values not be the province of an educated minority in the face of a dubious population, or one that allows itself to be influenced by lies. Our society needs science more than ever, and it is essential to speak of curiosity in general, and scientific curiosity in particular, and what awakens and sustains them. This is the message I try to pass on to those who come to listen to me.

I tell them about the advances in knowledge that have impassioned me, and those I have witnessed firsthand, for more than half a century. In this way I hope to show them the beauty of the scientific approach and the strength of its values. Speaking to them about science leads me to the subtle and ever-evolving notion of what constitutes scientific truth. It is this search for truth by trial and error—a process that has its moments of doubt and self-questioning, but also moments of exaltation and dazzling triumph—that I wish to describe in this book.


First passions: from mathematics to astronomy

But let us return to the initial question: why did I become a researcher? For as long as I can recall, I have been attracted to numbers and passionate about measuring things. I remember counting, at a very early age, the number of ceramic tiles on the bathroom wall and the number of paving stones in the schoolyard. I would measure the length of the diagonal of a square or rectangle and compare it to the length of its sides. Without knowing it, I was doing trigonometry. The idea of classifying objects on the basis of precise measurements also led me to make a chart of metals in increasing order of density, from light aluminum to heavy uranium. There was no internet at the time, no Google, and I took all of this data from a popular dictionary, the Petit Larousse illustré. From a very young age, I loved to measure, to classify, to compare.
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Figure I.1. The number π on the wall of the Palais de la Découverte (© Palais de la Découverte/C. Rousselin).


Geometry fascinated me as well. I soon began to draw circles with a compass, and ellipses by attaching a string to two pegs and tautening it with a pencil. From the age of ten or eleven on, I was fascinated by the number π. I remember its digits written in a long spiral on one of the walls of the Palais de la Découverte, which I visited as often as I could.

That this sequence goes on infinitely, without any regularity or recognizable repetition, fascinated me. How was it possible to determine it with such infinite precision when my own measurements of the figures I clumsily traced told me only that the ratio of a circle’s circumference to its diameter was a little larger than 3?

This number’s mystery did not end there. There was an interactive experiment at the Palais de la Découverte that intrigued me: it involved dropping a pin onto a platform and counting the number of times it landed across two slats. The panel presenting this experiment explained that if the needle was equal in length to the width of the slats, the probability of this occurring was 2/π, about 64 percent. Successive visitors would release the pin with the touch of a button, and the result was added to the statistics displayed on a counter.

The value of π, deduced after a few tens of thousands of throws, gave this number to two or three exact digits. Intrigued that this number could be determined by such an experiment, I began to grasp the notion of probability and see the link between probability and mathematics. Sometimes, when I got home, I would repeat the experiment with a handful of pencils that I threw on my bedroom floor. Only much later was I able to convince myself through reasoning that the value of π and the properties of the circle did indeed play a role in calculating the probability that a pencil would hit two slats at once.

The planetarium at the Palais de la Découverte drew me very early to astronomy. I remember the starry vault traversed by a ballet of zigzagging planets, and sunrises above the silhouettes of Parisian monuments depicted at the base of the planetarium’s dome. The stars gradually faded out as triumphant music accompanied the new dawn and the spectators filed out, their dazzled eyes gradually reacclimating to the daylight.

Camille Flammarion’s large folio Popular Astronomy allowed me at the age of twelve or thirteen to go deeper into what the planetarium had allowed me to glimpse. I lost the book long ago, but I remember its illustrations: photographs of the Moon and the planets, Jupiter and Saturn especially, viewed through telescopes—photos much less precise than the ones space probes have sent us since, but which fascinated me. The book also discussed the great discoveries that had shown man his place in the universe: Tycho Brahe measuring the position of the planets with the naked eye, Copernicus’s heliocentric hypothesis, Kepler determining the shape of the orbits and the law of planetary motion, Galileo becoming the first person to point an astronomical telescope at the sky, and Newton explaining by mathematics that he had to invent everything his predecessors had discovered. Applying my mania for classification to the planets, I ordered them according to their sizes, their distance from the sun, and their periods of orbital rotation.

Popular Astronomy also talked about a character less well-known than the illustrious scientists I’ve just mentioned: a young astronomer named Urbain Le Verrier, who predicted, a hundred years before I was born, the existence of an unknown planet perturbing the orbit of Uranus. He had indicated the region of the sky where astronomers should point their telescopes to discover this planet, which was called Neptune. That one could predict new phenomena by calculation, and that the universe obeys the laws of mathematics, struck me thunderously at the time—and I must say it continues to amaze me today. The book also explained that Le Verrier had been in competition with an English astronomer, John Couch Adams, who also predicted Neptune’s existence, though less accurately. This story gave me a first glimpse of a side of research often neglected by youthful idealism: the bitter competition between researchers, sometimes tinged with nationalist rivalry, for the credit of being first to a discovery.

A few years later, in tenth grade or so, I knew enough math to understand Newton’s theory of gravitation and to follow the reasoning which, based on the law of universal attraction, leads to elliptical planetary orbits. I was struck by the fact that this law explains both the fall of bodies and the motion of the planets around the Sun. As Flammarion’s book suggested, I was able to find the Moon’s trajectory around the Earth by calculating the distance it would fall toward our planet in one second if it were not driven in a tangential direction by its orbital motion. This movement, combined with its fall, caused the Moon to plummet continuously without ever reaching the Earth. This explanation was a revelation to me!
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Figure I.2. Popular Astronomy and the scientists whose discoveries it recounted (from left to right and top to bottom): Tycho Brahe, Copernicus, Kepler, Galileo, Newton, Le Verrier.


My passion for astronomy was amplified by current events. I was in ninth grade in 1957, when the Russians launched the first artificial satellite, Sputnik, kicking off the space race between the USSR and the United States. I was very proud to be able to calculate, using the mathematics I had just learned, Sputnik’s speed around the Earth and its period of revolution of roughly an hour and a half. I also calculated the escape velocity, about eleven kilometers per second, to which a rocket had to be accelerated in order to reach the Moon or leave the solar system. My taste for classification and comparison naturally led me to calculate the value of the same parameters for the Moon and the different planets, and to determine how much I would weigh on Mars or Jupiter.

My fascination with astronomy soon intersected with another subject that had impassioned me from a very young age: the history of the exploration of the Earth. I had read about the adventures of Columbus, Magellan, Cook, Bougainville, and Lapérouse. I had been moved by the epic of Captain Scott dying of exhaustion and cold in the Antarctic after losing in the conquest of the South Pole to the Norwegian Amundsen—another story of competition to get there first, this one more tragic than Le Verrier’s rivalry with Adams. I had written to Paul-Émile Victor, the French explorer of the polar regions, to tell him about my passion, and was proud to receive a postcard with a handwritten note in reply. With the race to conquer the Moon, my two passions—astronomy and exploration—came together.

[image: Image]

Figure I.3. Sputnik I, the first artificial satellite, launched in 1957 (© NSSDC/NASA).


This is a reconstruction of my impressions and experiences as a high school student at the end of the 1950s. As you will have gathered, I was a good student, curious about science and mad about math. The conquest of space, with its element of adventure, added a touch of romance to my passion for numbers. Being able to use my limited academic knowledge of integral and differential calculus to calculate the motion of the satellites and rockets that the newspapers talked about each day gave me a feeling of enthusiasm and exhilaration that I still remember vividly.

That said, my curiosity and desire to explore and discover the world were nothing out of the ordinary. These are innate traits of children, nurtured in my case by loving, cultured parents and excellent teachers who were often passionate about what they taught me, be it history, literature, or mathematics. My taste for arithmetic, and the pleasure I took in solving algebra or geometry problems, oriented my natural curiosity toward science, and my first inclination was toward astronomy, which seemed to me the natural extension of exploring the Earth. I eagerly followed the Apollo program, which would send men to the Moon, and which I saw as a virtual adventure that could take me to the stars through observation and mathematics. Gradually, even more than Scott and Cook had been, Kepler, Galileo, and Newton became my heroes.

Math and physics programs have changed a great deal since I was a student. Today’s high school students no longer know how to find the orbit of a satellite; their calculating skills no longer allow them to directly grasp the fundamental phenomena of classical mechanics. They often learn physics as an object lesson, a qualitative history in which the simple laws of mechanics and the most esoteric results of modern physics are presented on more or less the same footing, as properties of the world with which they should be vaguely familiar without truly understanding them. I wonder what this different approach would have changed for me: would I have been so determined to become a researcher if I hadn’t had, so early on, the chance to glimpse directly through mathematics the richness of science, the exaltation of understanding, and the privilege of being able to follow the thinking of giants like Newton or Galileo?

After passing the baccalaureate, I began taking preparatory classes at the Lycée Louis-le-Grand, the typical route to the elite Grandes Écoles. For two years of intensive study, math took priority over physics. I learned the basics of what would later serve me in analysis, differential calculus and vector space algebra. These names, mysterious to the general public, refer to the mathematical methods physicists use daily to calculate the trajectories of classical objects subjected to different types of forces, but also wave propagation, the bizarre behavior of quantum systems, or the statistical properties of a set of particles. I learned, among other things, how to calculate the decimals of π that I had found so dizzying a few years earlier. I continued to enjoy the challenge of solving difficult problems, even if the need to prepare for competitive exams meant I spent more time on typical, often tedious ones.

I also realized, during these years of preparatory classes, that some of my classmates were stronger in pure mathematics than I was. They were better at conceptualizing abstract principles, more interested in the structure of mathematical theories and their axiomatics than in their utility for calculating concrete effects. This was the 1960s, the heyday of Bourbakism, an approach to mathematics named after Nicolas Bourbaki, an imaginary character that a group of francophone mathematicians had invented and waggishly declared their master. The Bourbakism of the 1960s was marked by a strong tendency to formalize mathematics, leading in particular to the systematic introduction of set theory into high school curricula.

I remember discussions in which a friend whom I admired for his intuition told me that the beauty of math lay in its perfect uselessness. I objected, citing the nobility of the physicist who cannot indulge in sterile games but must abide by the constraints of reality and find the mathematical formulas that physics obeys. The physicist, I argued, was the explorer of nature, and mathematics was his flagship. Like any good navigator preparing his voyage, he had to equip himself with the right theoretical background and maintain his mathematical knowledge in order to put it to use in this adventure of discovery. Sailing through formulas for the pleasure of it, as a pure mathematician did, was a gratuitous game, something that wasn’t for me. Perhaps this somewhat grandiloquent rationalization was my attempt to console myself for my limitations in math.

My continued education would show me that my friend and I were both naive in our argument, and that it was impossible to separate useless math from useful math. More than once, abstract mathematical theories born of the imagination of pure mathematicians proved essential to the development of powerful physical theories. Group theory, conceived in 1832 by Évariste Galois to solve algebraic equations, became a fundamental tool a century later for explaining the symmetries phenomena obey, especially in quantum physics.

Another example is vector analysis, which describes the manipulation of vectors defined in an abstract space. These vectors are represented by sequences of numbers—their coordinates in this space, which can have an arbitrary number of dimensions—and their transformations are described by arrays of numbers called matrices. These transformations can be rotations, translations, or even homotheties, in which the vectors are lengthened or shortened. Mathematics defines the algebra of these operators, i.e. the rules governing their combinations. Generally speaking, the product of two transformations, the result of the successive action of two operators, depends on the order in which the operations are performed. Performing transformation A and then transformation B on a vector gives a result different from the product in the reverse order (B then A).

This noncommutative property can be verified simply in the case of rotational operations in our ordinary space. To illustrate this, place a book flat on a table with the cover facing you. Call Ox the axis that runs along the book’s binding in the plane of the table, Oz the axis perpendicular to this plane, and O the point of intersection of these two axes coinciding with the book’s lower left corner. Rotate the book 90° around Ox, then the same angle around Oz. It is now standing on its binding. Then return it to its original position and rotate it in the reverse order: first around Oz, then around Ox. Ultimately the book is still standing, but this time on its smaller edge. The result of the product of the two operations therefore depends on their order.
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Figure I.4. The product of two rotations is noncommutative. Rotating a book around Ox, then around Oz (a) does not give the same final state as executing the rotations in the reverse order (b). The book used in this demonstration, Richard Feynman’s Lectures on Physics, was one of my favorite readings when I began my university studies.


This so-called noncommutative algebra is different from the algebra of ordinary numbers, in which multiplication is naturally independent of the order of factors. It was initially developed as an abstract mathematical game on matrices of numbers, and later proved essential in quantum physics for understanding the symmetry properties of quantum systems and the counterintuitive behavior of atoms. Separating mathematics in this way—between abstract games and ideas truly useful for understanding the real world—is difficult, even impossible. What arises as a game in the mind of an imaginative mathematician may later turn out to be a rule of nature. And so we find, at an even more fundamental level, what has fascinated me since my youth: the extraordinary equivalency between mathematics and the laws of physics.

In July 1963, I was accepted to the École Polytechnique (known as X) and the École Normale Supérieure (known as Normale Sup). I chose the latter school without hesitation: it was the natural path to the goal I had set myself, at a time when X was chiefly an engineering school and had not yet developed its research program. And it was in my years at Normale Sup that I truly learned what the life of a researcher is like. This led me to choose a different path from the one I had dreamed of in high school and in my preparatory classes. I would now like to discuss how this change came about, in order to illustrate the important role that chance encounters and simple luck can play in guiding a researcher’s career.




Introduction to modern physics

The first year at Normale Sup is a time for recovery and relaxation, after the pressures of preparatory classes and intensive cramming for the Grandes Écoles’ entrance exams. This was the year I met Claudine, a psychology and sociology student at the Sorbonne. We’ve been together ever since. Understandably, I took few courses that year, spending more time in the cinemas and cafés of the Latin Quarter than I did on the benches of lecture halls. I chose to take only two undergraduate courses, one on advanced mathematics for physics and one on the theory of relativity. My inclination toward astronomy required a deeper understanding of what gravitation was all about. I knew Einstein had dethroned Newton half a century earlier with a radically new description of gravitation, revolutionizing the concepts of space and time; I wanted to know more about this mysterious theory which everyone was talking about but none of my friends really understood.

I will speak later about relativity and the counterintuitive ideas it brought to physics; here I will only describe the effect this first contact with modern physics had on me. What I had learned to date was physics as it was known at the end of the nineteenth century, so-called classical physics. This included mechanics, the science of the motion of bodies subjected to forces, founded by Newton; electromagnetism, the science of electrical, magnetic, and optical phenomena, crowned a century before my entry into Normale Sup by the work of Maxwell; and thermodynamics, the science of exchanges between work and heat, or between order and disorder, which came into focus in the nineteenth century through the findings of a line of thinkers from Sadi Carnot to Ludwig Boltzmann.

In classical physics, time and space defined a universal and immutable stage on which a perfectly deterministic performance played out. In principle, you could calculate everything that would happen in an experiment if you knew the initial conditions. For simple situations, described by a small number of parameters, determinism could be applied easily and the system’s future evolution calculated from knowledge of the present. For systems made up of a large number of particles, such as an atomic or molecular gas, knowledge was limited only by the impossibility of knowing all the parameters (the position and speed of all the particles) at a given moment, and physicists got away with codifying their ignorance thanks to the theory of probability, which allowed them to calculate average quantities accessible to measurement. These quantities were the only relevant parameters for the system concerned.

I had learned, during my final year of high school and in my preparatory classes at Louis-le-Grand, about two powerful theories—relativity and quantum physics, both born less than half a century before me—that had revolutionized those reassuring notions of absolute space and time and of an all-conquering determinism. But all of this remained mysterious, and so in my first year at Normale Sup I decided to tackle the enigma of relativity, which it seemed essential to understand if I wanted to do research in astrophysics.

This course in relativity was a revelation. From a simple principle—the independence of the speed of light from the reference point at which it is measured—everything followed in logical, inevitable fashion. If the speed of light is a constant, uniform for all observers, then it cannot be added to or subtracted from any other speed; therefore the law of composition of speeds, accepted since Galileo’s and Newton’s time, is no longer valid. In everyday life, for example, that law tells us that if we are driving on a road at speed v1 and a moving object comes toward us at speed v2, we see it approaching with speed v1 + v2. If, on the contrary, it passes us while driving in the same direction, we see it moving away from us at the speed v2 - v1. To establish this simple law, we accept the seemingly obvious fact that the distances between two points and the time interval between two instants are absolute data, valid for all observers. If the classical composition law for velocities is false when it comes to light, it’s because this “obvious” fact is misleading, and we must renounce our intuitive notions of absolute time and space.

 

Einstein had described this revolution using simple images, the course explained. He had imagined thought experiments in which clocks located on station platforms or aboard trains compared their times by exchanging light signals. From these virtual experiments, we could establish in a few lines the relationships describing how lengths and intervals of time differ depending on whether you’re on the platform or on the train. The differences are minimal for train speeds of a few tens or even hundreds of kilometers per hour, and the variation of lengths and times in these ordinary situations is negligible, which salvages Newtonian physics in our daily lives. But this is not the case at very high speeds: at that point, so-called relativistic corrections become necessary. More on those later. What fascinated and captivated me at the time was the inevitability of this theory, the fact that you could draw such fundamental conclusions from simple premises, and that, strange as they were, you had no choice but to accept them.

So far I have discussed only what is called special relativity. The course went on to sketch the theory of general relativity, which Einstein had developed to extend the concepts of his theory to accelerated motions. Instead of trains running at constant speed, these thought experiments involved rockets accelerating on takeoff or elevators in freefall. The trajectory of objects in these non-uniformly moving reference frames was compared to that of objects in the gravitational field of massive bodies, and from this comparison emerged the idea that masses deformed space itself, giving it a curvature that influenced the trajectory of objects moving in their presence. Thus the problem of gravitation became a problem of geometry in a curved space, a problem the mathematician Bernhard Riemann had treated as one of those “gratuitous” questions I mentioned earlier. Yet another example of the unexpected application to physics of so-called “useless” mathematics!

The equations of special relativity are elegant, with a symmetry reflecting the beauty and simplicity of the ideas that led to them. Starting from the relations that describe the transformations of space and time coordinates when we change our reference point, we can deduce in a few lines of calculation the famous equation E = mc2, which expresses that any mass of matter m can potentially deliver, by annihilating itself, an energy E equal to this mass multiplied by the square of the speed of light c. This formula, probably the most widely known in all of science, has been called the precursor to the atomic bomb and nuclear power plants. Being able to re-derive this formula myself, grasp where it came from, and catch a glimpse of its implications was an extraordinarily exhilarating feeling to me.

The course on relativity was taught by a young professor barely thirty years old, Claude Cohen-Tannoudji, who laid out the physical ideas for us with great clarity, placing them in historical context, showing us the lineage from Galileo, who had established the principles of relativity of motion in mechanics, to Newton, who had drawn their mathematical consequences, and Einstein, who, by applying the same ideas to light phenomena, had revolutionized our concepts of space and time. Starting with the physical principle, Claude described Einstein’s thought experiments and lucidly explained each step of the calculations that led to the theory’s equations. Finally, he returned to physics to draw together all the consequences, describing the phenomena that proved the validity of the principles of special and general relativity. His clarity, the rigor of his reasoning, and the enthusiasm with which he shared his admiration for the giants of physics whose ideas he was teaching us were contagious. I left his classes with the impression that I had understood everything, even if I had to work hard to absorb all the subtleties.

I even organized a small seminar on relativity for my classmates who were not taking the course but who had been won over by my glowing commentary. I took it upon myself to pass on my newly acquired knowledge. We discussed the paradoxes of the theory and its more or less philosophical implications for our vision of the world. These impromptu lectures that I gave my classmates within Normale Sup’s atmosphere of great intellectual freedom gave me a taste for teaching. I liked the challenge of making subtle ideas understandable, of finding the best way to convey a scientific truth and examine all its consequences. This pleasure has stayed with me ever since. The pedagogical effort required to clearly present a scientific question to my audience helps me first clarify it for myself, and has often given me ideas to further deepen my knowledge and follow new directions in my research. Since then I have known that research, for me, cannot be dissociated from teaching.

When I learned that Cohen-Tannoudji was teaching another class at Normale Sup on quantum mechanics, the other mysterious subject I understood only vaguely, I enrolled without hesitation in the graduate (DEA, or diplôme d’études approfondies) program where he taught. If he could explain quantum physics as well as he did relativity, I could satisfy my curiosity, no matter if the subject wasn’t directly useful to astrophysical research. (On this point I was wrong, as quantum physics has since proven essential for the study of cosmology and the description of the origin of the universe.)

In any case, it was during this year of specialization, my second year at Normale Sup, that my passion for physics truly crystallized and I decided on the direction my research career would take. I owe this to an outstanding and charismatic teacher and his influence on the student I was at the time. The importance of human encounters and relationships in the origins and evolution of a life in research cannot be overstated. Claude Cohen-Tannoudji was my first university professor, then my thesis advisor, and then a reference and a guiding light for the rest of my scientific life.

The DEA course in quantum mechanics largely lived up to its promise. Claude put the same enthusiasm and lucidity into it as he did into teaching relativity. The basic postulates, which had been stated less than forty years prior by the Danish physicist Niels Bohr, were less simple than those that form the basis of relativity. But Claude, who had and shared with us a great admiration for Bohr, presented the quantum postulates with ample authority and clarity, and all their consequences followed easily. Gradually, the microscopic world of atoms revealed itself to us.

Quantum physics was born from the observation of atomic phenomena that could not be explained by nineteenth-century classical physics. Claude began his course by reminding us of the historical evolution of those ideas that had led to the quantum revolution. At first, I thought I was on more or less familiar ground: after all, hadn’t I learned in high school and in preparatory classes that the atom was like a small solar system in which the nucleus played the role of the Sun and the electrons that of the planets? And didn’t the law of electrical attraction between positively charged nuclei and negative electrons take the same form as the law of gravitation, with force decreasing as the inverse of the square of the distance between the nucleus and the electron? The magnitudes were very different, of course, but surely things were similar, and this analogy would allow us to approach the physics of atoms armed with familiar concepts.

However, this impression was soon to fade away. I had been taught in preparatory classes that the major difference between the classical physics obeyed by planets and that of the electrons in atoms was the quantization of electron orbits: the fact that for a reason that then seemed mysterious to me, the electrons in an atom can gravitate only on certain orbits of well-defined energy. This strange quantization, I had further learned, also applies to light, which is made up of discrete energy packets called photons. Each photon of a wave of frequency ν carries an energy E = hν where h is the famous constant that the German physicist Max Planck introduced to physics in 1900, symbolically marking the birth of quantum physics.

Atomic electrons can transit from one orbit to another only by instantaneous quantum jumps, emitting or absorbing a photon whose energy is equal to the difference in energies between the initial and final orbits. The frequency of light, inversely proportional to its wavelength, increases continuously—as we learn in middle school—when the color shifts from red toward blue. As a result, atoms emit or absorb only certain well-defined colors, those of photons whose energy is equal to that which the electrons lose or gain in the transition from one discrete level to another.

Flammarion’s Popular Astronomy had already shown me the absorption spectra observed in the first half of the nineteenth century by the German physicist Joseph von Fraunhofer. Using a diffraction grating of his invention made of parallel thin metallic wires, he scattered white sunlight into a continuous spectrum from red to violet and saw very fine dark lines on the rainbow, corresponding to the frequencies that had been absorbed by atoms present in the solar atmosphere. These lines constitute a kind of universal barcode characterizing the different types of atoms everywhere in the universe. Hydrogen, carbon, and helium have different spectra, and their identification in the light coming from the atmosphere of stars or in interstellar gases attests to the presence of these elements in stellar atmospheres and intersidereal spaces.
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Figure I.5. Joseph von Fraunhofer and the dark atomic absorption lines in the spectrum of the Sun.


I was intrigued and fascinated to learn that light thus carries essential information about the composition of the world, that atoms have the same spectral signatures everywhere, and that we can locate their presence millions of light years away from Earth by observing and classifying spectra measured by instruments attached to our telescopes. But why this was so remained a mystery. What explained the discrete nature of these spectra, and how could we be sure of their universality? By what calculations could they be predicted, and was there a formula for atomic physics as simple and general as relativity’s E = mc2, whose demonstration had brought me so much joy the year before? I would get my answers to these questions by following the DEA’s quantum mechanics curriculum.

The answers were astonishing, illustrating once again the deep and surprising link between abstract mathematics and real-world physics. Quantum theory assigns each state or configuration of a physical system a mathematical vector in an abstract space whose number of dimensions depends on the system under study. The system can be a simple electron, a molecule, or a solid consisting of an enormous number of particles. The system described by quantum physics can also be immaterial, for example visible light or an invisible electromagnetic wave like the ones detected by our radios or television sets (or modern cell phones, which didn’t exist at the time). The quantum vector assigned to a given system has as many coordinates, as many dimensions in the abstract space in which it evolves, as there are possible configurations for the system. The classical three-dimensional space in which physical phenomena occur should not be confused with the abstract space of the quantum world, whose number of dimensions depends on the systems under study. For some systems, this number is finite (D = 2 in the simplest case, where the system under study evolves between only two quantum states); for others, the dimension of the state space is infinite, in which case the vector representing the quantum state has a continuous infinity of coordinates.

The theory also introduces operators acting on these vectors, which represent the transformations the system can undergo: its rotations or translations in space, or its evolution in time. These operators generally do not commute (see here for an introduction to this property), and it is this algebraic property of non-commutation that leads to the discretization of the values taken by some of the quantities measured in these systems. We thus understand the quantization of atomic energy states and that of the electromagnetic field itself, comprising components of different frequencies called field modes. Each mode has a scale of discrete energy states, separated by equidistant rungs. Each rung corresponds to a precise number of photons in the field mode under consideration.

It is not my intent here to give a detailed description of quantum theory, nor to analyze all of its strange and counterintuitive properties. I will return to some of these aspects later. I am merely trying to relive my state of mind in that 1964–1965 academic year, as I was learning the rules of the quantum world and starting to apply them. The indispensable mathematical tool was the vector algebra of the Hilbert space, named after the German mathematician and contemporary of Einstein’s who had established its rules. This was the space of states in which any quantum system evolves; I had known this algebra since my preparatory classes, but I could now bring it to life by using it to analyze the phenomena of the atomic world, finally understanding how to calculate the frequencies of the spectrum emitted or absorbed by atoms. Planck’s simple formula connecting energies to frequencies, E = hν, was omnipresent in the theory: this was, so to speak, the quantum physics counterpart of relativity’s E = mc2.




Shut up and calculate!

It’s worth remembering that the quantum formalism I was learning at the time had been discovered less than forty years prior. I will return in other chapters to the debates between Einstein, Bohr, and other players in the birth of quantum physics. Interpretations of the formalism and attempts to pin baffling quantum ideas to classical conceptions of the world were at first a dominant aspect in the way physicists thought. But soon, beginning in the early 1930s, the scientific community devoted itself almost exclusively to exploiting the formalism in order to understand the properties of the microscopic world and of light. Questions of interpretation, seen as sterile at the time, were relegated to the background. This attitude was justified largely by the success of this practical approach, which quickly revealed the mysteries of the atom and its nucleus as well as those of condensed matter. It also made it possible to elucidate the fundamental properties of the interaction between electrons and photons, leading to the powerful theory of quantum electrodynamics. And during my years at Normale Sup and those immediately after, this pragmatic approach led to field theory and the Standard Model of elementary particles, which to this day represents the most advanced physical theory of nature. The dominant approach was to use quantum theory and not ask too many philosophical questions about its interpretation; those who continued to ask questions—most notably Einstein, then in the United States, and Louis de Broglie in France—were advised to “shut up and calculate,” a refrain coined by the American physicist David Mermin.

Despite his admiration for Einstein, Claude Cohen-Tannoudji largely adhered to this pragmatic point of view. Without evading the problems involved in interpreting the theory, which he quickly exposed, he spent most of his lectures giving students the tools to become good calculators of the quantum world. His attitude, I believe, was that it’s good to observe that nature obeys laws that may seem strange, that we may be surprised at this, but that there’s no point in contesting it and looking elsewhere until you’ve determined all the consequences of the theory by confronting it with increasingly precise experimental results.

About twenty years later, in the 1980s, attitudes about quantum mechanics changed. Questions about theoretical interpretation returned to the forefront—without, however, undermining the pragmatic approach, which continues to prove its efficacy. The reason for this turn back toward questions of interpretation comes from the fact that the strange aspects of quantum physics, those that are most counterintuitive to us observers of the classical world of macroscopic objects, can now be seen in spectacular fashion through experiments in which we manipulate atoms, molecules, or isolated photons.

Quantum strangeness, long hidden in objects made up of a large number of particles, can now reveal itself before our eyes, so to speak. I will say more later about this resurgence of questions of interpretation in quantum physics, but I am grateful to have learned this physics in Claude Cohen-Tannoudji’s DEA course without having to ask them of myself. And I wonder about the current trend of introducing quantum physics to young students by bringing these questions to the fore. I think it is no doubt more efficient to start with “shut up and calculate” before tackling questions that our brains, wired by Darwinian evolution to intuitively understand the world of macroscopic objects rather than that of atoms or photons, may never definitively answer.




When atoms and photons are spinning tops: optical pumping

The quantum mechanics course was not the only one that year to teach us about atoms. Claude’s two mentors, Alfred Kastler and Jean Brossel, also taught at Normale Sup. Together, in the 1950s, they had invented the optical pumping method: a process that allows the small magnets carried by the atoms of a gas contained in a glass cell to be oriented in the same direction by illuminating them with light. This atomic magnetization is intimately linked to the rotational motions of the electric charges contained in the atoms. To explain optical pumping, which played an essential role in my training as a researcher, I must therefore speak of spinning electrons, atoms, and photons.

Rotations are everywhere around us. To begin with the universe, whose study was my first passion, the planets spin on their axes and revolve around the Sun, and the entire solar system is pulled, along with the other stars of our Milky Way, into an overall motion of galactic rotation. The same is true of the billions of other galaxies, grouped in huge clusters, that populate the universe. The eddies of stars in these galaxies often form spiral arms that sprawl over hundreds of thousands of light years. These spiral structures provide direct evidence of the gigantic rotational motions at work in the universe.

Back on Earth, the carriage wheel and the spinning wheel were the first human inventions to exploit the phenomenon of rotation. Modern industrial revolutions have multiplied their use through dynamos, engine turbines, windmills, and so on. Finally, on a completely different scale, quantum physics has revealed to us the importance of the gyratory phenomena hidden in matter and light. These phenomena are exploited today in various devices, some of them based on optical pumping.

An object’s rotation is characterized by its frequency, often indicated by the Greek letter ν, which is equal to the number of revolutions it makes per second. The unit of frequency is the hertz (Hz), named after a late-nineteenth-century German physicist whom we will meet again. Rotation can also be expressed by its angular velocity. Angles of rotation are generally counted in radians, the angle of about 57° that projects from the center of a circle to form an arc equal in length to the circle’s radius. By definition, one full circle is 2π radians. The angular velocity—usually written as ω—of an object rotating at frequency ν is therefore equal to 2πν radians per second.

The rotations observed in nature and in the objects of our industrial civilization cover an enormous spectrum of frequencies. A galactic rotation, whose period can extend over billions of years, corresponds to a frequency on the order of 10-17 Hz (a fraction of a hertz equal to 1 divided by 100 million billion!). At the opposite extreme, an electron can be classically represented as a particle rotating on its orbit around an atomic nucleus with a typical frequency of 1015 Hz (one million billion revolutions per second). Between these two limits, we find the orders of magnitude of the planets’ rotation frequencies around the Sun (roughly 3 × 10-8 Hz for the Earth) and their diurnal spinning rotations (one day corresponding to 1/86,400 Hz). Higher up, approximately equidistant (counting in powers of ten) between the frequencies of the galaxies and those of the electrons, we find the frequencies of clock hands, wheels, spinning wheels, windmill and turbine blades—in short, of all the objects our civilization has invented (from 1/3,600 Hz for a watch’s minute hand to a few hundred hertz for turbines and sirens).

That these common frequencies fall in the middle of the logarithmic scale of frequencies is no coincidence. It is due, of course, to the value of the unit of time, the second as it has been defined since the Babylonian era, which measures a short interval on the order of a heartbeat, directly perceptible to our senses. It is therefore unsurprising that the frequencies of the phenomena of our daily life are expressed in numbers of hertz neither too small nor too large, while those of cosmic or atomic phenomena, less directly accessible to our senses, are expressed with very high positive or negative powers of ten.

The measure of the speed or frequency of an object’s rotation is called kinematics. At a more fundamental level, we must understand the laws governing the object’s motion: how it can be rotated, how its angular velocity can change, how its energy depends on its velocity, and which laws of conservation its motion obeys. This is no longer a question of kinematics but one of dynamics, a science created by Newton in the seventeenth century. It is suitable for describing the motion of objects at the scale of our daily experience, but had to be modified to account for phenomena at the scale of the universe (taking into account the relativistic curvature of space-time) and that of atoms (for which we must adopt quantum theory). But Newton’s classical physics, as it is taught in high school, introduces general concepts of dynamics that must be grasped before we can understand how quantum thinking has modified them.

Let us start, then, by describing the rotation of the macroscopic objects around us. As anyone who has played with a spinning top knows, making a solid spin requires that we apply a force Ft perpendicular to the axis around which it rotates, in the direction tangential to the motion. We can do this, for example, by pulling on a string wound around the top’s axis. The efficiency of this tangential force depends on the distance r to the axis of its point of application. We can define the torque exerted by this force as the product of its intensity Ft and the distance r. The effect of this torque on the solid’s motion depends on its moment of inertia I, a parameter that describes the solid’s resistance to rotation. The more massive the object is and the farther its mass is distributed from the axis of rotation, the greater the moment of inertia and the greater the torque that must be applied to give it a given spinning frequency.

To define the “rotational quantity” contained in a body rotating around an axis, Newtonian dynamics introduces the concept of angular momentum, a vector quantity aligned along the axis of rotation whose modulus L = Iω is the product of the moment of inertia and the angular velocity ω. For rotations, this angular momentum is the equivalent of the momentum p = mv which measures the “quantity of motion” associated with the translation of a solid of mass m moving in space at velocity v. Just as the change in momentum per unit time of a particle is equal to the force applied to it (which expresses the fundamental law of Newtonian mechanics), so the change per unit time of a rotating body’s angular momentum is equal to the torque applied to it.

In the absence of external influence (i.e., applied torque), the angular momentum is invariant. This is the generalization to rotational dynamics of Newton’s law of inertia, which says that, in the absence of force, a moving body continues its course at uniform speed, with no acceleration. This law of conservation of angular momentum explains, for example, why a swiveling skater who suddenly brings her arms closer to her body will begin to turn faster: she decreases her moment of inertia, and since the product of this quantity and her angular velocity must remain constant, the spinning frequency increases. On an astronomical scale, this same law of conservation explains why the period of the Earth’s diurnal rotation remains constant over time.
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Figure I.6. Various angular momenta: (a) a spinning top rotating on a vertical axis; (b) the Earth rotating on its axis inclined on the plane of its orbit; (c) atoms consisting of moving charges whose total angular momentum Jℏ results from the combination of orbital angular momenta and spins of electrons and nucleus; (d) a circularly polarized photon of angular momentum ℏω, the quantum of a light wave whose electric field tip describes a helical motion around the direction of light propagation.


The connection between the dynamics of rotation and that of translation is found in the expression of their respective kinetic energies. A mass with linear velocity v carries the energy Ec = mv2/2 = pv/2. Similarly, a rotating solid with moment of inertia I has a rotational kinetic energy Ec = Iω2/2 = Lω/2. This energy, proportional to the square of the angular velocity, is returned to the environment when the solid stops spinning. In the case of the rotation of a car wheel, for example, the kinetic energy is dissipated as heat on the brake drums that block the wheel, or partially, if the car is electric, as energy recharging the battery. The energy stored in a rotating body is equal to half of its angular momentum multiplied by its angular velocity.

If a rotating object carries electric charges, its rotation is accompanied by magnetic phenomena. A charge rotating around an axis generates a magnetic field whose spatial distribution is the same as that of a magnet aligned along that axis. The intensity of this magnetization is measured by the magnetic moment of the rotating object, a quantity proportional to its angular momentum (the ratio of the two is called the gyromagnetic ratio). The greater the electrical charge and the faster it rotates, the greater the magnetic moment and its associated magnetization. The universally known example of this correspondence between rotation and magnetism is the Earth, which has an intrinsic magnetic moment roughly aligned with its polar axis of rotation. The Earth’s magnetic field results from this. Its origin lies in hydrodynamic phenomena in the underground magma, which contains moving charges. The situation is more complex than that of a rotating point charge, but the general idea is the same: the rotational and magnetic properties of bodies are intimately linked.
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Figure I.7. Conservation of angular momentum: (a) a skater spins faster by bringing her arms closer to her body. Since no torque is exerted on her, her angular momentum L = Iω remains constant, ω increasing as I decreases; (b) a spinning top rotating with angular velocity ωS on an inclined axis precesses around the vertical direction (precessional angular velocity ωP). The weight Fg and ground reaction -Fg, two opposing forces applied on the spinning top’s axis of rotation, exert zero torque with respect to this axis: ωS is therefore constant. The vertical component of the top’s angular momentum L is also invariant because the torque of the forces Fg and -Fg is zero with respect to the vertical. The modulus of L and its projection on the vertical being preserved, the axis of the spinning top rotates on a cone, keeping a constant angle of inclination with the vertical.


These classical phenomena can be generalized to atoms, with some modifications imposed by quantum physics. The state of an atom is not only defined by its internal energy (that of the electrons orbiting the nucleus and that contained inside the nucleus as a result of nuclear forces). The atom possesses an angular momentum as well, a combination of the angular momenta associated with the electrons’ orbital rotations around the nucleus and the intrinsic rotations of these particles, which behave like small spinning tops twirling around themselves. The intrinsic angular momenta of the electrons and of the atomic nucleus are called spins.

This situation is somewhat similar to that of the solar system described above, whose global angular momentum consists of three terms: the spinning motion of the Sun (analogous to the spin of the atomic nucleus); the angular momenta of the planets’ diurnal spinning motions (analogous to the electrons’ spins); and the planets’ orbital rotations around the Sun (analogous to the electrons’ orbital angular momenta). As in classical physics, all the components of atomic angular momentum have associated magnetic moments. Quantum mechanics describes how these moments interact with each other, how their presence slightly modifies the atom’s energy levels, and how they combine to form a global angular momentum associated with an overall atomic magnetic moment.

As with energy, the angular momenta of the electrons, that of the nucleus, and the atom’s overall angular momentum are quantized and vary in discrete increments. If we wish to make a classical representation, we can view a quantum angular momentum as a vector in ordinary space whose components along the three spatial coordinate axes are expressed in units of h/2π, where h is Planck’s constant. We use a crossed-out h (ℏ, pronounced “h-bar”) to indicate the quantum of angular momentum h/2π. Thus, to describe quantum angular momentum, we find the constant that links the energy absorbed or emitted by an atom to the frequency of the photon that brings or takes away that energy.

We can intuit this result qualitatively if we observe that angular momentum is classically expressed as an energy divided by an angular velocity. If the energy of an atom varies in discrete packets hv = ℏω when an electron jumps from one orbit to another while its angular velocity is on the order of ω, we understand that the angular momentum changes in increments on the order of ℏ, the result of dividing ℏω by ω.

This intuitive argument is not, of course, a demonstration. The rigorous quantum theory that Claude taught me in 1964 assigns to the spatial components of angular momentum operators that describe how the quantum states of a system are transformed in Hilbert space when the system is subjected to rotations in ordinary space. The non-commutation of these operations, described above, leads to the non-commutation of the operators describing the components of angular momentum along the three spatial coordinate axes. In a few lines of computation, Claude showed us that this non-commutation accounts for the quantization of the values, by jumps of ℏ that an atom’s angular momentum or an electron’s spin can take on when measured in a given direction.

The simplest angular momentum is that of the electron’s spin, which can take on only two values, +ℏ/2 or -ℏ/2, when its component is measured along any axis. The spin is aligned either parallel or antiparallel to this axis, and is symbolically represented as a small vector pointing up or down (spin up or spin down). This is called a spin-1/2. This property is shared by certain nuclei, such as that of the hydrogen atom, whose proton also carries a spin-1/2. The evolution of these two-state quantum systems is described in a two-dimensional Hilbert space. The study of their dynamics in a magnetic field is thus a very simple quantum problem, which exemplifies and models many situations where the system under study evolves essentially between two states.

The value of an atom’s global angular momentum depends on the configuration of the electron orbitals and the spin of the nucleus. More precisely, the component of an atom’s angular momentum along an arbitrary axis can take the 2J+1 equidistant values between Jℏ and -Jℏ, these two extreme values corresponding to cases where the global angular momentum is exactly parallel or antiparallel to the axis in question. The intermediate values between the extremes correspond classically to cases where the angular momentum is oriented transversely, in a direction making a greater or lesser angle with the axis. The value of J, which can be an integer or a half-integer (1/2, 1, 3/2, 2, etc.), depends on the atom under consideration and on the energy level of its electrons (lowest-energy ground state or higher-energy excited states).

In a magnetic solid, the moments of the different atoms are aligned with each other and the whole solid has a macroscopic magnetic moment. This is how the magnetism of some materials, for example iron oxides such as magnetite, can be explained as a function of the properties of the atoms that constitute them. A heated magnet loses its magnetism at a certain temperature when thermal agitation overcomes the forces that tend to align the moments of neighboring atoms. In a diluted gas, the interatomic forces are in a first approximation negligible because of the relatively large average distance between the atoms, and thermal agitation causes the angular momentum components of the atoms to be nearly equally distributed among all possible values. In this case the gas’s overall angular momentum and magnetic moment are zero, even though each atom in the medium carries an individual magnetic moment.

Light, too, can carry angular momentum. The electric and magnetic fields associated with a light beam oscillate in a plane perpendicular to its direction of propagation. When light is circularly polarized—this is achieved by passing it through a transparent material plate with special optical properties—the emerging electric field rotates at the frequency of the wave, in a plane transverse to the direction of the beam. This rotational motion lends angular momentum to the field. Each of its photons, of energy ℏω, then carries a quantity +ℏ or -ℏ (depending on whether the electric field rotates clockwise or counterclockwise) of angular momentum aligned along the light beam. The spin of the photon, twice as large as that of the electron, is said to be equal to 1.

We can now understand qualitatively what happens when an atomic gas interacts with a circularly polarized beam of light. If its photons have the energy hν corresponding to the energy interval between the atom’s ground state and an excited state, the light will cause the atoms to undergo repeated cycles of absorption and emission, obeying the principle of conservation of angular momentum. When an atom absorbs a photon from the incident field and is brought to an excited state, the overall angular momentum of matter and field is conserved and the atom’s angular momentum increases by ℏ while that of the light, which loses a photon, decreases by the same amount. The atom takes in one unit of angular momentum borrowed from the light.

After absorption, the atom returns to its ground state by spontaneously emitting a photon in a random direction. The angular momentum of this photon along the direction of propagation of the incident light is generally smaller than ℏ; it is equal to that value only in the event that the re-emitted photon is found to have the same direction and the same polarization as the absorbed photon. The outcome of the exchange of angular momentum between the atom and the field after an absorption followed by an emission cycle is thus, on average, favorable to the atom. The field loses angular momentum along its direction of propagation and the atom gains it.

After a few cycles of this process of light absorption followed by emission, the atoms find themselves in the state of maximum angular momentum (and therefore maximum magnetic moment), in which all of the moments are oriented in the direction of light propagation. The atomic sample, optically “pumped” into this state out of thermodynamic equilibrium, becomes like a macroscopic magnet whose atoms all have their magnetic moment pointing in the same direction.
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Figure I.8. Optical pumping. The exchange of angular momentum between atoms and circularly polarized light orients the magnetic moments of all atoms in the direction of the light beam, by virtue of the conservation of the total angular momentum of the atom-light system: the gas whose atomic magnetic moments are initially randomly distributed (before) becomes a magnetized sample (after).


The light beam that performs the pumping can be used at the same time to detect the atoms’ orientation. When pumped in the maximum component state of angular momentum, the atoms can no longer absorb light and the gas becomes transparent. The amount of light transmitted by the pumping beam thus serves as a measure of the gas’s orientation state.

I have described the principle of optical pumping in detail because it played an essential role in guiding my vocation as a researcher. I remember as though they were yesterday the lectures of Alfred Kastler, who made us visualize the dance of atomic angular momenta illuminated by light. He gave vivid, sometimes poetic descriptions of atoms and their interactions with photons. We could tell he had in him something of the dreamer, the one who had intuited what was happening on an invisible scale long before he calculated its effects mathematically.

Kastler was, in some ways, a scientist of the old, classical world. He had learned physics in an era that preceded the emergence of the quantum theory to which Claude was exposing us in his lectures. Kastler, born in pre-war Prussian Alsace, told us about his studies in German, and how he had been taught the rudiments of what was then called quantum mechanics from the famous volume by the German physicist Arnold Sommerfeld, Atombau und Spektrallinien (Atomic Structure and Spectral Lines). In this book, written in 1919—six years before the advent of modern quantum physics—Sommerfeld described atomic angular momenta and their evolutions using simple images, representing them as vectors pointing in space, not unlike the way I have tried to explain them here. These images were how Kastler, still clinging to classical physics, saw these phenomena as well. The quantum theory that Claude was teaching us in parallel broke free from this necessarily approximate vision and described the components of angular momentum as operators acting in the abstract space of quantum states, operators whose non-commutation accounted for all the quantum properties I have described above.




To see the world as something rich and strange

Taking Claude’s and Kastler’s courses simultaneously, I understood that mathematics and formalism were not everything. Discovering or inventing something new would require more than mathematical rigor, more than the ability to solve equations. It required an intuition that went further, an imagination that made it possible to dream about what went on in a world not directly accessible to the senses. Kastler had that imagination. It let him invent a new way of seeing the interaction between matter and light, opening up fields of research that were inconceivable to us at the time.

After Kastler, the poet and dreamer, I must mention Jean Brossel, the man of details with a passion for precision. Brossel was Kastler’s collaborator, the one who tempered the dreamer’s ideas with reality, creating the glass cells to contain the optically pumped atomic gases. Their paraffin coatings, which only Brossel knew how to apply to the glass cell walls, ensured that the atoms’ oriented magnetic moments did not lose their direction after bouncing off of the walls. This property was essential for some gases to be oriented efficiently by light. Brossel also filled the small glass lamps with atoms that, under the effect of an electric discharge, emitted the photons that illuminated the pumping cells. Juggling with isotopic shifts, the fact that atoms of the same element but whose nuclei contain different numbers of neutrons radiate at slightly different frequencies, he was able to produce light sources that resonated exactly with the atoms in the cells, or emitted photons slightly out of resonance.

Brossel taught us all of this in his DEA course. In a physics experiment, he showed us, the devil is in the details. An idea, even a great one, is not enough; to implement it, you must also consider all the real-life factors that complicate the ideal scheme and disrupt the conditions of the thought experiment. Only when these disturbances are eliminated or compensated for does nature allow us to see in the laboratory that which intuition initially imagined. Anticipating all the difficulties and finding ways to avoid them often requires an imagination and creativity as great as those which led to the idea of the experiment in the first place.

Taking Kastler’s and Brossel’s courses, I could see this essential complementarity in experimental research: having an idea and knowing how to implement it in the lab. These two sides of the researcher’s work were illustrated beautifully in the comparison between these two scholars’ classes.

Brossel didn’t stop at teaching us about optical pumping. He also described the great experiments in atomic physics of the previous half-century, which had increasingly validated quantum concepts and established quantum electrodynamics, the theory that explains with extraordinary precision the phenomena of interaction between atoms and light. I remember his description of an experiment by Otto Stern and Walther Gerlach, two German physicists who discovered the electron spin in 1922: a remarkable example of an unexpected finding, heralding numerous applications and inventions that have had a huge impact on modern technology.

Intending to measure the magnetic moment of silver atoms, Stern and Gerlach had experimented with a rudimentary atomic beam propagating in a vacuum, sending the atoms from a furnace through the air gap of a magnet. When they collected the atoms on a glass plate after passing them through the magnet, they expected to see an oblong mark caused by the deflection of the atoms at different angles, based on the orientation of the small magnets they carried. Instead of this single mark, Stern and Gerlach were surprised to find a double trace, the first direct manifestation of the spatial quantization of atomic angular momenta.

An analysis of the experiment showed that this angular momentum was due not to the orbital rotation of the silver atom’s external electron but to its intrinsic spin, which, pointing upward or downward, sent the atoms on two distinct trajectories inside the magnet’s air gap—explaining the two marks observed. Brossel described this experiment in detail and showed us how it led Stern’s student Isidor Rabi to refine the atomic and molecular beam method and develop the magnetic resonance method for precisely measuring the magnetic moments of many atomic nuclei. These historic experiments laid the groundwork for all of the advances in physics that would lead to the invention of atomic clocks, lasers, magnetic resonance imaging (MRI) machines, and many other devices.

Brossel also spent some time in his course describing the 1947 experiment by the American Willis Lamb, a student of Rabi’s, who measured the shift of atomic energy levels that now bears his name: the Lamb shift. I must now say a few words about this famous shift and the important role it played in atomic physics. Since the 1920s, quantum mechanics had given physicists a mathematical tool to accurately calculate the energies of atoms in their ground state as well as in states corresponding to excited electronic orbits. The theory’s accuracy was first tested on the simplest atom, hydrogen, which has only one electron. The dominant effect, the electrical attraction of the electron by the proton, treated in a non-relativistic way in this first approach, gives a good approximation of the atom’s energy levels in its ground and excited states. For this we use either Schrödinger’s equation or Heisenberg’s, which present non-relativistic quantum mechanics in two different but completely equivalent ways.

We must then take into account the magnetic effects mentioned above, the coupling of the electron spin with its orbital motion, which shifts the energy levels via an effect called fine structure. A complete description of these effects must account for relativity, which provides a coherent framework incorporating all magnetic phenomena. Relativity also introduces, even in the absence of spin, orbital corrections related to the fact that one cannot fully neglect the electron’s velocity on its orbit compared to the speed of light. This velocity v is roughly a hundred times smaller than c, which produces relativistic corrections of a few parts per ten thousand, of the second order in v/c, which are on the same order as the magnetic corrections. As it turns out, this coincidence does not occur by chance: magnetic phenomena are in fact relativistic effects, and all of these corrections appear together once we no longer neglect the electronic velocities of the objects under study in comparison with the speed of light c. When we incorporate all of these corrections, as the English physicist Paul Dirac did only one year after Schrödinger and Heisenberg, we can calculate with great precision the energy levels of hydrogen. And we find that the first two excited levels, which have an electronic angular momentum of 1/2 (noted S1/2 and P1/2 in spectroscopy jargon), should have exactly the same energy—should be degenerate, as we say.

Now, Lamb’s experiment showed that these two levels were separated by a small energy gap on the order of one ten-millionth of the gap separating these first two excited states from the ground state. This very delicate spectroscopic experiment consisted in irradiating a hydrogen beam with a radiofrequency field resonating with the transition between the two levels and detecting the transfer from one to the other by exploiting the fact that they fall back toward the ground level at very different rates. Brossel explained all of this to us, detailing the problems Lamb had encountered and how he solved them.

This experiment was crucial in that it revealed the importance of the vacuum in quantum electrodynamics, and in physics more generally. What Dirac had neglected in his equation was that all particles in the universe, in particular the electron in the hydrogen atom, are bathed in a vacuum traversed by quantum fluctuations. Even in the absence of light sources, the field in space cannot be zero. There are small fluctuations, such as radiation wavelets that ultimately result from the non-commutation of the quantum operators describing the electromagnetic field. These fluctuations can be described as the appearance of so-called virtual photons that constantly pop up and disappear randomly in empty space. These photons can in turn create pairs of an electron and its antiparticle, the positron, whose existence Dirac’s theory had also predicted. These electron-positron pairs annihilate after a very short time, but their fleeting appearance with the virtual photons populates the quantum vacuum and changes the dynamics of the electron orbiting around the atom’s nucleus.

These vacuum fluctuations perturb the two states S1/2 and P1/2 of hydrogen in different ways, lifting the degeneracy between them. Lamb’s measurement, in perfect harmony with the theory of quantum electrodynamics, played a crucial role in the latter’s acceptance in the 1940s and 1950s. Physics has since shown us that alongside the electromagnetic vacuum there are vacuums of other quantum fields associated with particles besides photons, electrons, and positrons.

Lamb’s experiment, as described in Brossel’s course, taught me another unforgettable lesson, one that reminded me of what I had read several years prior in Camille Flammarion’s Popular Astronomy: that measuring with ever greater precision can lead to a great discovery. This is, after all, what allowed Le Verrier to discover Neptune. The precise calculation of Uranus’s orbit had taken into account the disturbance brought to its motion by the presence of the other known planets, primarily Saturn and Jupiter, but there remained a small difference between the observed orbit and the orbit calculated by taking these perturbations into account. This minute difference was caused by the presence of a new, theretofore unknown planet: Neptune. So it was for the Lamb shift. Once all known magnetic and relativistic perturbations of the hydrogen spectrum had been accounted for, there remained a small difference that led to the discovery of the physical effect of the vacuum. Accuracy in measurement is not merely a frivolous obsession among researchers, a compulsion driving them to add more and more decimals to the quantities they measure. What motivates this obsession is that there is always, in the quest for precision, the possibility of discovering something unexpected, and sometimes of fundamental importance.

Wherever I turned my attention during this second year at Normale Sup, I saw the importance of quantum physics. This was especially apparent in Brossel’s and Kastler’s classes, which focused on the properties of isolated atoms that could be studied by emerging experimental techniques—but it was also present in my other DEA courses. I remember in particular Pierre-Gilles de Gennes’s class, which focused chiefly on superconductivity, the property certain metals have at very low temperatures whereby they can conduct electricity without any loss. This effect, discovered in 1911, had not been explained theoretically until a few years before my arrival at Normale Sup in 1957. The theory accounted for the collective properties of the electrons of these metals that, below a critical temperature, behave like a fluid that flows without resistance. Quantum mechanics is essential to understand how this works. De Gennes told us about the Josephson effect, a strange phenomenon of electron flow through a thin insulating wall separating two superconducting samples.

Here again, quantum physics could be felt vividly. De Gennes said that Josephson, who had just given his name to this effect, was a young English doctoral student about our age. I still knew nothing about the true nature of research, but I could glimpse the possibility for even a young person, still in learning mode, to contribute to the advancement of knowledge. This made me all the more impatient to begin real research work.

With this in mind, I turned to Claude, who had just created his own group in Kastler’s and Brossel’s lab. It was his courses in relativity and quantum mechanics that had impressed me most. They didn’t cover astronomy or astrophysics, the fields that had initially oriented me toward science, but I had realized that physics is an intrinsic whole, that the problems encountered in studying the infinitely large and the infinitesimally small have many points in common, and that what had attracted me to astrophysics, the possibility of applying mathematics to the understanding of the world, was no less true in the exploration of the microscopic world.

Moreover, atomic physics, as Kastler and Brossel described it, had the advantage of being carried out in a laboratory on a human scale, without the need for large and distant instruments. The atoms and their dance within magnetic fields were within reach, so to speak, and great discoveries could be expected. I am trying to rationalize my decision, but the truth is there was no hesitation. This choice seemed obvious to me, and in the fall of 1965 I began a master’s thesis under Claude’s direction.

I had a glass cell, prepared by Brossel, containing a drop of liquid mercury. Heating the cell released a gas of mercury atoms into it. Like the proton, the chosen isotope, mercury 199, has a nucleus with a nuclear spin-1/2, which constitutes the atom’s global angular momentum. In this atom’s ground state, the contributions from electronic magnetism are canceled out exactly by the quantum rules governing the combination of angular momenta. I was thus able to experiment with a very simple system, a set of spins-1/2 that were practically independent of each other and which I could submit to the light of the mercury lamp (also made by Brossel) that emitted by construction at the wavelength required to excite the atoms of my gas. Very quickly, I observed the optical pumping signals Kastler and Brossel had described in their lectures and was able to begin experimenting myself.

I won’t describe my master’s thesis experiments here, but I would like to evoke one of them by way of describing the impression they made on me and my state of mind when I observed an atomic phenomenon by myself for the first time. The principle of this experiment is very simple: once the spins were oriented by optical pumping, I abruptly applied a magnetic field perpendicular to that orientation. One might naively imagine that, like compasses, the small atomic magnets would detect the field and align themselves along its direction by rotating 90°. I knew enough physics, however, to predict that the spins’ evolution would be different, somehow counterintuitive.

Indeed, each atom is not only a magnet but also a small spinning top, and the effect of a force on a top defies naive intuition. If a top rotates around an axis that forms an angle with the vertical, we observe that instead of falling under the effect of gravity and tilting more and more, it starts—in addition to its rapid rotation around its axis—to revolve slower around the vertical while maintaining a constant angle with this direction. This is one consequence of the conservation of the vertical component of angular momentum. The force of gravity and the reaction of the ground exert a zero torque with respect to the vertical and the projection of the angular momentum along this direction must remain constant, leading to the precession motion of the spinning top’s axis.
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Figure I.9. Larmor precession experiment on atoms in a transverse magnetic field B. (a) Schematic diagram of the experiment: the resonance cell containing the mercury vapor is optically pumped by the horizontal beam of circularly polarized light. The orientation of the atoms is detected by a photodetector measuring the intensity of the light transmitted by the cell. A vertical magnetic field B, generated by current coils, is applied abruptly to the atoms. (b) Oscilloscope signal revealing the Larmor precession of the atomic magnetization (one square represents 0.2 seconds).


A similar effect occurs on the small magnetic spinning tops that we call atoms. Instead of aligning themselves with the field, they start to rotate around it at a frequency proportional to the field amplitude. This is called the Larmor precession, after the physicist who first explained it. The magnetization component of the gas in the direction transverse to the field along the optical pumping beam thus begins to oscillate, resulting in a modulation of the intensity of the light transmitted by the sample, which I detected easily. This oscillation was gradually damped over time, as the collisions between the atoms and the cell walls destroyed the sample’s initial orientation.

This was one of the first experiments I performed. In itself, it was nothing novel and did not deserve publication—but it gave me the chance to realize for the first time that I could steer atoms. Even if I couldn’t see them with my own eyes, by observing the oscillation that retraced the spins’ rotation on the screen of my oscilloscope, I could be sure that very close to me, invisible to the eye but undoubtedly present, the atoms were doing what I had predicted. That green trace on the screen, which I could repeat as many times as I wanted, whose frequency I could change at will by modifying the amplitude of the magnetic field, fascinated me.

Many years later I found, in the Nobel Lecture given by Edward Purcell in 1952, a sentence that expresses what I felt then better than I ever could. Purcell, along with Felix Bloch, discovered the phenomenon of nuclear magnetic resonance in solids and liquids, known as NMR, which led to the invention of magnetic resonance imaging. My experiment on mercury was nothing more than an NMR experiment performed in a diluted gas, not in a solid or liquid. The nucleus rotating in my experiment was that of mercury, not the proton of the hydrogen atom whose precession Purcell had observed for the first time in 1945, but the physics was the same. To express what he experienced at the time, Purcell wrote:

Commonplace as such experiments have become in our laboratories, I have not yet lost a feeling of wonder, and of delight, that this delicate motion [of atomic nuclei] should reside in all the ordinary things around us, revealing itself only to him who looks for it. I remember, in the winter of our first experiments, just seven years ago, looking on snow with new eyes. There the snow lay around my doorstep—great heaps of protons quietly precessing in the earth’s magnetic field. To see the world for a moment as something rich and strange is the private reward of many a discovery.


I had done only a simple demonstration, but I felt the same wonder. It seemed to me that I had touched a deep and hidden truth. Atoms were real, albeit invisible in the cell, ready to lend themselves to the experiments I would attempt. There were billions of atoms spinning together, but as they all evolved in concert, the signal I observed revealed the behavior of each one, a microscopic entity spinning in the magnetic field independently of all the others. It would take another thirty years before I could truly manipulate and observe individual atoms or photons, but already I felt I was at the beginning of a great adventure.




An apprenticeship in trust and freedom

I had just started my fourth year at Normale Sup in 1966 when it was announced that Kastler had been awarded the Nobel Prize for the invention of optical pumping. It was an October day, an early snow was falling on Paris, and the revolution in the laboratory was instantaneous: journalists flocked, champagne flowed, photos were shot in the lab rooms with researchers, students, technicians, and the lab secretary all sharing in the same joy. I felt immense pleasure and thought how lucky I was to have found this laboratory, to be working in the field of research that had just received such worldwide recognition, alongside those who had made the discovery being consecrated.

There was just one hitch: the Nobel Committee had rewarded Kastler the dreamer, who had thought up the method, but not Brossel, the lover of details with a passion for precision, who had made the dream possible. The photos from that day show Brossel smiling but somewhat absent. I can only imagine the disappointment that mingled with his joy, the bittersweet taste it gave the day. Kastler himself has repeatedly expressed regret that he did not share the prize with his colleague, but Brossel never showed the slightest bitterness. All of us in the lab asked ourselves what the reason was for such an omission; more than fifty years later, I still wonder.

This Nobel Prize underscored the importance of optical pumping, the first method to use light to manipulate atoms, to make them evolve in a precise and controlled manner, with new possibilities for applications. At the time it was the angular momenta of the atoms that were at stake, but later, as we will see, the method would be extended to the external variables of motion, the velocities of atoms. Light would be used to cool, trap, and manipulate them.
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Figure I.10. At the ENS Spectroscopy Laboratory on the day Kastler’s Nobel Prize was announced in October 1966. Left to right: Franck Laloë, Claude Cohen-Tannoudji, Alfred Kastler, me, Jean Brossel, and Alain Omont, a young researcher a few years older than me.


Kastler’s Nobel Prize marked the rebirth of postwar French research. It was the first Nobel awarded to a French physicist since Louis de Broglie’s in 1929. The creation of the National Center for Scientific Research (CNRS) in 1939 and, especially after the war, the research development initiated by the government of the Fourth Republic at the particular instigation of Pierre Mendès France, and then by the nascent Fifth Republic at the impetus of General de Gaulle, had fostered high-quality, internationally competitive research in France. In the years that followed, seven other Nobel Prizes in Physics would be awarded to French researchers. That said, these awards, which testify to the efforts made in support of research from the 1960s through the 1980s, should not distract us from the crisis faced by research in France today, on which more later.

As a young student, I enjoyed exceptional working conditions, quite different from those that greet a beginning researcher in France today. I worked under the supervision of a young, enthusiastic mentor who didn’t have to worry constantly about seeking funding for his research or justifying it in terms of its potential utility. Instead of writing proposals and reports, Claude was able to devote all his time to doing research, mentoring young students, and writing the articles that shared our results. I was learning from a master whose mind was wholly invested in research and teaching, something I would surely not have received from a thesis director today, beset as he would be by administrative tasks, heavy teaching loads, and all the constraints of an entrepreneur constantly preoccupied with the need to ensure funding for his team. And I had no trouble, in 1967, before I had finished my doctorate, getting hired as a researcher by the CNRS, securing my career and my ability to devote myself freely to that which excited me.

I remember fondly the atmosphere that prevailed in the Kastler and Brossel lab at the time, the freedom afforded to young researchers to choose their research subject from among the infinite possibilities that the ideas of optical pumping opened toward a deeper knowledge of atoms and the interaction between matter and radiation. Once we had proven ourselves by passing exams and demonstrating our passion for research, we were trusted. If we had an idea that seemed promising, all we had to do was present it succinctly to Brossel and he would give us the means to carry it out, sparing us all the red tape and bureaucracy that dog the work of researchers today. In spite of all the vicissitudes of the present, this spirit has survived at least partially in what is now called the Kastler Brossel Laboratory, or LKB. It was a privilege to be able to carry out my life’s work there. I know how lucky I was to have chosen it in the first place, simply because a course taught by an enthusiastic young professor, in which I had enrolled almost by chance, attracted me to it.




Promises of the laser

I was also lucky to have come to research shortly after the advent of the laser. This extraordinary light source, which appeared in laboratories in 1960, would open up immense possibilities in the fundamental and applied sciences. Today we are familiar with its countless uses in our daily lives, from reading CDs and DVDs to fiber-optic communication and the internet, from the ultra-precise cutting of materials to ocular surgery, from scanning barcodes at store checkout to the rangefinders used on all construction sites. But the general public knows less about the fundamental role the laser has played over the last half-century in basic physics, chemistry, biology, and astronomy research.

The first lasers were beginning to appear in laboratories during my years of training at Normale Sup. I remember the amazement caused by these thin beams of intense blue, red, or green light that propagated over long distances without diverging. Their impact on a white wall or a sheet of paper would form a shimmering spot of light with strange streaks never produced by light from conventional lamps.
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Figure I.11. Fluctuating spots, or speckles, produced by a laser beam on a screen (Patrick Imbert, Collège de France photo service).


These spots, known as speckles, are light fluctuations scattered by the irregularities of the surface illuminated by the laser beam; they are due to the frequency and phase stability of its light, which gives rise to interference phenomena when scattered by microscopic roughnesses. This stability permitted enormous progress in spectroscopy in the 1970s, but for now lasers emitted only at fixed frequencies, and we had to take advantage of rare coincidences with atomic or molecular transitions to use them in atomic physics experiments. The experiments I did for my thesis could not yet exploit this new light source, and I had to make do with the relatively weak light of Brossel’s classical spectral lamps. However, Claude and I dreamed of all we could do if we had tunable lasers, whose color could be changed with the turn of a knob so as to scan the spectral lines of the atoms we were optically pumping.

In 1968, a visionary article by Arthur Ashkin, a physicist from the famous Bell Laboratories in the United States, attracted our attention. Ashkin proposed using the radiation pressure of lasers to control the motion of atoms in space. In fact, he suggested doing to the atoms’ linear momentum what optical pumping did to their angular momentum. Could light be used to control not only the axis of rotation of atomic spinning tops, but also their velocities?

The idea seemed crazy: lasers were still far from having the qualities required for such experiments. Twenty years later, however, it became a reality. The progress of lasers made it possible to stop atoms in their path, to cancel their thermal motion almost completely, and even to trap them in light boxes made with laser beams. These laser cooling and trapping experiments revolutionized atomic physics and earned Claude and two American physicists, Steve Chu and William Phillips, a Nobel Prize in 1997. Arthur Ashkin had to wait fifty years for his prophetic idea to be rewarded with the same prize in 2018, when he was ninety-seven. This somewhat extreme delay between discovery and recognition tells us something about research: about how long it takes for the fundamental idea to pass to application, and also how there are now so many researchers in the world who have done important work in so many fields that it can sometimes take many years before a great discovery is recognized by the Nobel Prize.

In 1968, even in our wildest dreams we couldn’t imagine how much lasers would contribute to fundamental research. Without laser light, I would not have been able to perform any of the experiments that allowed me to explore the quantum world. Beyond using it in my own research, I have also had the privilege of witnessing the extraordinary advances it has enabled in many other fields. Although we were far from predicting the extent of these advances, we intuited even in the 1960s that these new light sources would open up new and still unexplored fields of research in atomic physics.

Some of my fellow Normaliens had chosen a different path. Theoretical physics and elementary particle physics were undergoing a period of great development. As I have said, these were the years when the Standard Model of elementary interactions was being elaborated in an ongoing exchange between theorists and experimenters working on large particle accelerators. Beyond atomic physics, the goal was to understand the nature of nuclei and their constituents. We were beginning to talk about quarks, the elementary particles of which protons and neutrons are made. It was clearly, and rightly, a popular and fashionable subject that attracted many brilliant students.

My friends who had embarked on this path looked condescendingly at the one I had chosen. Atomic physics was a bit of a dusty field, they told me. The laws of quantum mechanics obeyed by atoms had been well known for almost half a century; I was just double-checking the obvious. Recording atomic spectra with increasing accuracy was, in their view, more the job of an archivist than that of a true physicist. In moments of doubt, I sometimes wondered whether I was succumbing to my childhood mania for measuring things for the sake of accuracy and classification. In short, according to my classmates, I was wasting my time. They would have been right had the laser not opened up so many new possibilities. By trusting in the future of atomic physics, I saw—subconsciously, no doubt—that there were still great things to be discovered over the horizon, thanks to this light source and its fantastic properties.




Beginnings in research

In any case, I was captivated by the work I was doing for my master’s thesis, then for my PhD. I hadn’t lost the sense of wonder I derived from observing the signals atoms sent me through the devices I used to detect them. These experiments were much simpler than the ones today’s laser-juggling students must master: all I needed were one or two lamps, one or two cells containing the atoms, a photomultiplier, and a pen recorder or an oscilloscope. We were a far cry from the hundreds of mirrors, lenses, semi-reflecting beam splitters, and crystals through which laser beams must now pass on large optical tables before interacting with atoms.

I rounded out this elementary equipment with a cylindrical shield made of mu-metal, a nickel-iron alloy that cancels the Earth’s magnetic field and greatly reduces ambient magnetic noise. In this protected environment, I developed an optically pumped rubidium atom magneto-meter. I did this in collaboration with Jacques Dupont-Roc, another student of Claude’s. We detected very small changes in the magnetic field by measuring the variations they induced on the intensity of the light transmitted by the optically pumped cell. The spins of rubidium atoms, whose angular momentum is of electronic origin, have magnetic moments about a thousand times larger than the nuclear spins of the mercury I studied in my first experiments. This made these atoms much more sensitive to variations of the magnetic field.

This showed me for the first time the possible link between basic and applied research. We even registered a patent for this magnetometer. It hasn’t earned us any money, even though barely different versions of our device are now used in medicine and research to record magnetocardiograms and magnetoencephalograms measuring the tiny fluctuations in the magnetic field produced by heartbeats and neuronic brain currents.

In order to demonstrate the sensitivity of our magnetometer, we decided to use it to observe the precession of helium-3 nuclear spins. This was thus a double optical pumping experiment: on the helium-3, which had to be oriented first, and then on the rubidium of our magnetometer. The helium-3 nucleus is composed of two protons and one neutron, and has a spin-1/2 like mercury-199. This spin carries, in helium as in mercury, all the atomic magnetism. Orienting it requires a more complex procedure than the one described above, which I will not specify here. It was implemented by another student, Franck Laloë, who was working on a thesis with helium atoms at the time. Jacques, Franck, and I joined forces for this experiment.

Once the helium spins were oriented, they were subjected to a very small transverse magnetic field on the order of one ten-thousandth of the Earth’s field. They then began to rotate around the field at a rate of about one revolution in two and a half minutes. The cell of the rubidium magnetometer was placed in the vicinity of the helium cell. The precession of the helium nuclei produced a small rotating magnetic field whose periodic variations were detected a few centimeters away by the rubidium magnetometer. The modulation of the light transmitted by the cell of this magnetometer was recorded in the form of a slow sinusoid inscribed in red ink by a pen moving up and down on a long, slowly unwinding strip of millimeter-sized paper. The helium spins remained oriented for hours and I watched, hypnotized, for more than a day as hundreds of slow oscillations gradually damped. Behind the walls of mu-metal, the helium and rubidium atoms spoke to each other through tiny variations in the magnetic field whose amplitudes were on the order of a millionth of the Earth’s magnetic field. The information was transmitted from helium to rubidium, then from rubidium to light, and finally from light to the pen of the recorder.

There was a playful side to this experiment: once the spins were revolving like microscopic spinning tops, I could leave them to it. One day I quietly closed the door to the lab and left a note—DO NOT DISTURB, EXPERIMENT IN PROGRESS—and went to see a movie in the Latin Quarter with Claudine. I forgot my spins for two hours; when we came back, they were still spinning. I kept this long strip of paper in a drawer, as a record of the precession of the helium atoms: the only trace I’ve kept of this experiment. Today it would have been digitized directly and stored in the memory of a computer. There was no such equipment at the time, and I’m not sure the durability of this fragile signal would have been guaranteed any better by electronic memory than it was by the antiquated method of archiving on paper.
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Figure I.12. (a) Observation via rubidium magnetometer of the slow precession of helium-3 nuclei in a magnetic field of 2 microgauss (2 × 10-10 tesla). More than a hundred periods were recorded on this paper strip running at a speed of one centimeter per minute. The precession period was two and a half minutes. The signal faded slowly and remained visible after ten hours. (b) The same signal as it was presented in our paper, published in Physical Review Letters in 1969 (unable to show the entire signal, we focused the figure on two portions of the recording: at the beginning, and after three hours).






First trip to America and return to my first passion

The same year we did this experiment, Claude decided that Jacques and I were mature enough to present the results of our magnetometry work at a conference in Canada. We took the opportunity to extend our trip to the United States, visiting research laboratories where Brossel and Kastler had referred us to their colleagues and friends. Claudine and Jacques’s wife, Roselyne, came with us. It was my first trip to America, the first in a long series of transatlantic crossings that are today de rigueur for all researchers.

I still recall that first jet lag, which was difficult due to a particular circumstance. We had just arrived in Washington, D.C., where we had booked a large room with a color television (a novelty at the time) in order to witness an exceptional event. By pure coincidence, this was the day the first men were to land on the Moon. The historic moonwalk was expected to take place at 9 p.m. on July 21, 1969. I still had my passion for space exploration and did not want to miss this event at any cost. To ward off the sleepiness that threatened to overcome us that afternoon, we forced ourselves to visit the National Gallery of Art, the great painting museum in the American capital. The splendor of its collection and the museum fever it inspired only made us more exhausted. Back at the hotel, the four of us fell asleep at 7 p.m., missing the suspenseful leadup to the Apollo 11 landing. I woke up two hours later, just as the ghostly figure of Neil Armstrong set foot on the lunar surface and said the historic words: “That’s one small step for man, one giant leap for mankind.” I had quite a hard time waking Claudine and our friends and getting them to share my enthusiasm.

I relate this anecdote because it brings us back to the laser. Three days later, we arrived in Boulder, Colorado, where Brossel had advised us to go see his colleague Peter Bender at JILA, the Joint Institute for Laboratory Astrophysics. As its name implies, JILA was a renowned center for astrophysics, but was also—and still is—a center for cutting-edge research in atomic physics and optics. Our visit was unforgettable. Peter was responsible for the Apollo program’s lunar telemetry experiment. The night we had such difficulty keeping our eyes open, Armstrong and his colleague Buzz Aldrin had placed a reflector, a panel tiled with small reflective cube corners, on the Moon; Peter and his team in Boulder had directed a powerful pulsed laser beam of light to it through a telescope. The light reflected from the cube corners was sent back to the Earth. By detecting it and measuring the delay between the departure of each light pulse and its return, an interval of about 2.5 seconds, Peter and his colleagues were able to directly and accurately measure an astronomical distance for the first time in history. I will return later to the long and fascinating history that, since Galileo, has linked the question of light speed to astronomy.
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Figure I.13. The catadioptric laser reflector deposited by the Apollo 11 mission on the Moon. Peter Bender and his team had just detected the light of a laser reflected by this device when I visited them in July 1969 (© NASA).


This method of astronomical telemetry has been carried on and refined over the past fifty years using the same lunar reflector, along with two others deposited by the Apollo 14 and 15 missions, and has made it possible to determine the lunar orbit with extraordinary precision, measuring the Earth–Moon distance at any time to within a few millimeters. These observations confirm the predictions of Einstein’s theory of general relativity.

From the outset, this experiment was a brilliant demonstration of the power of the laser, opening new windows on the world in a concrete way. It was a moment of great joy and emotion to witness live, so to speak, such a crucial scientific event. That Peter Bender, despite the thrill of the discovery, was willing to spend an entire afternoon explaining to us the details of the experiment added to my excitement. If he considered me worthy of hearing his explanations and sharing his enthusiasm, I had truly become a researcher.




“Blue sky” research

Half a century has passed since then, and I’ve never stopped marveling at the complex beauty of nature with the same sense of exhilaration and profound joy. Each time I have observed something new, I have seen the world as something rich and strange, to borrow Purcell’s beautiful words. Juggling atoms and photons with instruments that technology has continued to refine, I have also enjoyed myself tremendously, as a new experiment is always a fun challenge one sets for oneself.

I have been fortunate to be able to create and lead a research group of students and colleagues who share the same passion. The feeling of belonging to a community of scientists, driven across borders and cultures by the same curiosity to explore nature, has not left me. From generation to generation, this community connects us to all those who have come before us for centuries, paving the path of knowledge that we continue to travel. A scientist’s privilege is not only to contribute to this gathering of knowledge, but also to witness the discoveries made by his colleagues around the world, and to be able to understand them and appreciate their beauty.

My work has always been motivated by pure curiosity. It has always been an attempt to answer a fundamental question: “How will an atom and a photon behave if I put them in this or that situation?” And also: “How could I observe this with minimal disturbance to the system?” True, sometimes the potential practical application of a result can be naturally envisioned: for example, the optically pumped magnetometer. But I myself have never pursued the line from an idea to the production of an instrument, let alone to its market launch. That requires other qualities and other skills.

The same is true of the fundamental research my team has done on the manipulation of individual quantum systems, which was recognized by the Nobel Prize in Physics. We did not undertake this research in order to build a quantum computer, despite what many journalists seem to believe. In fact, we were initially unaware of the theoretical quantum computing algorithms that mathematicians and computer scientists began developing in the 1980s. We were simply curious to know whether, by manipulating atoms and photons protected from their environment, we could bring to light the strange quantum logic that allows an atom or an electromagnetic field to be in many places at once, or to occupy several energy states simultaneously. And we wanted to explore all the implications of this logic.

The English have a name for this “free” fundamental research, free in the sense that it seeks not economic profit but only a better understanding of the world: blue sky research. I like this name because it calls to mind the sky, as well as astronomy and astrophysics, my first passion in physics. Aren’t these sciences of the universe by nature “useless,” since they’re not linked to any direct application? Knowing why the sky is blue, or why it turns red at sunrise and sunset, is apparently useless except to satisfy our curiosity. And yet, by elucidating the light-scattering properties of gas molecules in the atmosphere, we have discovered phenomena that are now exploited by many optical instruments. So it will probably be one day for our experiments on atoms and photons, whether they lead to a quantum computer or to something else.

When I lecture about my research, after the question about why I became a physicist and what led me to my field of study, I can rarely escape another question that seems to follow inevitably: What is the purpose of your work? We can generalize this question by asking why we do fundamental research. Why blue sky science? This book is my attempt to answer.
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