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INTRODUCTION


Life today is underpinned by scientific discoveries in ways that are not always appreciated. We take for granted that food can be heated in a few seconds, that aircraft will arrive at their destinations, that our news feed will be delivered to our pocketable device and that we can upload an image with the casual tap of a finger.


None of this would be possible without amazing breakthroughs in physics. In just four or five centuries, our understanding of the mechanisms of the Universe has moved from superstition and sorcery to our present, relatively enlightened, position. Humans have done this by being inquisitive, logical and sometimes a bit eccentric. Actually, quite often a bit eccentric.


It is in our nature to ask questions, to wonder how and why things work, to peek under the hood and mess about to see what happens. This is a quality that must be encouraged. Our collective tendency to mess with things has brought about great advances in science and engineering as well as the arts and humanities. It has also led us to do substantial damage to our home world, while giving us the insight to start putting things right.


This book gives a peek under the hood of the physics behind a range of everyday phenomena, from the devices we all rely on, to some of the more exotic stuff happening in the wider Universe. Rather than simply looking at what happens, we see how and why it happens.


We start with modern life, where commonplace technology is explored to see what makes it tick. Even mundane activities such as catching a train or weighing a bag of sugar involve some quite surprising phenomena, and have you ever wondered what really happens when you take a selfie?


Life would be dull without entertainment, and in this section we reveal the unexpected physics behind some of the ways we amuse ourselves. Why is a Blu-ray disc misnamed, and why was its diameter the result of something 200 years ago?


Everybody has some medical tests from time to time, but we rarely stop to consider how the analysis of our samples is carried out. The physics behind laboratory instruments, and some of the technologies arriving soon, may surprise you.





Rocket science used to be quite easy to understand, but recent developments in space are changing the very basis of exploration. Is there life elsewhere? What can physics tell us about the prospects for biology on Mars?


No questions are bigger than the questions posed by big science. We live in an age of unprecedented scientific discovery, where the biggest and smallest things in the Universe are being probed in ways never before attempted. Some of the answers seem so unlikely that they have a section all of their own: Weird Universe.


Back on Earth, we explore some of the physics behind the environment of our planet, including unexpected phenomena in the natural word and the realities of what human activity is doing.


Transportation is changing faster than many other technologies. Here, we explore the physics behind driverless cars, speed records and stealth. Everything else looks at a few oddities, including why every magnetic compass in the world is wrong, and what is really going on when you read this book.


In all this, we’ve tried to reflect the most up-to-date knowledge available. Knowledge changes, and scientific fact is sometimes just this year’s best guess. Let’s peek under the hood together, and explore the physics behind...


Russ Swan
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WI-FI®



If you ever feel like your Wi-Fi® connection has disappeared into a black hole, you might take some comfort from knowing that the technology only came into existence because of a failed physics experiment to build a black hole detector.
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Wi-Fi® is everywhere these days, with billions of devices including laptops, televisions, mobile phones and security cameras all using it to connect to each other and the wider internet. In essence it sends and receives digital data by radio communication between a device and a base station such as your home internet router (if you want to be really accurate, it uses parts of the electromagnetic spectrum in the microwave region, which are shorter and higher frequency than radio waves).


Getting digital information across relatively short distances with low power devices might seem to have little in common with radio astronomy, which uses huge receiver dishes to peer into the far reaches of the Universe. It might seem to have even less to do with a Hollywood actress, or a way to steer torpedoes, but the world of physics is full of surprises.


Austrian-born actor Hedy Lamarr fled to the USA shortly before the beginning of the Second World War, and became one of Hollywood’s biggest stars of the 1940s and 50s. She was also an inventor, and in 1942 was granted a patent (along with composer George Antheil) for a way to prevent signals to radio-guided torpedoes being jammed. Her idea of “frequency-hopping” was not properly recognized at the time, but later became an important feature of many wireless technologies including both Wi-Fi® and Bluetooth®.





Thirty years later, physicist Stephen Hawking came up with the (then) astonishing theory that black holes might not be completely black, but actually emit some radiation. This should, in theory, allow them to be detected. Among those trying to find this predicted Hawking Radiation was electrical engineer John O’Sullivan, who reasoned that all that was needed was to make radio telescope images sharper and more sensitive. His idea involved using Fourier optics – see the “Deconstructing a chord” panel – and would have been brilliant if it had worked. It didn’t, and black holes remain invisible to this day, but the work did lead to patents for wireless networking – the now ubiquitous Wi-Fi®.




Patent controversy


Major patents for Wi-Fi® technology were granted to CSIRO (pronounced sigh-roh), but with the huge commercial success of the technology there were many rival claims. In several US court cases, the Australians’ patents were upheld and Dr O’Sullivan’s claim to be the inventor of Wi-Fi® reinforced. The main patents expired in 2013, after earning hundreds of millions of dollars, but all those court cases mean that lawyers probably made more.
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The multipath problem


A clean Wi-Fi® signal has to overcome the problem of multipath interference, where the signal arrives at a device by many routes – directly from another device, or reflected from walls, ceilings and any other nearby reflective surface. Because of the way waves can combine or subtract from each other, the multipath problem could make practical Wi-Fi® almost impossible were it not for a couple of tricks.


First is Lamarr’s frequency-hopping technique, which splits the signal across different wavelengths that each reflect differently. Second is the inbuilt error checking in wireless devices, which uses a checksum calculation to reveal whether the information received is the same as that sent.


What’s a checksum?


Let’s say the data being transmitted was THE PHYSICS BEHIND. If we give each of the letters and spaces a numerical value (A is 1, B is 2, and so on, with 27 for a space) we can transmit the word as 20 8 5 27 16 8 25 19 9 3 19 27 2 5 8 9 14 4


A basic check would be to include information on how many characters had been sent. This would show if any had been lost or gained, but not whether any had been corrupted – you wouldn’t know whether the phrase was THE PHYSICS BEHIND or THE MOON IS CHEESE because both are 18 characters long.


A simple checksum might be to add up the numerical values of the letters (20+8+5 and so on) to get 228. The receiving station does the same calculation, and checks whether it gets the same answer. If it does, there’s a good chance the data has been transmitted successfully. If not, there is definitely an error and the whole string can be sent again. Real-life checksums are more complicated but follow this basic principle.




Deconstructing a chord


The failed black hole detector that we discussed was an attempt to distinguish feeble Hawking Radiation from all the other radio noise in the cosmos, picked up by radio telescopes such as Jodrell Bank in the UK. The resulting jumble of wavelengths is a bit like a musical chord, where many different notes are played at the same time.


The trick here is called a Fourier transform, which is able to deconstruct a complex wave into several simple waves. It’s a bit like hearing a C major chord on a piano and working out that it must be composed of the individual notes C, E and G.


French mathematician and physicist Joseph Fourier came up with the process in the 1820s, about the same time as he discovered the greenhouse effect of the Earth’s atmosphere.
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Why is it called 802.11?


The term Wi-Fi® has become universal, and refers to devices based on standards known as IEEE 802.11.


IEEE is the Institute of Electrical and Electronics Engineers, a US-based professional association that has been operating since the 1960s. It has a number of committees, and wireless networking just happened to be the 11th standard agreed by committee number 802. Additional letters (802.11a, b and so on) are simply the various specifications of wireless networks.


The 802.11 standards are in a continual state of development and improvement, driven by the need to transmit more data more quickly and with greater security. Each new standard is marked by an alphabetical suffix, so 802.11g is slower than 802.11n. When about half of the alphabet had been used up, the designation changed to two letters: 802.11ac, 802.11ah and so on.


There’s an old joke that a camel is a race horse designed by a committee, and the confusing list of wireless standards might be evidence that these were thrashed out by a series of committees. To be fair though, technology has improved rapidly in the late 20th and 21st centuries, and nobody could have foreseen how this would drive the demand for better faster Wi-Fi.



Ever faster standards


The first 802.11 standard now looks rather quaint with its measly 1 or 2 megabits per second (Mbps) streaming capacity (think 5½ hours to stream a DVD – that’s about three times as long as the movie itself).


To add to the confusion, the a and b standards were compiled at the same time, and it is sometimes thought that b came before a. This isn’t quite true, but certainly 802.11a immediately demonstrated faster speeds as a direct result of using a higher radio frequency – 5Ghz instead of 2.4GHz. This created a new problem of its own, because the 2.4GHz band was already popular – and was being developed for future standards. The higher frequency offered more bandwidth but poor compatibility!


This problem is solved on later standards by using both 2.4GHz and 5GHz frequencies, allowing Wi-Fi networks from 802.11g onward to be compatible with most existing hardware. It’s one thing to be able to stream content around the house at high speed, but the convenience is reduced if you have to replace the network card in your laptop and connected TV, and if your current smartphone can’t talk to your router.


The latest standards bring even more speed and promise to maintain backward compatibility. Available from 2019, 802.11ax transmits at over 10Gbps, which is fast enough to download that DVD in just four seconds.
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FACIAL RECOGNITION


The smartphone is truly the wonder of our age, combining the power of a computer with an entertainment system, camera, and sensors to enable it to be anything from a spirit level to a video broadcasting station.
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With all the value and personal data locked up in a small slab of glass and electronics, it’s becoming more and more important to keep the bad guys out. This need will only increase as it becomes routine to use a phone as a wallet, paying for items in store with a simple wave.


One recent development that has rival phone makers trying to outdo each other is biometric identification – a big phrase which simply means checking that the person using the device actually is the owner. Biometrics are also used in passport control and other security applications, and seem certain to increase in future.


Biometric ID


While a password or code relies on something you know, a biometric identifier relies on something you are – and so should be harder to crack. That’s the theory anyway.


Lots of different metrics have been tried, with varying success. Fingerprint recognition is common, but may not be that difficult to hack. Iris scans, earlobe shape, voice ID and even pulse have been put forward and tried, and all can be made to work but may not be convenient enough for everyday use.


Trust this face


In 2017, Apple introduced a new facial recognition system called TrueDepth, which uses an array of cameras, light sources, and sensors to create a 3D model of the owner’s face and then compare this to anybody trying to unlock it.


The challenge of 3D is that it is really difficult to do with a single camera, but if facial recognition is only 2D it might be spoofed by something as simple as a photograph. TrueDepth cracks the problem by exploiting the properties of infrared light and the huge computing power now available in phones.


An infrared projector sprays a pattern of over 30,000 dots onto the face. When setting the phone up, a user must look at the screen and turn their head in a complete circle. The position of the dots is recorded by an infrared camera, positioned just about as far away from the projector as possible. Their apparent movement gives the depth perception needed.


This information is processed by an onboard neural computer that can, apparently, perform 600 billion calculations per second. That’s about the same processing power as the best supercomputers in the world at the turn of the century. In your pocket.




Fig. 1 – Facial recognition
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TrueDepth face recognition fires thousands of points of infrared light onto a face to check whether it matches the phone’s owner.





The learning machine


The importance of the neural computing approach is that this enables machine learning, in a way similar to a human brain. The neural processor used for TrueDepth should be able to tell if the person using the phone is you, regardless of whether you’re wearing a hat, glasses, scarf, or are growing a beard. Neural processing is key to the most promising attempts at artificial intelligence.


Not everybody welcomes the growing presence of biometrics, but as the technology improves and becomes cheaper it seems certain that this will be a routine aspect of daily life in the future. One day we may expect to see DNA recognition as the “ultimate” in biosecurity, but it is certain that every increase in security is accompanied by a parallel improvement in the sophistication and cunning of would-be hackers.





 



TOUCHSCREENS


The touchscreen has become the almost-ubiquitous interface between human and machine in just a few years. It can sometimes be a surprise to discover that a screen is not touch-sensitive, but merely an information display.
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Touchscreens aren’t all the same, and the technologies they use each exploit different physical phenomena.


Resistive touchscreens


The variable electrical resistivity of a sandwich of materials, when subjected to pressure, was the trick behind early resistive touchscreens. Two conductive polymer layers are separated by a small air gap, and each layer is etched with a series of tiny parallel wires – on one layer going up and down, on the other left and right.


A small voltage is applied to the layers, but the electrical circuit is incomplete because of the air gap. Incomplete, that is, until a little pressure is applied to the top surface, causing it to deform and allowing the two layers to touch. The etched conductive lines reveal the x–y coordinates of the point of contact, and tell the software what function you are asking for.


Resistive screens are considered a little crude nowadays, and can’t really cope with multi-touch functions such as pinching and zooming, but they do have the advantage that they can be operated with a stylus or gloved hand.




Fig. 1 – Resistive


When you touch the screen, the two layers meet, completing the electrical circuit.
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Capacitive touchscreens


More modern screens found on smartphones and tablets use a different electrical trick. These capacitive touchscreens are generally made of glass, which is more scratch-resistant than plastic, doped with conductive materials to hold a tiny electrostatic charge. This is the same type of charge you can get by rubbing a balloon on a woolly sweater, or walking over a synthetic carpet, only much smaller.


There are two slightly different ways that capacitive screens are made, called projection and surface capacitive, but in both cases a static voltage is applied across the top and bottom surfaces of the glass. When the top surface is touched by an electrical conductor such as your finger, even very lightly, the capacitance of the material changes at that point.


Capacitance is the ability of an object to store electrical charge. Making contact with the object causes the electrostatic field to change at that point. Sensors around the edge of the screen detect the position, and can cope with several points of contact simultaneously.


Touchscreens are the essential link in today’s portable technology revolution, putting an incredible connected supercomputer in everybody’s pocket. So we can look at pictures of cats.




Fig. 2 – Capacitive


Your finger acts as an electrical conductor, changing the electrostatic field of the surface where you touch it.
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Fig. 3 – FTIR
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Next-gen touch


More precision and an even lighter touch is promised by a new generation of touchscreens, which exploit a property of light known as total internal reflection. This occurs when a beam of light is traveling toward a less dense medium (so from glass to air, for instance) at an angle greater than the critical angle for that material. On reaching the surface it is completely reflected back into the dense medium.


When an object approaches close to the surface, this total internal reflection is “frustrated” and some of the light is scattered instead of being reflected. The scattered light can be picked up by sensors on the far surface to reveal the location. Frustrated total internal reflectance (FTIR) screens can read fingerprints before the finger has touched the screen.








 



MICROWAVE OVENS


Zapping a snack or a hot drink has become such a routine part of daily existence that it is easy to forget what a remarkable device the microwave oven is. If it was invented today, it would seem like something from science fiction: a small box that defrosts and cooks food using electromagnetic radiation, working in a fraction of the time of a traditional oven and using a fraction of the energy.
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It’s often thought that a microwave oven cooks from the inside out, while a conventional oven cooks from the outside in, but this isn’t quite right. The microwaves heat up water molecules in the food as they reach them, and can only penetrate about 1.4cm (about half an inch) into the food. This means that anything less than 2.8cm (just over an inch) thick should be heated fairly evenly.


Chips and dips


It’s not quite that simple though, as the energy will be concentrated in certain areas and weakened in others due to the way microwaves reflect and combine. Think of a basin of water in which you are making waves with your hand. The waves will reflect off the sides of the basin and travel back toward you, meeting other waves as they do so. In some places the peaks will combine, making bigger peaks, and in others the troughs will combine to form deeper dips.
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Keeping it moving


The same effect happens with microwaves in an oven. They are generated by a magnetron, usually positioned behind the control panel, and bounce around inside the metal box until they meet a water molecule. They sometimes combine and sometimes cancel out, generating hot spots and cool spots. This is why the oven has a turntable – to keep the food moving for more even heating. It is also why some prepared meals give instructions to heat, stir and heat the food again.


Inside the oven, microwaves are reflected from metal surfaces and pass through materials like plastic and glass without much interaction. When they strike a water molecule, though, they cause it to vibrate and become hot. This heat is what actually cooks the food.


Because the energy in a microwave oven goes mainly into the water (and therefore the food), the cooking process is usually more energy-efficient than conventional cooking. On average, a microwave oven uses only a third to half the energy of an oven, saving electricity and CO2 emissions as well as valuable time. Strangely, some foods such as porridge don’t give this advantage!



Making microwaves


The key part of a microwave oven is the magnetron, which applies magnetic force to electrons. A central negatively charged cathode is surrounded by a circular anode with several resonating cavities cut into it. As electrons are sprayed out from the cathode, they cross a magnetic field running at right angles and are accelerated into a spiral path.





Arriving at the anode, they are driven across the openings of the cavities. This causes oscillations in the electrical charge at the precise wavelength wanted – it’s a bit like blowing air across the top of a bottle to produce a musical note at the resonant frequency. In this case the frequency is 2.45GHz, allocated by international agreements to microwave ovens.




Fig. 1 – Magnetron
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Accidental discovery


The microwave oven was invented in 1945 by Percy Spencer, an American engineer working on radar systems, which were a key Allied advantage in the Second World War. Spencer was working with a live radar set, and noticed that the peanut candy bar in his pocket was melting.


He experimented with other foods, making the first microwave popcorn and discovering that a whole egg would explode if placed in the radar beam – it splashed into the face of a colleague who was watching the experiment!


Spencer worked for Raytheon, which launched the first microwave oven in 1947. The RadaRange was the size of a large fridge and cost $5,000 ($68,000 today). It was a commercial failure, and poor old Spencer was paid a bonus of just $2 for an invention that changed the world.








 



ICE CREAM AND BEER DIET


Great news for anybody trying to lose weight! You can eat as much ice cream and drink as much cold beer as you like because they are calorie-negative.
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The basic idea behind many diets is to put fewer calories into your body than you burn up through staying alive – breathing, exercising and reading books. If the energy going in is less than the energy going out, you must lose weight. It’s science.


Cold comfort


The calorie is not officially recognized as a unit of energy, but despite this it remains widely used and understood. The most common definition is that one calorie is the energy needed to raise the temperature of one gram of water through one degree Celsius.


And this is where it gets interesting. Your home freezer will store ice cream at about –18°C (0.4°F), but it may well have warmed a little by the time you eat it. Let’s say it’s at –10°C (14°F).
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Body heat


Your body’s internal temperature is 37°C (99°F). As you digest the ice cream, your body will warm it up to this temperature, using energy to do so. A modest 100g portion absorbs 3,000 calories this way (ice cream has a lower specific heat capacity, taking less energy to heat or cool, than water).


But a 100g serving of ice cream provides only about 300 calories. Woo-hoo! It seems you can eat ice cream all day. Let’s wash it down with a cold beer from the fridge.


A 330ml (nearly three quarters of a US pint) bottle of good beer might deliver 130 calories. You drink it at about 4°C (39°F), and again your digestive system raises it to body temperature.


330g × 33 = 10,900 calories to warm it up internally, but only 130 calories have been consumed. This just gets better and better!


Sadly, this is all nonsense. There’s nothing wrong with the principle, and the numbers are all about right. But the calorie, that “widely used and understood” unit of energy, is actually widely misunderstood. When somebody talks about the calories in food, those are kilocalories and will be marked on packaging as kcal in the UK (or just calories in the US). Using the definition above that one calorie is the energy needed to raise the temperature of one gram of water through one degree, that ice cream actually delivers about 300,000 calories to your body and needs 3,000 to be digested. You’ve still consumed 297,000 calories.


What this really shows is the value of having standardized units that are universal and unambiguous. Something like the International System of Units (SI), where the unit of energy is the joule not the calorie.
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Negative-calorie food


A popular modern myth is that some foods, particularly celery, require more energy to consume than they provide in nutrition. The negative-calories claim has even been used in advertising by major brands, and in pseudoscientific fad diets.


Sorry, but it’s just not true. There are some foods and drinks that are almost zero-calorie, but even “calorie-free” soft drinks will usually provide some marginal nutrition (labeling laws permit this).


Water provides no calories, but absorbs some body heat and so provides a very marginal negative calorie effect. A litre of ice-cold water would roughly cancel out the calories in a single sandwich biscuit.








 



TAKING A SELFIE


It has become such a routine and mundane act that it is easy to overlook the startling science behind digital photography. You whip out your phone or camera, point it at yourself or your cat, and before you know it you’re collecting likes and comments on the social media platform of your choice.
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The simple process of taking a picture involves conventional physics that would have been understood by Isaac Newton, semiconductor science that might have puzzled Albert Einstein and the weird world of quantum mechanics. All built into something you carry around in your pocket.


The first part of the process is the most straightforward. Your camera or phone lens collects light from the scene, focusing it onto a sensor. When light enters a lens, it encounters a denser medium than the air and consequently slows down. This slowing causes the light rays to bend or refract, and the shape of the lens is designed to control this so that they all converge (focus) on the plane of the sensor.


One difficulty here is that different wavelengths of light refract by different amounts. This means that cheap single-element lenses may produce coloured fringes around images. For this reason, camera lenses are made of a number of separate optical components, each playing a part in maintaining a clean sharp image with true colours.


Silicon sandwich


Once focused on the image sensor, the photons encounter a sandwich of two semiconductor materials. Both are primarily silicon, but are “doped” with carefully controlled impurities – often phosphorus and boron. Combining these elements with silicon results in a P–N diode. The P semiconductor has positively charged electron holes (as boron has fewer electrons), while the N has negatively charged excess electrons (due to extra electrons from the phosphorus). P–N diodes allow electrons to flow easily in one direction, from N to P, but not the other way. If a reverse current is applied, something quite extraordinary happens to the diode. It repels any electrons attempting to cross, and the sandwich exhibits the photoelectric effect.


This happens when a photon arrives in the silicon sandwich, knocking an electron out of its orbit and creating a new electron/hole pair. The charge in the silicon draws electrons up to the surface where they create a voltage proportional to the number of photons striking the sensor.
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With the sensor divided into a grid of tiny squares, the picture elements (pixels) each produce a different voltage. This information is processed to create a binary digital file that you can upload to the web within moments of the picture being taken.
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