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				Introduction

				A Mind Forever Voyaging

				For my 13th birthday my parents took me around Dove Cottage, former home of the English poet William Wordsworth. I remember only one thing from that visit—an underground stream that kept one of the rooms cool, making it ideal storage for food. There in Wordsworth’s house was a little bit of science waiting to be discovered.

				Unfortunately, finding great scientific places to visit isn’t as easy as finding the homes of long-dead poets, painters, or writers. Call any tourist office around the world and ask about scientific, mathematical, or technological attractions, and you’ll be greeted with either a long silence or a short list of the obvious famous science museums. This is a pity, because if there’s one thing that makes science stand apart, it’s the willingness of scientists to freely share what they do. And the world is full of wonderful sites, museums, and seemingly random places that make the geek heart pound a little harder. Many of them are even free of charge.

				This book’s 128 places is a personal list of sites to visit where science, mathematics, or technology happened or is happening. You won’t find tedious little third-rate museums, or plaques stuck to the wall stating that “Professor X slept here” among the selections. Every place has real scientific, mathematical, or technological interest.

				Not all of the places feature man-made inventions or discoveries. There are also natural phenomena such as the moving Magnetic North Pole (Chapter 128) and the Aurora Borealis (Chapter 81). And there are a few graves of famous scientists, but rest assured that those graves have equations on them.

				Each place has its own chapter, and each chapter is split into three parts: a general introduction to the place with an emphasis on its scientific, mathematical, or technological significance; a related technical subject covered in more detail; and practical visiting information. The book can be used as a true travel guide (and I hope you have the opportunity to visit some of the places), but it is also for the armchair traveler, whom I hope is inspired to put the book down and learn more about the science, mathematics, and technology covered.

				In the technical descriptions, I’ve tried to simplify the science without dumbing it down to the point of using analogies and metaphors instead of actually describing the ideas. So as you flip through the book, you’ll see the sorts of pictures you’d find in a travel guide, but also a lot of diagrams and equations. (Any reader who doesn’t want to deal with the equations can safely read the first part of each chapter.)

				There’s also quite a bit of abstract mathematics covering topics like set theory, transfinite numbers, Fermat’s Last Theorem, prime numbers, group theory, and more. To non-mathematicians these topics may be off-putting, but I suggest you stick with them. I promise that when you understand Cantor’s diagonalization argument (page 180) showing the existence of different magnitudes of infinity, a whole world of pure mathematical beauty will be revealed. (Yes, I admit it—I’m a mathematics nerd.)

				One thing that I’ve been asked by reviewers again and again is to recommend one single must-see place. Picking one place is next to impossible—there’s just so much great science out there—but I will admit to shedding a tear every time I see the Difference Engine at the Science Museum in London (Chapter 77). It’s mathematics in motion and arithmetic in action.

				A disappointing trend with science museums today is a tendency to emphasize the “Wow!” factor without really explaining the underlying science. If it appears that I’ve overlooked your favorite museum, ask yourself whether it has any of the following annoying attributes: a short name ending with an exclamation mark, a logo featuring pastel colors or a cuddly cartoon mascot, or an IMAX theater. Believe me, there’s more real “Wow!” in understanding Foucault’s measurement of the speed of light (page 60) than in any movie, no matter how big it is.

				A number of places do not appear in this book because tours have ended or been severely curtailed on account of “security concerns.” This applies almost exclusively to the United States, where some interesting places for scientific tourism are now considered too sensitive for the general public. Other places have restricted access to U.S. citizens only (which is ironic, given the contribution of non-Americans to U.S. scientific research); some of these have been included in the hope that citizenship restrictions will be lifted in the coming years.

				If your favorite scientist is missing, it may simply be because there’s no single place that sums up his or her work. For example, I was hoping to include rocketry pioneer Robert Goddard, but none of the possible places is really suitable—the Goddard Rocket Launching Site in Massachusetts is just a historic marker in the middle of a golf course; the Goddard Space Flight Center in Maryland is great, but there are only so many NASA sites this book could hold; and the Roswell Museum in New Mexico bills itself more as an art museum than anything else. Nevertheless, of the three, the Roswell Museum is the best—it does, after all, have most of Goddard’s equipment on display.

				Other places almost made the cut, but weren’t quite up to scratch. I wanted to include the Florence Nightingale Museum in London, because Nightingale’s contribution to using graphics to illustrate quantitative information is largely overlooked. She was the first woman to become a member of the Royal Statistical Society, and her diagrams of the causes of death at a military field hospital are on display at the museum. Unfortunately, the display is a poor reproduction that provides no real information about what the visitor is seeing or about Nightingale’s contribution to the use of graphics (including pie charts).

				If you’re still asking yourself why your favorite place isn’t covered, please visit the book’s accompanying website and tell me about it. I’m probably not aware of it and would love to go and visit. Who knows, there might be enough good ideas for a second edition!

				
						jgc 

				

				May 2009

				P.S. As it turns out, I probably should have paid more attention at Dove Cottage. Years later I discovered that Wordsworth was an admirer of Newton, and wrote the following lines inspired by Newton’s statue at Trinity College, Cambridge:

				The antechapel where the statue stood

				Of Newton with his prism and silent face,

				The marble index of a Mind for ever

				Voyaging through strange seas of Thought, alone.

			

			
			

			
				Conventions Used in This Book

				Throughout this book I’ve used metric units. Since the book covers a mixture of countries, such as the U.S., which uses its own mixture of Imperial and customary units; France, which uses metric; and the U.K., which uses a hodgepodge of Imperial and metric, I decided to take the scientific option and go metric. This also avoids problems like the difference in volume between a U.S. gallon and an Imperial gallon.

				Metric units may feel a little peculiar to American readers since I speak about distance between places in the U.S. in kilometers. To make up for that, despite being British, I use U.S. spelling throughout.

				For place names, I’ve opted for the format Place Name, Nearest Village/City/Town, Country for everywhere but the U.S. Within the U.S., the format is Place Name, Nearest City/Town, State. I use two-letter U.S. state abbreviations. Non-American readers who are unsure which of MI, MO, and MS is Missouri can check in with the U.S. Postal Service at http://www.usps.com/ncsc/lookups/usps_abbreviations.html.

				Each place in the book has a Practical Information section that typically gives the address of the associated website if there is one, and directions if not. In addition, every place has its latitude and longitude listed, ready for use with a GPS navigation device or an online mapping service.

				A quick visual reference at the start of each chapter gives some basic practical information; the following four icons are used:

				[image: icon_free.pdf] Entry to this place is free.

				[image: icon_food.pdf] Refreshments are available on site.

				[image: icon_kids.pdf] This place is suitable for children.

				[image: icon_indoors.pdf] This place can be visited in any kind of weather.

				But please remember that things change. A previously free attraction may start charging a fee, a restaurant may close, or access to the site may be restricted. Check with the place before visiting; if things have changed, please let me know so that future editions of this book can be updated.

			

			
				We’d Like to Hear from You

				We have verified the information in this book to the best of our ability, but you may find that features have changed or that we may have made a mistake or two (shocking and hard to believe). Please let us know about any errors you find, as well as your suggestions for future editions by writing to:

				O’Reilly Media, Inc.

				1005 Gravenstein Highway North

				Sebastopol, CA 95472

				800-998-9938 (in the United States or Canada)

				707-829-0515 (international or local)

				707-829-0104 (fax)

				We have a web page for this book where we list examples and any plans for future editions. You can access this information at: 

				http://www.oreilly.com/catalog/9780596523206

				You can also send messages electronically. To be put on the mailing list or request a catalog, send an email to:

				info@oreilly.com 

				To comment on the book, send an email to:

				bookquestions@oreilly.com

				For more information about our books, conferences, Resource Centers, and the O’Reilly Network, see our website at:

				http://www.oreilly.com

				Safari® Books Online

				[image: Safari_Logo_BW.eps]When you see a Safari® Books Online icon on the cover of your favorite technology book, that means the book is available online through the O’Reilly Network Safari Bookshelf.

				Safari offers a solution that’s better than e-books. It’s a virtual library that lets you easily search thousands of top tech books, cut and paste code samples, download chapters, and find quick answers when you need the most accurate, current information. Try it for free at http://my.safaribooksonline.com.
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          The Dish
        

        
          If you find yourself in the land down under (or just happen to be lucky enough to live there), then there’s one landmark that shouldn’t be missed, because it’s the star of a movie that is all about science. The film is 
          The Dish
          , and its star is the Parkes Radio Telescope (Figure 1-1).
        

        
          [image: gatl_001_1.pdf]
        

        
        Figure 1-1. The Dish; courtesy of Alex Cheal (alexcheal) 

        
          Halfway between Melbourne and Brisbane, and 20 kilometers north of the small town of Parkes, stands the gracefully curved dish that since 1961 has been listening to the southern sky for radio transmissions.
        

        
          It was the Parkes Radio Telescope’s role in picking up transmissions from the Apollo 11 moon landing that made it a movie star. When Neil Armstrong and Buzz Aldrin landed on the moon on July 20, 1969, their transmission of telemetry and television pictures was initially sent to the Goldstone Observatory in the Mojave Desert in California. But problems developed, and NASA switched to getting the signals from the Honeysuckle Creek receiver near Canberra in Australia. Shortly thereafter, they switched to Parkes and found the signal so good that they stuck with the Dish for the rest of the transmission.
        

        
          The Dish has been involved in a number of other space missions, including Voyager 2 (when it passed close to Uranus and Neptune and returned images of the planets); the Giotto probe that flew close to Halley’s Comet in 1986; and the Galileo probe, which photographed Jupiter in 1997.
        

        
          The Dish has a small visitor center and two small cinemas showing films explaining radio astronomy and the solar system. While the visitor center is free, there’s a small fee for the cinemas. Since the Dish is located far from civilization, there’s a café serving drinks and meals, and also free picnic facilities and barbeque equipment.
        

        
          Unfortunately for visitors, the Dish itself is in constant use and is not open for tours. But the observatory occasionally hosts open days when the general public can climb up into the Dish’s rotating mounting, and afterward attend a talk by one of the telescope’s scientists. In the past, the open days have been rounded out by a screening of 
          The Dish
           under the starlit sky.
        

        
          As you approach the Dish, switch off anything with a radio in it (such as a mobile phone)—the Dish is listening for very faint radio signals from across the cosmos, so it doesn’t need to listen to you nattering away. Since Parkes is a bit remote, consider making the trip to coincide with a major local event: the Parkes Elvis Festival (held annually in the second week of January) is not to be missed.
        

        
          But the 64-meter-wide Dish’s main job is radio astronomy, with a special emphasis on pulsars (see sidebar). Over the years, the Dish has been upgraded to make it more and more sensitive to the incredibly faint signals that reach the Earth’s surface.
        

        
          Practical Information
        

        
          Information about the Parkes Radio Telescope and other Australian observatories is available from 
          
            http://outreach.atnf.csiro.au/
          
          .
        

      

      
        
          Pulsars
(The Original Little Green Men)
        

        
          In July 1967, a team at Cambridge University was working on a radio telescope to listen to signals from quasars (radio sources coming from somewhere in the sky). But they discovered something strange—a pulsating radio signal from the heavens that lasted 40 milliseconds and repeated regularly every 1.337 seconds. At first they thought it must be noise from some earthly source, but quickly realized it was not and named the source LGM-1 (Little Green Men-1).
        

        
          What they had discovered was a pulsar (or pulsating star), but having never heard a radio source of such regularity coming from the sky, they speculated that it might be a message from a distant civilization, or a navigational beacon for some unknown beings traveling the universe.
        

        
          Today, LGM-1 is known as the pulsar CP1919, and is one of more than 1,000 known pulsars. And pulsars have been discovered that emit more than just radio waves—they also eject regular bursts of X-rays and gamma rays.
        

        
          Pulsars are created by rapidly rotating neutron stars. A neutron star is created when a star undergoes a supernova, running out of energy and suddenly collapsing in on itself because of its own gravity. This results in an incredibly dense and compact corpse of a star: a neutron star.
        

        
          Neutron stars are typically less than 20 kilometers across (the distance from the town of Parkes to the telescope), but contain more mass than the Sun. The interior of a neutron star is made up of neutrons, because the incredible pressure in the star has forced protons and electrons together, eliminating any charge. Deep inside the neutron star, the pressure is so great that there’s probably a soup of even more fundamental particles such as quarks.
        

        
          Neutron stars are prevented from completely collapsing by the Pauli Exclusion Principle, which says that no two neutrons (in fact, no two identical fermions: see page 118) can occupy the same place at the same time.
        

        
          It is believed that as the neutron star rotates, its magnetic field interacts with charged particles, leaving its surface to generate electromagnetic radiation. The radiation may be in the radio spectrum or in the form of gamma or X-rays. It leaves the star in a continuous beam emanating from the star’s magnetic north and south poles. This is illustrated in Figure 1-2.
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        Figure 1-2. A pulsar with its magnetic field and beams of radiation

        
          Since the star’s rotational poles and magnetic poles are offset, the beam isn’t continuously pointed at the Earth, and only sweeps the Earth (appearing to us as a pulse) once per rotation.
        

        
          In truth, much about pulsars is still not understood, even after 40 years of listening to them. Perhaps the Cambridge University team’s LGM-1 designation was correct after all, and Parkes has been missing extraterrestrial “g’days” since it opened in1961.
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          Zentralfriedhof, Vienna, Austria
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          A Scientist Among the Composers
        

        
          If you need an excuse to visit the beautiful Austrian capital, then use the Zentralfriedhof (Central Cemetery) as your reason. Although the cemetery may not be one of the most famous attractions in Austria, it is the final resting place of many celebrated Austrians (and others), including Beethoven, Brahms, Schubert, four Strausses, and a host of other artists and politicians. But the grave that’s waiting for scientific visitors is the one with a fundamental equation of thermodynamics written upon it.
        

        
          That grave belongs to Ludwig Boltzmann, the Austrian physicist who created statistical mechanics (which helps to explain how the fundamental properties of atoms, such as mass or charge, determine the properties of matter) and showed that the laws of mechanics at an atomic level could explain the second law of thermodynamics (roughly that heat cannot flow from a cool body to a hotter body) via Boltzmann’s Equation (see Equation 2-1).
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        Equation 2-1. Boltzmann’s Equation

        
          Boltzmann lived during the 19th century (he died just after the turn of the 20th) and firmly believed that matter was composed of atoms and molecules. Despite the fact that Dalton (see Chapter 55) had described atomic weights in 1808, there was still debate about the existence of atoms. But Boltzmann used what others considered to be an unproven theory to apply, to great effect, probability theory to the physical world through statistical mechanics.
        

        
          Along with James Clerk Maxwell (see Chapter 35) and Josiah Willard Gibbs, Boltzmann was one of the most important physicists of the 19th century. His grave (Figure 2-1) is a testament to his importance, with his famous equation cut into the stone and featuring an imposing bust of the scientist. He is buried alongside members of his family.
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        Figure 2-1. Boltzmann’s grave; courtesy of Martin Röll (martinroell)

        
          The cemetery itself is enormous—2.4 square kilometers in size with around three million people buried there, making it one of the largest cemeteries in Europe. One area contains the tombs of notables, of which Boltzmann is the only scientist.
        

        
          While you are in Vienna, there’s also a small museum in Freud’s former home that is worth a visit.
        

        
          Practical Information
        

        
          The number 71 tram has multiple stops at the Zentralfriedhof. Boltzmann’s grave is in section 14C of the cemetery, which is closest to the Zentralfriedhof Tor 2 stop.
        

      

      
        
          Statistical Mechanics and Entropy
        

        
          The relationship between the macrostates (such as volume, temperature, and pressure) and the microstates (the location, mass, and velocity of individual atoms) of a material is fundamental to statistical mechanics, and Boltzmann laid its foundations. The macrostates are easily measured; the microstates are not.
        

        
          Externally, a bottle full of air might be described by a small number of macrostates—its exact volume, temperature, and pressure could be measured, for example. But inside the air, the molecules are moving around and bumping into each other, and for any fixed macrostates the microstates are constantly changing. Nevertheless, there’s a relationship between the micro and macro.
        

        
          Boltzmann’s entropy can be thought of as a measure of the degree of chaos inside the bottle, or a measure of the number of different ways the molecules of air can arrange themselves to achieve the same volume, pressure, and temperature.
        

        
          Imagine a pack of 52 playing cards dropped on the floor. You can think of them as having one macrostate: the number of playing cards that are face up. That macrostate, like volume, temperature, and pressure, can be easily measured. But for any specific number of face-up cards, there are many different combinations of individual face-up cards: that is, for any macrostate there are many possible microstates (each card has its own microstate specifying whether it is up or down).
        

        
          If all the cards are face up, then there’s little chaos: each card’s microstate is known. The same applies if all are face down. The most chaos occurs at the midpoint of these two extremes: when 26 cards are face up and 26 cards are face down. Then there are 495,918,532,948,104 possible microstates.
        

        
          Boltzmann’s famous equation (as interpreted by Max Planck) uses the number of possible microstates, W, for any given set of macrostates. The constant k is known as Boltzmann’s constant. The resulting value, S, the entropy, is actually a macrostate just like volume, temperature, or pressure and can be calculated for an ideal gas (for more on ideal gases, see page 211).
        

        
          For any given volume, temperature, and pressure, the entropy, S, is a measure of how uncertain we are about the internal state of the gas.
        

        
          Boltzmann’s equation is engraved on his tomb because it is the fundamental link between the microscopic world of moving, colliding atoms and the macroscopic world of temperatures, pressures, and volumes.
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				Atomium, Brussels, Belgium
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				An Iron Crystal

				The Atomium building in Brussels was built for the International Exhibition in 1958. It represents the crystal structure of iron (actually just one of the allotropes of iron; see sidebar) and is constructed from steel with an aluminum skin. Like the Eiffel Tower before it, the Atomium was intended to be a temporary structure, but survived because of its popularity.

				The Atomium consists of 9 spheres representing iron atoms, connected by 20 tubes representing the bonds between the iron atoms, forming a cube with iron atoms at the vertexes and a single iron atom at the center. The cube structure sits balanced on one vertex for aesthetic reasons, and is supported by extra pillars connected to spheres near the ground. The entire structure is over 100 meters tall.

				Between 2004 and 2006, the Atomium was extensively renovated. The corroded aluminum was removed and replaced with stainless steel (which is made from a different allotrope of iron than the allotrope represented by the Atomium itself).

				There’s a lot going on inside the Atomium. In the sphere at the base, there’s an exhibition covering the 1950s and the International Exhibition of 1958. One of the other spheres contains an exhibition space that houses temporary exhibits. The topmost sphere offers a restaurant and a panoramic view over Brussels. There’s even a sphere used exclusively by school trips—the children get to sleep inside.

				If you’re wondering why there’s no photograph of the Atomium here to show you just how cool it is, it’s because you can’t photograph it and publish the picture. Through Belgian copyright law, the Atomium insists that it owns the copyright of photographs even if they’re taken by a third party, and that a large fee must be paid for any reproduction. Happily, we have the Web. To see this incredible structure, do a Google Image search for “Atomium”.

				Although the interior of the Atomium is interesting, there’s no real science to be found there, so you can easily avoid the entrance fee and view the structure from the outside. After all, copyright law doesn’t apply to images on the retina.

				Practical Information

				Information about the Atomium and details on how to visit it are available at http://www.atomium.be/ (click “EN” for English).

			

			
				Iron Allotropes

				The iron crystal represented by the Atomium is actually just one of three possible structures (or allotropes) of iron: alpha, beta, and delta. Allotropy (forming different structures from a single element) is not limited to iron; other elements (such as carbon and oxygen) also have allotropes.

				When molten iron starts to cool down, it first forms the delta allotrope, which has an iron atom at each vertex of a cube and a single iron atom in the middle of the cube. Each atom connects to four other atoms (their adjacent neighbors along the sides of the cube and the central atom). This structure is called a body-centered cubic, and is the structure represented by the Atomium (see Figure 3-1).

				[image: gatl_003_1.pdf]

				Figure 3-1. Body-centered cubic

				The Delta Allotrope of Iron

				As iron cools further (below 1394°C), it then forms the gamma allotrope, which has a different structure. Gamma iron is a face-centered cubic (see Figure 3-2); it has a cubic structure with atoms at the vertexes, but also a single atom in the center of each of the cube’s faces. Gamma iron is used in the production of stainless steel, where it is alloyed with chromium. (The chromium forms an invisible oxide layer on the outside of the stainless steel, which protects it from corrosion.)

				[image: gatl_003_2.pdf]

				Figure 3-2. Face-centered cubic

				When below 912°C, iron forms its final allotrope, the alpha form. This has the same structure as the delta allotrope, but with the important property that once it falls below 770°C it becomes ferromagnetic (770°C is the so-called Curie point, above which a ferromagnetic material loses its magnetism). The alpha allotrope is used in cast iron and steel making.

				Carbon Allotropes

				Probably the most interesting allotropes are those made from carbon. Carbon has many different allotropes including diamonds, graphite, and carbon nanotubes.

				Diamonds form a complex structure that consists of tetrahedrons of four carbon atoms joined together to fit inside a cube. This structure is known as a diamond cubic (see Figure 3-3).

				[image: gatl_003_3.pdf]

				Figure 3-3. Diamond structure

				If you don’t have diamonds at home, you’ve probably got another carbon allotrope: graphite, which is found in pencil leads. Graphite is almost the polar opposite of diamonds—it’s soft, black, and opaque. The carbon in graphite consists of hexagonal units that link together into flat sheets (Figure 3-4). The sheets lie on top of each other and in the presence of air they can slip around, making graphite a useful lubricant.

				[image: gatl_003_4.pdf]

				Figure 3-4. Graphite structure

				Yet another allotrope of carbon forms tubes (known as nanotubes). A nanotube consists of a sheet of carbon atoms in the hexagonal structure seen in graphite, but that has been rolled up to form a tube (Figure 3-5). 

				[image: gatl_003_5.pdf]

				Figure 3-5. Carbon nanotube

				Nanotubes are extremely strong and stiff, are very good conductors of heat, and can form either semiconductors or good conductors. But they are a relatively recent discovery, and have only lately become available commercially. They are likely to be as important to the 21st century as iron was to the 19th.
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				Baddeck, 
Nova Scotia, Canada
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				Alexander Graham Bell’s Summer Home

				Following in the footsteps of Alexander Graham Bell isn’t easy: he moved frequently and worked on a wide variety of inventions. He was born in 1847 at 16 South Charlotte Street in Edinburgh, Scotland, and was home-schooled there until high school. He moved to England as a young man and helped his father teach deaf people to speak. He emigrated to Canada with his family in 1870. He spent years in the United States, mostly in the Boston area, and became a U.S. citizen; his parents remained in Canada in Brantford, Ontario, and Bell visited frequently and had a workshop there.

				But the best place to understand Bell’s life and work is in Nova Scotia, where Bell lived from 1889 until his death in 1922.

				Bell is known, of course, for the invention of the telephone, but he started out trying to invent a method of sending multiple telegraph signals down the same wire. He worked on his harmonic telegraph, which would send multiple signals—each having its own pitch—down the same wire at the same time, while continuing to teach deaf students in Boston.

				In secret, because he feared that people would steal his ideas, Bell and his assistant, Thomas Watson, were also working on sending speech by wire. On March 10, 1876, Bell drew a diagram of a working telephone in his notebook (Figure 4-1).

				Part of the text reads:

				Mr Watson was stationed in one room with the Receiving Instrument. He pressed one ear closely against S and closed his other ear with his hand. The Transmitting Instrument was placed in another room and the doors of both rooms were closed.

				I then shouted into M the following sentence: “Mr Watson—Come here—I want to see you.” To my delight he came and declared that he had heard and understood what I said.

				[image: gatl_004_1.pdf]

				Figure 4-1. Bell’s telephone: March 10, 1876

				They changed places, with Watson shouting into the microphone. Bell’s notes continue:

				and finally the sentence “Mr Bell. Do you understand what I say? DO-YOU-UNDERSTAND-WHAT-I-SAY” came quite clearly and intelligibly.

				Bell quickly patented the telephone and established the Bell Telephone Company. With money from his invention, Bell was able to continue researching other ideas. He married and built a large house on Cape Breton Island. The house, near the village of Baddeck, is still owned by the Bell family.

				The nearby Alexander Graham Bell National Historic Site features a museum of Bell’s life and work that showcases his teaching of the deaf, his invention of the telephone, and, among his many interests, his fascination with hydrofoils. In 1919, his HD-4 hydrofoil achieved the world-record speed of almost 71 mph rising above the water. A reconstruction of the HD-4 is on display at the museum.

				Bell also helped run the Aerial Experiment Association from Baddeck. The AEA was founded in 1907 with the help of engine expert Glenn Curtiss (see Chapter 112 for information on the Glenn H. Curtiss Museum). One of the AEA’s aircraft, the June Bug, won the first aeronautic prize for a 1-kilometer flight.

				Practical Information

				Parks Canada has information about visiting the Alexander Graham Bell National Historic Site at http://www.pc.gc.ca/lhn-nhs/ns/grahambell/index_e.asp.

			

			
				The Photophone

				Bell didn’t consider the telephone to be his greatest invention. He reserved that honor for the photophone, a telephone that used light to transmit the voice (Bell’s drawing of the device is shown in Figure 4-2). The photophone’s design presages the use of light (in the form of lasers and fiber optic cables) for telephone communication, and the use of parabolic reflectors as receivers (see Chapter 48).

				[image: gatl_004_2.pdf]

				Figure 4-2. The photophone

				Bell had established the Volta Laboratory (which would later become the famous Bell Labs) in Washington, DC. There, on June 3, 1880, Bell transmitted voice across the street using his photophone. He was so sure that the photophone was his greatest invention that he even deposited an example of the device sealed in tin boxes at the Smithsonian Institution to ensure that he would be recognized as its inventor. The boxes were finally opened in 1937.

				The photophone worked by focusing sunlight onto a mirror. The mirror vibrated with the speaker’s voice and reflected light onto a parabolic mirror at the receiver. Positioned at the focus of the parabolic mirror was a selenium cell. Selenium’s resistance changes with the amount of light falling on it, so Bell used the changing resistance to reproduce the sound transmitted by the light.
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				Ten Years of Observing Peas

				In 1865, an Austrian monk living in Brno in what is now the Czech Republic wrote and then published a paper that is now recognized as the foundation of modern genetics. In his paper, Experiments in Plant Hybridization, Gregor Mendel summarized the result of over a decade of experimentation with 30,000 Pisum sativum plants (otherwise known as the humble garden pea).

				Mendel described how seven key traits were passed from generation to generation of plants. He carefully observed seed shape and color, flower color, pod shape and color, and size and shape of the plant’s stem.

				Through careful experimentation of cross-breeding different strains of peas, he discovered that some traits appeared to be dominant and others were recessive. He posited that each pea plant contained two copies of each trait, and that certain forms of an individual trait could overpower (or dominate) others. He showed that violet-colored flowers dominated white-colored flowers, for example, and went on to identify the dominant forms of each of the seven traits studied. Only if both copies of the trait were the recessive version would that version actually be expressed (resulting in, say, a white flower).

				This led him to develop two laws of inheritance (see sidebar), which have stood the test of time. With our modern knowledge of chromosomes and DNA, the mechanism underlying Mendelian inheritance is now understood. But Mendel knew none of that; he simply theorized from the data he had in front of him. The key to Mendel’s success was that he carefully documented what he saw, and made sure to begin with plants that produced exactly one of the traits he was observing (for example, plants that only had offspring of the same flower color) so that he knew he was starting from a pure, known point.

				At the same time that Darwin (see Chapter 6) was describing the process of evolution, Mendel was unlocking the mechanism that made evolution work.

				Today, the Mendel Museum of Genetics can be found at the Abbey of St. Thomas, the Augustinian monastery where Mendel lived and worked. The museum covers everything from Mendel’s experiments through the unravelling of the secrets of DNA to the present day. On the floor leading to the museum is a trail of DNA letters.

				Outside there are the foundations of the greenhouses that Mendel used, and a restored garden filled with pea plants illustrating the fact that violet is the dominant flower color. There’s also a collection of beehives; Mendel was busy with many other projects: he kept bees, recorded weather patterns, studied mathematics, and taught at a local school. Eventually he became Abbott of the monastery.

				The monastery is in picturesque Old Brno, close to the city center; it’s possible to visit it and the rest of the city in a day. Vienna, Prague, and Bratislava are all a two-hour drive away.

				If you are staying in Brno (or elsewhere), then it’s essential to sample Czech beer. Close to the monastery is the Starobrno brewery, which has been making beer since Mendel’s time. Don’t drink too much, though: the museum holds regular lectures on genetics by scholars from around the world (check their website for a calendar), and you’ll need to have a clear head to be able to follow along.

				Practical Information

				Visitor information about the Mendel Museum is available in English at http://www.mendelmuseum.muni.cz/en/. Information is provided in English throughout the museum, and guided tours in English are also possible.

			

			
				Mendel’s Laws

				Mendel’s two laws are known as the Law of Segregation and the Law of Independent Assortment, and between them they describe the rules of inheritance.

				Mendel’s Law of Segregation says that in passing traits down to offspring, only one gene from each parent is selected (we now know that this happens because only one half of each parent’s DNA is used in creating the child). The Law of Independent Assortment says that traits are passed down independently (for example, there is no connection between flower color and the shape of seeds).

				Mendel proposed that each trait in the pea plant (such as flower color) was actually dictated by two characteristic units (which he called factors). Today, these factors are called genes. By experimentation, Mendel discovered that some genes are dominant and some recessive. In pea plants, the gene for violet flowers is dominant and the gene for white flowers is recessive.

				Labeling the violet gene as V and the white gene as w, a pea plant could contain any combination of the two (VV, Vw, wV, or ww), but if one of them was V the flowers would appear violet. (The combination of genes is called the genotype, and the physical expression of the genes is called the phenotype.) Because the V gene is dominant, only plants with the ww genotype would have a white-flower phenotype.

				In his experiments, Mendel started out with two groups of pea plants that produced homogeneous children for a specific trait (such as all white-flowered children, or all violet-flowered children). This ensured that both genes for that trait were identical in the parent plants. That is, his white-flowered plants had the ww genotype, and the violet-flowered plants had the VV genotype.

				He then cross-bred these two groups. In observing two generations of plants (depicted in Figure 5-1) from these pure parents, he noticed a ratio of 1:3 (for every white-flowered child, there were three violet-flowered children), and from his knowledge of combinatorics he was able to deduce the dominant/recessive split.

				[image: gatl_005_1.pdf]

				Figure 5-1. Inheritance of flower color

				He also mixed traits to see if any were connected, and he was also able to determine the lack of connections simply by looking at the ratios. He did all this based on his own observations, without any knowledge of the underlying mechanism. Yet, he was correct (at least for the types of traits he observed).

				Traits that follow Mendel’s Laws are now known as Mendelian traits, and the process described above is Mendelian inheritance. In humans, things like blood type, the type of earwax you produce, and whether you have a cleft chin are all traits that follow Mendel’s Laws.

				Some traits don’t have a single gene controlling them—the individual genes follow Mendel’s Laws, but the expressions of them don’t. In humans, eye color is determined by at least two genes (one controlling brown versus blue, the other green versus hazel).
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				Galápagos Islands, Ecuador
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				The Second Voyage of the Beagle

				The Galápagos Islands are an archipelago of volcanic islands about 1,000 kilometers off the coast of Ecuador in the Pacific Ocean. They were visited in 1835 by the British survey ship HMS Beagle, which sailed from 1831 to 1836 around South America and on to Australia before returning to Britain, gathering information along the way about safe landing places and navigable rivers. The most famous passenger aboard was the 22-year-old Charles Darwin.

				Darwin spent most of the voyage ashore, surveying the geology of the land and collecting specimens of local fauna, flora, and fossils. As the voyage progressed, he kept a journal, and copies of the journal and his specimens were sent back to Britain. By the time Darwin returned home, he was a minor scientific celebrity.

				Unbeknownst to his shipmates, the ideas that would become his famous theory were forming in Darwin’s mind during the voyage. A year after his return, Darwin sketched his “tree of life” diagram in a notebook, and went on to work out the theory of natural selection.

				On the voyage, Darwin spent over a month surveying the Galápagos Islands. Because the islands were far from the nearest land, and because there were so many of them, they made an ideal location for observing different varieties of the same species. Darwin noted that tortoises, mockingbirds, and finches were present on different islands, but differed from island to island.

				The finches were a key clue to the theory of natural selection, although Darwin thought that the birds he had collected on different islands were unrelated. It was only upon his return to London that it became clear that these were 12 species of finch dissimilar from any other finches in the world. He reasoned that the finches had evolved specific beak sizes and shapes because of different sources of food on the various islands, writing:

				Seeing this gradation and diversity of structure in one small, intimately related group of birds, one might really fancy that from an original paucity of birds in this archipelago, one species had been taken and modified for different ends.

				Today, almost all of the Galápagos Islands are a national park, and the surrounding sea is a marine sanctuary.

				By far the best way to see the islands is to book a boat tour that hops from island to island (especially important to get a feel for the different habitats that helped create the different species) and has sleeping accommodations on board. There are hotels on the islands, but staying in one defeats the purpose of the visit—it’s essential to get out and about to see what Darwin saw. The islands are also a great place for diving and snorkeling.

				The largest settlement on the islands is on Isla Santa Cruz; here you can visit the Charles Darwin Research Station, where many of the islands’ species of tortoise are looked after and studied. One tortoise, nicknamed Lonesome George (see Figure 6-2), is thought to be up to 90 years old. Unfortunately, he is the last known Pinta giant tortoise (he weighs 88 kilograms and is a meter across) and has failed to mate with younger females of similar species. Also on Isla Santa Cruz is the El Chato Tortoise Reserve, where it’s possible to see many giant tortoises in one place.

				[image: gatl_006_2.pdf]

				Figure 6-1. Lonesome George; courtesy Oliver Lee (o spot)

				Any Galápagos tour should include a visit to Isla Fernandina for its colony of marine iguanas, Isla Bartolomé for its barren landscape and the hike up the now-dormant volcano, and Isla Espanola for the variety of wildlife (including a large colony of sea lions).

				Practical Information

				General information about the Galápagos National Park is available from http://www.galapagospark.org/. Many tour operators offer tours around the islands. Ecoventura (http://www.ecoventura.com/) offers carbon-neutral, English-speaking tours that last seven nights and include all the major sights and snorkeling.

				Information about the Charles Darwin Research Station can be found at http://www.darwinfoundation.org/.

			

			
				Artificial Speciation

				Geographic isolation is one of the major ways in which a single species can split into two. If a species, such as Darwin’s finches, becomes separated into two groups isolated by some geographical feature (such as mountains or oceans), it’s possible for allopatric speciation to occur—the two groups evolve in different ways in accordance with their environment.

				Going beyond the evidence of existing species, experiments have been performed to test the theory of allopatric speciation, deliberately splitting a population in two and exposing the two groups to different environments. After a number of generations, the evolution of the two groups has often diverged enough that they are no longer interested in mating with one another. Scientists often use fruit flies for artificial speciation experiments.

				Fruit flies are a favorite tool of biologists because they have a short lifespan, are easily cultured in laboratories, and are readily available. The 1933 Nobel Prize in Medicine was awarded to the American scientist Thomas Hunt Morgan for the discovery that chromosomes (long, single pieces of DNA) carried the genes responsible for the inheritance of traits. He used the fruit fly Drosophila melanogaster, and its many mutations, to confirm his theory.

				[image: gatl_006_1_wide.pdf]

				Figure 6-2. Dodd’s artificial speciation experiment

				In 1989, Diane Dodd (of Yale University’s Department of Biology) reported on an experiment using Drosophila pseudoobscura (a species of fruit fly). This experiment involved taking a population of fruit flies and splitting it into two isolated groups (see Figure 6-1). One group was fed a diet of maltose; the other was fed a diet of starch. The experiment was repeated with an additional three populations, each split into the same two groups with the same maltose or starch diet.

				The separate groups were allowed to feed, reproduce, and die for about one year. The flies were then bred for a single generation, all feeding on the same mixture of cornmeal, molasses, and agar. They were then given the opportunity to mate with one another in a series of tests that mixed originally maltose-fed and starch-fed males with samples of either maltose-fed or starch-fed females.

				The experiment showed that the two populations had become behaviorally isolated—they would only mate with flies that had come from a population fed with the same food. Thus, isolation because of geography, which could lead to different food supplies being available, could result in populations that would no longer breed together.
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				The A380

				Passengers flying into the small airport in Toulouse are often surprised by the large number of jet aircraft parked near the main runway. These include many Airbus A380s painted in corrosion-resistant green paint, and the peculiar A300-600ST (better known as the Beluga and one of the most voluminous aircraft in the world).

				None of these aircraft are ferrying passengers from Toulouse; they are awaiting a final paint job, final tests, or delivery to an airline. Toulouse is the headquarters of Airbus, and its runway is where newly built jets take to the sky for the first time. It was from the Toulouse runway that the Concorde first flew in 1969, and the double-decker Airbus A380 had its first test flight there in 2005.

				Close to Toulouse airport are the Airbus factories in which the A380s undergo final assembly along with almost every other aircraft that Airbus manufactures. (The small Airbus A318, A319, and A321 aircraft are assembled in Germany.)

				One way to see these aircraft is to visit Toulouse airport and sit upstairs in the viewing area overlooking the runway. Wait long enough and you’re sure to see a newly built aircraft making a test flight, or the enormous Beluga transporter arriving with parts from another Airbus site. The Beluga (Figure 7-1) is big enough to carry segments of the International Space Station or entire helicopters, and is used by Airbus to transport the entire fuselage of other Airbus aircraft from place to place.

				[image: gatl_007_1.pdf]

				Figure 7-1. An Airbus Beluga at Toulouse airport; courtesy of DigitalAirlines.com

				For a clearer view, you can also book a tour that starts with a video presentation of the first A380 takeoff. Airbus had video cameras all over the aircraft for the occasion, and watching the expressions on the pilots’ faces is priceless. French speakers will probably catch some colorful language from the pilots when things don’t go quite as intended!

				The tour continues with a bus trip around the Airbus site to view the various factories and the delivery center where aircraft are weighed before being accepted by customers. The highlight is entering the A380 factory, where the assembly of A380s can be viewed from a specially constructed viewing area.

				To complete the trip, it’s possible to visit two Concordes. If you book ahead, you can climb aboard the very first production Concorde, which flew from 1973 to 1985 (and was the French president’s official plane). You can also board a more recent Concorde, which flew with Air France until 2003.

				Tours end at the Airbus visitors shop, which has a surprisingly good selection of memorabilia and scale aircraft models.

				Practical Information

				Tours of the Airbus site are organized by a separate company; for details, see http://www.taxiway.fr/ (click the British flag for information in English). It is absolutely essential to book well ahead for these tours, as they fill up quickly.

			

			
				Composite Materials

				One of the key features of the new A380 aircraft is its use of composite materials in place of metals to reduce the aircraft’s weight; 25% of the A380 airframe is made of composite materials, saving a total of 1.5 tonnes. In addition, 22% of the A380 is built from carbon, glass, or quartz-fiber reinforced plastic; the remaining 3% is GLARE (glass-fiber aluminum laminate).

				Structural materials fall into four important categories: metals, polymers, ceramics, and composites. Metals are the most obvious materials and cover everything from bronze and iron through steels, exotic metals like titanium and zirconium, and alloys of two or more metals.

				Polymers cover everything from wood and fibers to glues, rubber, Bakelite, nylon, acrylic, and all the plastics. Ceramics include stone, glass, cement, bricks, and pottery.

				Composite materials have as long a history as all the others, starting with mixtures of straw and mud to make primitive bricks through laminates of different woods (such as plywood). Their history in aircraft manufacturing is also long; even the massive Spruce Goose used laminated wood for its skin (see Chapter 117). 

				Since the 1960s, more exotic composites have become available. These are commonly used for boat hulls, skis, tennis rackets, and most recently for large parts of aircraft, including the A380. Composite materials used for aircraft consist of a fibrous material made from carbon, glass, or quartz (known as the reinforcement) and a second material that holds the fibers in place (called the matrix).

				For example, carbon-fiber reinforced plastic is made from sheets of carbon-fiber that are bonded together using an epoxy matrix. The carbon-fiber sheets can be placed in a mold to create the required shape, and the epoxy is added and set to create the final composite component.

				GLARE is made from very thin sheets of aluminum sandwiched together with sheets of glass-fiber reinforced plastic. The entire bundle is held together by the same matrix (typically an epoxy) used to make the glass-fiber sheets.
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				The Arago Medallions, Paris, France
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				François Arago and the Paris Meridian

				François Arago was a French mathematician, physicist, and astronomer (and briefly the Prime Minister of France in 1848) who studied optics, magnetism, electricity, and astronomy. He strongly supported the then-controversial theory that light was made up of waves; he demonstrated that a rotating metal disc affects the motion of a magnetic needle suspended above it (for more on magnetism, see Chapter 75); and he showed that light moves more slowly in dense media. He was also a popular orator, and gave public lectures on astronomy for over 30 years.

				But Arago is best known today as one of the directors of l’Observatoire de Paris (the Paris Observatory), where he lived and worked. The Observatory was established in 1667 with the support of King Louis XIV of France. Initially, the Observatory’s mission was to improve the instruments and maps needed for marine navigation. On Midsummer’s Day in 1667, the outline of the Observatory was traced on the ground, with measurements being made to determine the location for the Paris meridian. The Paris meridian (and hence the French definition of 0º of longitude) runs through the middle of the Observatory, and the entire building and site are aligned north-south along it.

				One of Arago’s early tasks (while he was just secretary of the Observatory) was to help extend the Paris meridian. The length of the meridian was also used to calculate the length of a meter. The French Academy of Sciences had earlier decreed that one meter was to be one ten-millionth of the length of the Paris meridian from the North Pole to the Equator (one quarter of the way around the Earth). Arago was sent on a mission to continue the meridian line southwards into Spain and all the way to Formentera (the smallest and most southerly of the Balearic Islands). Measurement of the distance from Dunkerque and Barcelona (both along the Paris meridian) was used to determine the length of the meter to within 5 millimeters.

				The Paris meridian was replaced by the Prime Meridian (which runs through Greenwich, UK; see Chapter 49) at the International Meridian Conference in 1884, but the French continued to use their own meridian as a reference point until 1911. To find the Paris meridian today, look for 2º 20’ 14” E on your GPS. Even better than looking at your GPS, you can follow a set of 135 bronze medallions set into streets, pavements, and courtyards throughout Paris.

				These Arago medallions were the work of a Dutch artist, Jan Dibbets, who was commissioned to create a memorial to François Arago in 1994. The medallions run along the Paris meridian in central Paris and take in some of the city’s best-known monuments.

				A trip along the path of the Arago medallions should begin near the Observatory itself. Just to the south of the Observatory garden on Place de l’Ile de Sein is a monument to Arago, and a single Arago medallion can be found at its base. Crossing the road toward the Observatory reveals another medallion set into the pavement. If the Observatory garden is open, it’s possible to walk inside and see the meridian line set into the ground; if not, skirt around the side following Rue du Faubourg Saint-Jacques and turn left onto Rue Cassini. This brings you to the entrance to the Observatory, where you’ll find more medallions and an atomic clock to set your watch to very accurate French time.

				A gentle walk up Avenue de l’Observatoire approximately follows the meridian north and affords a wonderful view of the Basilique du Sacré-Cœur in the distance. You’ll reach le Jardin de Luxembourg (a large park containing the French Senate), where you’ll find more medallions and a view westward to the Eiffel Tower (see Chapter 18). To the east of the park is le Panthéon (see Chapter 13).

				Exit the park on the north side and walk up Rue Garancière to the church Saint-Sulpice: the meridian passes close to it. Carry on up Rue Mabillon to Boulevard Saint Germain, where another Arago medallion awaits.

				You can follow the Arago medallions north until you reach the River Seine at the Quai de Conti. Then cross the river via the romantic Pont des Arts and you are at le Musée du Louvre. The meridian line crosses the museum’s courtyard (with more medallions to be found outside and inside the museum) and continues on to Le Palais Royal. Further north, the line comes close to l’Opera, the medallions become more spaced out, and a little further on is the Place Pigalle and le Moulin Rouge.

				Some of the medallions are missing (most notably the medallion closest to the pyramid inside the Louvre) and some have been replaced with a different design commemorating la Meridienne Verte (The Green Meridian). The Green Meridian was a project in the year 2000 to plant a line of trees (and hold a picnic) along the line of the Paris meridian throughout France. At least emotionally, the French haven’t yet ceded to Greenwich.

				Practical Information

				The Paris Observatory has an excellent site with details of its work; for the English version, see http://www.obspm.fr/presentation.en.shtml.

				The Observatory itself is open on the first Saturday of the month, and guided tours are available on Tuesdays and Thursdays. The guided tour takes in the Cassini Room, which runs along the Paris meridian, and a map of France on the floor shows the meridian as it crosses the country.

			

			
				True North and Longitude

				Meridians are imaginary lines that follow the Earth’s surface north-south, cutting through the North and South Poles. Longitude is measured as the angle from the Prime Meridian (see Chapter 49), but any north-south line is a meridian of the Earth. The direction of the North Pole (which runs along any meridian line) is known as True North. It’s possible to find the meridian line for any point on Earth, and thus the direction of True North, with patience, a long stick, and a piece of string.

				On a sunny day, place a stick vertically in flat ground and follow the shadow it casts. Start in the morning and mark the position of the end of the shadow at regular intervals (Figure 8-1). The shadow will move as the Earth rotates and the Sun’s position in the sky changes.
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				Figure 8-1. Following the path of the Sun with a stick

				When the shadow is at its shortest, it is pointing to True North (if you’re in the northern hemisphere; in the southern hemisphere it will point to True South) and the shadow is tracing out the meridian line.

				Since it’s hard to tell exactly when the shortest shadow occurs (it happens at noon local time, but you’d need a clock calibrated to your exact longitude to know when precisely that is), you might want to take two measurements to find the meridian line.

				Once the Sun’s path has been traced out, use a piece of string attached to the stick to draw an arc of a circle that cuts through the path of the Sun in two places (see Figure 8-2). Try to make these as far apart as possible, using the biggest circle you can.

				[image: gatl_008_2.pdf]

				Figure 8-2. A circle cutting through the path of the Sun

				The line from A to B (the two points where the circle cuts through the path of the Sun) is perpendicular to the meridian, and the meridian is at its center. So to find the meridian and True North, bisect the line AB by drawing a pair of circles: one centered on A and the other centered on B (see Figure 8-3). For simplicity, use the same string with the same length: the two circles will intersect at the stick and at another point, labeled C in the figure.
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				Figure 8-3. Creating the perpendicular bisector to the line AB

				The line from the stick to point C is the meridian, with True North in the direction from the stick to C.
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				Beaumont-de-Lomagne, France
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				Pierre de Fermat

				The birthplaces of famous scientists and mathematicians are often disappointing: at best there may be a small plaque giving the briefest biography and dates of birth and death. Happily, mathematician Pierre de Fermat’s birthplace at Beaumont-de-Lomagne is an exception. His former home is a delightful small museum full of hands-on mathematics.

				Founded in 1276, Beaumont-de-Lomagne is a bastide (a fortified town) about 58 kilometers northwest of Toulouse. In the middle sits La Halle, a covered square typical of many towns in the region. It was originally built in the 14th century, was replaced in the 17th, and has been maintained ever since. On market days, the tiled roof protects a lively market selling local produce—the surrounding area is an important agricultural part of France, and the market sells everything from fruit to foie gras, and the town’s speciality: garlic.

				Just off the marketplace on Rue Pierre de Fermat is L’Hôtel Pierre de Fermat—Fermat’s home. The 15th-century stone building is adjacent to the tourist office (where the staff speaks some English) and contains the Fermat Museum. If the museum isn’t open, ask at the tourist office for the key. Entry is free of charge.

				The museum traces Fermat’s life and work (in French), but of greatest interest are the mathematical puzzles and games. Pieces of wood allow you to try your hand at proving the Pythagorean Theorem geometrically by correctly placing the squares and triangles.

				You can also find magic squares and triangles where numbers must be placed so that the rows, columns, and diagonals all add up to the same number (a version of Sudoku). The museum also has a large collection of 3D puzzles, and an intriguing game involving a piece of string and a board covered in nails where the string must be threaded around the nails, touching each one, following a graph painted on the board. The museum has plenty of stuff for mathematicians of all ages.

				A local non-profit association, Association Fermat-Lomagne, maintains the museum and puts on an annual mathematical festival (usually held in October). The festival features more mathematical games, talks, puzzles, and conferences. The association also provides tours and workshops for all skill levels (with advance reservations).

				The city of Toulouse, where Fermat worked as a lawyer, is an hour from Beaumont-de-Lomagne and has many good hotels and restaurants. It’s also the home of Airbus (see Chapter 7) and has a large aerospace industry—don’t be surprised to see an Ariane rocket close to the road when you’re driving from Beaumount-de-Lomagne.

				Practical Information

				The town of Beaumont-de-Lomagne’s website is at http://www.beaumont-de-lomagne.fr/, and the Association Fermat-Lomagne can be reached by email at fermat.lomagne@wanadoo.fr.

			

			
				Fermat’s Last Theorem

				Fermat’s famous Last Theorem, so called because it was the last one of his theorems to be proven, looks relatively simple to anyone familiar with the Pythagorean Theorem. In that theorem, the square of the hypotenuse of a right-angled triangle is equal to the sum of the squares of the other two sides, as illustrated in Equation 9-1.
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				Equation 9-1. The Pythagorean Theorem

				One version of the Pythagorean Theorem restricts a, b, and c to whole numbers (i.e., they can’t be fractions or numbers like π). Equations that work only on whole numbers are called Diophantine equations (after the Greek mathematician Diophantus). Because of the Pythagorean Theorem, the Diophantine equation c2 = a2 + b2 has many solutions (such as the familiar 3-4-5 triangle).

				Fermat’s Last Theorem (Equation 9-2) is a generalization. It says that there are no solutions for the Diophantine equation cn = an + bn where n is bigger than 2.

				[image: gatl_009_2.pdf]

				Equation 9-2. Fermat’s Last Theorem

				Part of the theorem’s fame comes from the fact that Fermat claimed to have a proof. He wrote in the margin of a copy of Diophantus’s book Arithmetica (which is all about Diophantine equations):

				It is impossible to separate a cube into two cubes, or a fourth power into two fourth powers, or in general, any power higher than the second into two like powers. I have discovered a truly marvellous proof of this, which this margin is too narrow to contain.

				Fermat’s Last Theorem was finally proven 350 years later, in 1994, by British mathematician Andrews Wiles. The proof is very complex, and relates Fermat’s simple equation to a mathematical object called an elliptic curve.
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				Château du Clos Lucé, Amboise, France
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				The Final Home of Leonardo da Vinci

				Southwest of Paris, the fertile Loire Valley was home to the kings of France and their associated nobility throughout the Renaissance. The valley contains hundreds of châteaux, many of which are open to the public, built by kings and noblemen starting in the 10th century. In one of these châteaux, Leonardo da Vinci lived and worked for the last three years of his life.

				He came to the Château du Clos Lucé in 1516 at the invitation of King François I. The King lent da Vinci the château and gave him a pension on which to live. Today, the château has been restored to its Renaissance state and contains a museum of da Vinci’s inventions.

				It also contains da Vinci’s bedroom (where he lived and died) and his work room. There’s even an underground passage that is said to lead to the King’s nearby château and was used by King François I when visiting.

				When da Vinci arrived in France, he brought with him three precious paintings: The Virgin and Child with St. Anne, St. John the Baptist, and the Mona Lisa. All three are now in the Louvre in Paris. While at Clos Lucé, da Vinci continued painting, illustrating, and inventing, and worked on architectural projects for the King and irrigation systems between the Loire and Saône rivers.

				Today, the gardens of the château contain transparent reproductions of many of da Vinci’s greatest paintings and sketches, including the Vitruvian Man, depicting a naked man inside a circle and square, his legs and arms outstretched into two different positions showing the proportions of the body.

				Also in the gardens is a landscaped area designed to bring to life da Vinci’s botanical drawings, his study of geological features, and his knowledge of water. The garden contains a double-decked wooden bridge invented by da Vinci.

				English-speaking visitors can take an audio tour, and the château guide book is available in English.

				Practical Information

				Full information about the château is available in English at http://www.vinci-closluce.com. A helpful guide to visiting the Loire Valley is available at http://www.loirevalleytourism.com/. A great way to visit the Loire region is by biking along the “La Loire à Vélo” path that follows the river, passing by many châteaux, including the Château du Clos Lucé.

			

			
				da Vinci’s 40 Inventions

				Château de Clos Luce is much more than just da Vinci’s former home: it houses a collection of 40 reproductions of his inventions, including machine guns, a tank, a cannon with adjustable firing angle, the first car, a design for a helicopter, a flying machine, a parachute, a glider, paddle boats, a swing bridge, and the double-hulled boat.

				The exhibitions of his inventions are split between the château itself, where small models are on display, a separate hall containing an audiovisual presentation of da Vinci’s life and work, and the garden.

				Of particular interest in the château is da Vinci’s clockwork car. The car (which looks more like a wheelbarrow) is powered by a pair of large springs. The hall contains a full-sized model, with a 12-meter wing span, of da Vinci’s flying machine.

				The gardens contain large models that the visitor can interact with. These include da Vinci’s design for a helicopter (Figure 10-1), paddle boats, a water wheel, and a tank. There’s even a model of his pyramidal parachute.

				[image: gatl_010_1.pdf]

				Figure 10-1. da Vinci’s helicopter; courtesy of Betsy Devine
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				Institut Pasteur, Paris, France

				[image: gkat_011.pdf]48° 50′ 24″ N, 2° 18′ 42″ E

				[image: icon_indoors.pdf]

				The Founder of Immunology

				The French chemist and microbiologist Louis Pasteur is a household name because of the pasteurization of milk and other liquids. But Pasteur originally started out doing a doctorate on crystallography. He went on to disprove the theory of spontaneous generation (that bacteria and other living creatures such as maggots could appear from nowhere), and later showed how to create vaccinations using weakened forms of live diseases.

				The Institut Pasteur is a private foundation that performs fundamental biological research. Pasteur is buried inside the institute, and the rooms he lived in during the last part of his life have been turned into a museum. Pasteur’s home consisted of 10 rooms and two galleries with a grand staircase linking them, and it has been entirely restored to the state it was in when Pasteur was alive.

				The museum is partly historical and partly scientific. The general living spaces show the comfortable life Pasteur and his wife enjoyed in the large apartment, and Pasteur’s crypt is a Byzantine funeral chamber under the building. Of interest to scientists is an entire room dedicated to Pasteur’s equipment and specimens.

				Pasteur’s crystallography work looked at tartaric acid (C4H6O6), which occurs naturally in wine. Tartaric acid is chiral—it exists in two crystal forms that are mirror images of each other, yet cannot be superimposed (like human hands). One form rotates light to the left, the other to the right.

				Pasteur went on to realize that the left-handed form of tartaric acid would aid fermentation, but the right-handed form would not. This led him to study fermentation, eventually demonstrating that it is caused by micro-organisms (called ferments) and that those organisms could be isolated and studied.

				He then set out to discover where the ferments came from, and was able to show that they were present in the air or dust and were not spontaneously created. He did this with a simple experiment wherein a specially made bottle with a long curving neck was filled with meat broth. The neck allowed air to pass, but prevented dust from entering, and Pasteur observed that the broth did not ferment. (Some of these bottles remain, their contents still untouched, 150 years later.)

				Further, he showed that if care was taken to isolate a specimen from micro-organisms, it would not ferment or rot. He then went on to show that some micro-organisms needed air to survive, and others did not (or even were harmed by the presence of oxygen).

				These discoveries led him to study diseases, and he isolated the bacterium staphylococcus, streptococcus, and pneumococcus (see Figure 11-1).

				[image: gatl_011_1.pdf]

				Figure 11-1. Pneumococcus (Image credit: CDC/Janice Carr)

				At the time, the idea of vaccination against smallpox (using cowpox) was well known, having been popularized by Edward Jenner (see Chapter 44) in the late 1700s. Pasteur took this a step further by showing how to attenuate live viruses so that they could be used for vaccination. He successfully reduced the virulence of cholera, anthrax, and rabies and used them as vaccines.

				Practical Information

				Information for the Institut Pasteur is at http://www.pasteur.fr/english.html, and guided tours are available. There is printed information in English, and the room containing Pasteur’s scientific instruments has a special audio commentary in English.

				The museum is easy to reach: there’s a stop named Pasteur on the Paris Metro lines 6 and 12.

			

			
				Pasteurization, Flash Pasteurization, and UHT

				Once Pasteur had realized that fermentation and diseases were caused by micro-organisms, he also realized that it was possible to kill the micro-organisms (or significantly reduce their number) by heating. Pasteur showed that heating wine to 55ºC prevented wine diseases and stopped fermentation.

				The basic process of pasteurization is still used today. Milk can undergo one of three processes to remove pathogens: pasteurization, flash pasteurization, or UHT.

				Basic pasteurization involves heating milk to 63ºC for 30 minutes in a large vat. This is hot enough and long enough to kill or attenuate Mycobacterium tuberculosis (the bacteria responsible for tuberculosis) and other bacteria that are relatively heat-resistant. At the same time, the overall quality of the milk is not spoiled.

				Flash pasteurization (which is also used for fruit juices) is sometimes called High Temperature Short Time, and involves heating milk to 72°C for 15 seconds. This also preserves the quality of the milk and kills off harmful bacteria. It is performed by forcing the milk through small heated pipes, or between hot metal plates, to obtain the necessary rapid rise in temperature.

				Neither of these processes sterilizes the milk. There are still some micro-organisms remaining, although they have been greatly reduced in number and will not cause disease in humans. Because micro-organisms are still present, the milk must be kept refrigerated to maintain its freshness.

				UHT treatment, on the other hand, raises the temperature of the milk to 138°C for one or two seconds and does almost entirely sterilize it. UHT milk (sometimes called shelf milk) is packed in sterile containers and can last for months unrefrigerated. However, the taste of the milk is altered, giving it a cooked flavor not present with pasteurization.

				Recently, pasteurization of milk has been replaced by the use of filters. Since bacteria are typically a few micrometers long, it’s possible to remove them using a filter with smaller holes (of around 1 micrometer). At the same time, the constituent parts of milk are even smaller (proteins can be as small as 1 nanometer) and can pass through the filter.

				Filtration of milk brings pasteurization full circle—when Pasteur was investigating the existence of micro-organisms, he used filters in his broth experiments to keep micro-organisms out. In addition, his research drove the creation of ceramic water filters, since they were then known to protect against disease.

			

		

	
		
			
				012

				The Jacquard Museum, Roubaix, France
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				The Punched Card

				The history of computing can be partially traced to a 19th-century French inventor named Joseph Marie Jacquard, who was interested in improving weaving and ended up being a major influence on the Industrial Revolution. His Jacquard loom was able to produce intricate woven patterns by reading a string of punched cards containing the pattern to be created, mechanizing a previously labor-intensive task.

				The punched cards controlled which threads fell over or under each other, thus creating a pattern in the woven cloth. Prior to Jacquard’s automation of the loom, only simple patterns were possible because the positioning of threads was done by hand, or was at best partially automated.

				A Jacquard loom was able—and still is, since the technology is alive today, with computers having replaced the cards—to produce an intricate pattern and repeat it by reading punched cards in a loop (see Figure 12-1).

				[image: gatl_012_1.pdf]

				Figure 12-1. Punched cards feeding into a Jacquard loom; courtesy of Justin Cormack

				The place to see Jacquard’s technology in action is the Jacquard Museum in Roubaix, France. The museum has a collection of 15 working punched-card and electronic looms. Tours of the museum are available in English and can explain and demonstrate the entire weaving process, from the creation of a design to turning the design into punched cards and operating the looms.

				The looms on display date from the 18th, 19th, and 20th centuries. The museum also offers workshops on the weaving process and actively restores looms to working order. There’s something for (almost) all the senses in the museum: the sound of the looms operating, the smell of the fabric and oil, hands-on exhibits, and the sight of these massive machines in operation.

				After Jacquard, the punched card went on to be used in other areas. The inventor Herman Hollerith created a tabulating machine capable of reading punched census cards and producing statistical information by reading the card’s holes using a simple electrical circuit. Hollerith’s company handled the 1890 U.S. census, and later merged with another company to become IBM. There’s a Hollerith tabulator on display at the Computer History Museum (seeChapter 86).

				The Jacquard loom also inspired Charles Babbage (see Chapter 77), who envisaged using punched cards to store programs for his Analytical Engine, an entirely mechanical computer. For roughly the first 70 years of the 20th century, punched cards were used as the input mechanism for computers (see Figure 12-2).

				[image: gatl_012_2.pdf]

				Figure 12-2. A 20th-century computer punched card; 
courtesy of Peter Renshaw (bootload)

				Practical Information

				The Jacquard Museum’s website is at http://madefla.50g.com/ and is available in both English and French. If you can’t make it to Roubaix, an alternative is to visit a modern factory using Jacquard weaving techniques. In Northern Ireland, the Thomas Ferguson Irish Linen company in Banbridge, County Down, offers a factory tour that covers all aspects of the weaving process and explains the Jacquard loom itself. See http://www.fergusonsirishlinen.com/.

			

			
				The Jacquard Weaving Process

				The simplest sort of weaving has no pattern at all. Two sets of threads, one perpendicular to the other, are interleaved in a uniform pattern. One set of threads, called the warp, runs in parallel lengthways on a piece of cloth, and the other threads, called the weft, are woven above and below the warp threads (see Figure 12-3).

				
					[image: gatl_012_3.pdf]

					Figure 12-3. A plain weave

				

				To weave the cloth, the warp threads are held stretched out, and every other warp thread is lifted to create a space. The weft thread is then drawn across the gap. Then the process is reversed: the opposite set of warp threads is lifted, and the weft thread is once again drawn across the gap.

				Making a pattern involves lifting selected warp threads so that the weft thread shows above or below the warp. Before the Jacquard loom, only simple patterns were possible because lifting the appropriate warp threads was slow and difficult.

				Jacquard’s loom associates a single hole in a punched card with a single warp thread. Each card is used to set the up or down position of each warp thread for a single weaving of a weft thread. With the punched card in position in the machine, hooks are able to drop down through the holes and pull up their associated warp threads. The weft thread is then drawn across the gap, creating a single line of the pattern. The machine then moves onto the next card. Since patterns are likely to repeat, the machine works through a set of cards in a loop.

				Creating the cards involves drawing the pattern to be created on squared paper and treating the pattern as a set of pixels. Each row corresponds to a single punched card, which is punched to create the appropriate pattern of lifted warp threads, with each thread controlling the appearance of a single pixel (where the warp and the weft intersect). The cards are then strung together and run through the loom in order.

				The parallels with modern computing are clear: the output of the loom is a pixelated image drawn line by line (just like a standard computer display), and the input is a “program” written on punched cards. Ada Lovelace, who worked with Charles Babbage on his Analytical Engine, wrote:

				We may say most aptly that the Analytical Engine weaves algebraical patterns just as the Jacquard loom weaves flowers and leaves.
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				Le Panthéon, 
Paris, France
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				To the Great Men the Grateful Homeland

				In the Latin Quarter of Paris, atop the Montagne Sainte-Geneviève, sits the Pantheon (le Panthéon), an immense burial place for the great and good men of France (and one woman). The Pantheon’s facade is modeled on the Pantheon in Rome, with massive columns and the addition of a dome topped by a Christian cross testifying to its history as a church. The Pantheon was completed in 1789, just in time for the French Revolution, and it became the mausoleum that it is today by decree of the Revolutionary government.

				The interior of the Pantheon is lavishly decorated with mosaics, statues, paintings, and frescoes. The view from the dome is equally impressive, with all of Paris visible. The Eiffel Tower, Notre Dame, and Le Jardin de Luxembourg (with the French Senate building) are close by, and the Louvre and Jardin des Tuileries are within easy walking distance. La Basilique du Sacré-Cœur is visible in the distance.

				The Pantheon’s position as a place of scientific interest relates to the list of famous scientists buried there, and most importantly to the 1851 demonstration by Léon Foucault of his pendulum, showing that the Earth was rotating. The pendulum still swings in the nave, and a video presentation is available in English of the working of the pendulum and its restoration in 1995.

				Although it was known in 1851 that the Earth rotated about its axis (in 1543, Copernicus had proposed that the Earth rotated about the Sun, that the Earth itself rotated about its axis, and that the axis’s angle accounted for the seasons), but Foucault’s Pendulum was a simple demonstration of the Earth’s rotation.

				Foucault’s Pendulum consisted of a 67-meter-long wire attached to the dome of the Pantheon with a 28-kilogram iron ball at the end of the wire. The pendulum was set in motion swinging back and forth in a straight line (with no left-to-right wobble) by tying it up with a piece of string and then burning through the string using a candle. When the pendulum was released, it swung back and forth in a line, but the line did not stay fixed relative to the floor.

				As the Earth rotated, the pendulum continued to swing unaffected by the rotation (because it was free to swing from its suspension point), but the floor moved relative to the pendulum. After observing the pendulum for some time, this movement becomes apparent, leading to the conclusion that the Earth must have moved. Since the motion is predictable, such a pendulum can be used as a clock, and the pendulum in the Pantheon has a scale marked around it that can be used to tell the time by reading where it is swinging.

				The Pantheon was also used for radio experiments between its dome and the Eiffel Tower. In 1898, the first radio communication was made between the two, and in 1901 the Eiffel Tower became a long-distance radio station for the French military.

				Buried in the Pantheon are Pierre and Marie Curie (Marie Curie was, in fact, Polish, but became a naturalized French citizen), who are honored for their work with radiation and for the discovery of polonium and radium.

				Also present are the remains of Louis Braille, the inventor of the Braille system commonly used by the blind for reading and writing.

				Other famous French scientists buried in the Pantheon include Marquis de Condorcet (mathematician), Gaspard Monge (mathematician), Jean Perrin (Nobel Prize–winning physicist), Paul Langevin (physicist), Paul Painlevé (mathematician), Marcellin Berthelot (chemist), Lazare Carnot (mathematician), and Joseph-Louis Lagrange (mathematician and astronomer).

				Practical Information

				The Pantheon is easily reached on the Paris Metro: exit at the station Cardinal Lemoine, Place Monge, or Maubert-Mutualité, or take the suburban RER train to Luxembourg. Alternatively, you can incorporate the Pantheon on a walk through Paris following the old Paris meridian (see Chapter 8); the Pantheon is to the east of the meridian, just a short walk up Rue Soufflot.

			

			
				Foucault’s Pendulum

				To understand how Foucault’s Pendulum works, it’s best to start by visualizing a pendulum that is set in motion directly above the North Pole (Figure 13-1). The Earth is twisting relative to the swinging pendulum, so if you are standing on the Earth, the pendulum will appear to undergo one complete 360° rotation in a day, since the Earth rotates once completely about its axis through the North Pole every 24 hours.

				[image: gatl_013_1.pdf]

				Figure 13-1. A Foucault’s Pendulum at the North Pole

				You can also try imagining a Foucault’s Pendulum on the Equator (Figure 13-2). It doesn’t rotate at all relative to the ground because the pendulum’s fixed point moves with the Earth’s rotation and there’s no twisting effect. Instead, the ground is sliding around an axis that it is parallel to (in this case it’s the Earth’s axis).

				[image: gatl_013_2.pdf]

				Figure 13-2. A Foucault’s Pendulum at the Equator

				So what happens at some latitude between the Equator and the pole? Here the ground twists more than at the Equator (where it doesn’t twist at all) but less than at either pole (Figure 13-3). The latitude is just the angle relative to the Equator, and a Foucault’s Pendulum at a latitude of Θº (the North Pole is at 90°, the Equator at 0°) will undergo both movements: a twist and a slide.

				[image: gatl_013_3.pdf]

				Figure 13-3. Foucault’s Pendulum at an arbitrary latitude

				The pendulum follows the sliding motion of the ground and moves along with it, but the twisting of the ground is proportional to the latitude. In fact, for a latitude of Θº, the pendulum will appear to rotate through an angle of 360º × sin Θ in one day.

				When Foucault demonstrated his pendulum in Paris, it swung through approximately 270º, which corresponds to the latitude of the Pantheon: that is to say, 48.85º N: 360º × sin 48.85 = 271.1º. See Figure 13-4 for a photograph of Foucault’s Pendulum in the Pantheon.

				In the Northern Hemisphere, a Foucault’s Pendulum will rotate clockwise, and in the Southern Hemisphere it will rotate counterclockwise.

				[image: gatl_013_4.pdf]

				Figure 13-4. Foucault’s Pendulum in the Pantheon; courtesy of Robert Morton
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				Millau Viaduct, 
Millau, France
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				The World’s Highest Road Bridge

				The Millau Viaduct is over 2 kilometers long and stands 270 meters above the River Tarn in southwestern France. It is the highest road bridge in the world—its highest pylon is 343 meters tall (slightly taller than the Eiffel Tower, Chapter 18, and slightly shorter than the Empire State Building). And it’s striking to see, because, despite its immense size, it seems almost fragile.

				The viaduct is part of an important autoroute link that allows Parisiens fleeing the city in the summer to arrive at the warm beaches of southern France without having to descend into the Tarn river valley at Millau and climb back out again. Before the viaduct was built, Millau was a major point of congestion, as drivers had to leave the autoroute and drive along local roads. The cost of the bridge’s construction was 400 million euros, but it’s a small price to pay for not having thousands of overheated, frustrated Parisiens race through your town in July and August.

				As well as being a piece of high-tech construction, the viaduct itself is full of high-tech monitoring equipment. It contains a large Ethernet network that links together equipment in each of the seven pylons. The equipment includes accelerometers (which are used to measure any oscillation of the viaduct to the nearest millimeter), thermometers, inclinometers, and anemometers to measure movement and the environment.

				The tallest pylon also has fiber optic extensometers that measure any stretching of the viaduct materials and are capable of measuring changes of 1 micrometer. All the other pylons have electrical extensometers. Data from these sensors is transmitted in real time to a monitoring station situated at one end of the viaduct.

				It’s easy to get a great view of the viaduct because there’s a special rest stop for that very purpose (the Aire du Viaduc de Millau), which can be accessed by taking exit 45 from the A75 autoroute. A short walk from the parking lot takes you close to one end of the viaduct for a spectacular view down its length.

				Also at the rest stop is an exhibition explaining the construction of the viaduct. The tourist office in Millau organizes guided tours, using a shuttle bus that takes visitors underneath the viaduct and close to the tallest of the pylons supporting it.

				And, of course, you can simply drive over it by taking the A75 (and paying the toll).

				If you follow the A75 north for about an hour, you’ll come to another interesting rest stop—the Aire de Garabit. The Garabit Viaduct is a railway bridge that was completed in 1884 by Gustave Eiffel and is still in use today for local train service. The curved underside of the viaduct is a mathematical shape called a catenary (see page 408).

				Practical Information

				For more information about the Millau Viaduct, check out its website (in English) at http://www.leviaducdemillau.com/english/. The Millau tourist office’s English website is at http://www.ot-millau.fr/index_gb.htm.

			

			
				Cable-Stayed Bridge

				The Millau Viaduct is an example of a cable-stayed bridge, as opposed to the more familiar suspension bridge (see page 100). In a suspension bridge (Figure 14-1), cables are connected to the ground at each end of the bridge and then strung over the pylons. The bridge deck is connected to the main, hanging, cables via vertical rods or ropes. The weight of the deck is transferred into tension in the main cables. As the cables run over the pylons, this force is transferred into a vertical compression of the pylons; at the ends of the cables, the tension force is balanced by the strength of the anchor points in the ground.

				[image: gatl_014_1.pdf]

				Figure 14-1. Suspension bridge

				A cable-stayed bridge does not have anchor points, nor does it have cables that run the length of the bridge draped over the pylons. In a cable-stayed bridge, multiple cables fan out from each pylon, usually symmetrically, to support a section of bridge deck around the pylon.

				A major difference from a suspension bridge is that the cables on a cable-stayed bridge are angled, and thus there’s a force both vertically and horizontally on the bridge’s deck. The deck has to be strong enough to resist the horizontal component of this force. In a suspension bridge, the deck is supported vertically and can be more slender. On the other hand, cable-stayed bridges are much stiffer than suspension bridges, which reduces any tendency of the deck to sway or oscillate.

				The Millau Viaduct is an example of a harp cable-stayed bridge (Figure 14-2). The cables supporting the deck pass through the pylon at different heights (the cable nearest the pylon passes through the lowest point on the pylon).

				Other cable-stayed bridges have a fan design (Figure 14-3), where the cables all pass through the same point at or near the top of the pylon.
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					Figure 14-2. Harp cable-stayed bridge
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					Figure 14-3. Fan cable-stayed bridge
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				Musée Curie, Paris, France
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				Radium

				Visitors to the Musée Curie at the Institut Curie, where Marie Curie worked with radioactive materials with absolutely no safety equipment, will be happy to know that the building was decontaminated in the 1980s, making it safe to visit. The Curies were so unaware of the danger of radioactivity that Pierre Curie carried a sample of radium around in his pocket to show people, and Marie Curie had a glowing jar of radium salt as a night light.

				The museum covers the life and work of two couples: Pierre and Marie Curie, and their daughter and her husband, Irène and Frédéric Joliot-Curie.

				Pierre and Marie Curie discovered the radioactive elements polonium (named after Marie Curie’s home country, Poland) and radium; they were also the first to use the word radioactive. The Joliot-Curies discovered “artificial radioactivity”—they were able to take a non-radioactive element like aluminum and make it radioactive by bombarding it with alpha particles emitted by polonium. All four of the scientists won Nobel Prizes.

				The main part of this small museum consists of Marie Curie’s office and her chemistry laboratory. Both have been restored to the state they were in at the time of her research. There’s a good collection of the Curies’ notes and equipment, including the apparatus used to detect radiation.

				An amusing (and somewhat frightening) part of the museum details the craze of the 1920s and 1930s for using radioactivity in a variety of products. The museum has a “radium shop,” which has a reproduction of a fountain producing radioactive water to drink, advertisements for radioactive wool (which was apparently especially good for babies), and a beauty powder containing radium and thorium.

				The museum also details the rapid discovery that radioactivity could be used to treat cancerous tumors. This led to the creation of the Radium Institute, where Curie worked on radiation and other scientists worked on the medical use of radioactivity. The Radium Institute became the Institut Curie in 1978.

				Pierre Curie didn’t die of radiation-induced sickness (he was hit by a carriage while crossing the street), but Marie Curie almost certainly did: she died of leukemia in 1934. Marie Curie is the only woman honored by a place in the Pantheon in Paris (see Chapter 13), where she is buried alongside her husband.

				Practical Information

				The museum is part of the Institut Curie, a French cancer research organization. Details are available (in English) from the institute’s website at http://www.curie.fr/. The museum organizes tours in English once per week; the tours are free, and no reservation is needed.

			

			
				Ionizing Radiation and Smoke Detectors

				The Curies were able to detect radiation (and determine which elements were radioactive) by exploiting a technique developed by Marie Curie’s doctoral supervisor Henri Becquerel. The radiation emitted by the uranium Becquerel was working with, and by Curie’s radium, is ionizing—that is, the radiation has enough energy that it is capable of removing an electron from an atom. Removing an electron causes the atom to become charged, and the charge can be detected.

				A radioactive source can ionize air, and a simple detector is a pair of metal plates connected to a DC source. One plate is negatively charged, and the other is positively charged. When radiation ionizes the air between the plates, the positively charged ionized atoms are attracted to the negatively charged plate, the free electrons knocked off by the radiation are attracted to the positively charged plate, and a measurable current flows through the plates.

				The Curies’ equipment had three parts (see Figure 15-1): piezoelectric quartz, Q; a quadrant electrometer, E; and an ionization chamber (the gap between plates A and B). The sample to be examined was placed on a plate of the ionization chamber, and that plate was connected to a battery. The other plate was connected to the electrometer, which was then connected to the piezoelectric quartz.

				[image: gatl_015_1.pdf]

				Figure 15-1. Piezoelectric quartz electrometer with ionizing chamber

				The Curies would add weight to the quartz, changing the charge it created using the piezoelectric effect: certain materials, mostly crystals, will create an electric charge when stressed. By adding the right amount of weight, they were able to balance out the charge from the battery and ionized air. The electrometer served to indicate when the charges were balanced.

				From the weight applied to the quartz, the charge could be calculated; from that, the strength of the radiation from the sample could be calculated in turn.

				Most modern homes contain a small radioactive source and an ionization chamber—inside the household smoke detector. A smoke detector typically has a tiny piece of radioactive Americium 241 emitting alpha particles into an ionization chamber. The plates of the ionization chamber are charged by the smoke detector’s battery.

				When there’s no fire, the ionized air creates a small current across the plates. But when smoke enters the chamber, it attaches to the ions and removes their charge. When this occurs, the current across the plates drops and the alarm will sound.
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