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	I SING THE BODY ELECTRIC
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I sing the body electric,


The armies of those I love engirth me and I engirth them, 


They will not let me off till I go with them, respond to them, 


And discorrupt them, and charge them full with the charge of the soul.


Walt Whitman, ‘I Sing the Body Electric’
 (this version 1867)





According to Google, the most significant thing to spring to mind when mentioning ‘electron’ is ‘a free and open-source software framework’ of that name. Wonderful though this framework may be, the real electron is far more important. It’s a fundamental particle. The driving force of electricity and electronics. The enabler of chemistry and life. An essential part of stuff. There may be a degree of dispute over exactly what Walt Whitman had in mind when he came up with that wonderful phrase ‘I sing the body electric’* – but there is no doubt that our bodies are entirely dependent on the electron’s presence.


In attempting to uncover the electron’s biographical details we need to go back a long way. We sometimes get excited about old things. But what counts as old? Human constructions such as Stonehenge and the pyramids, built thousands of years ago? Rocks that date back as much as 4 billion years? These are far older than the fleeting lifetime of a human being. Yet every atom in your body contains electrons that have been in existence since shortly after the Big Bang, 13.8 billion years ago. They are tiny, negatively charged and fundamentally important for existence. Ever since the creation of the universe (however you want to define creation), electrons have been there, singing the song of their electric existence.


Any good biography will concern itself with both life and death. Left to their own devices, electrons are to all intents and purposes immortal. The best estimate to date suggests that the particles should survive around 6.6 x 1028 years (1028 is 1 followed by 28 zeroes), around 5 x 1018 times as long as they have so far been around. Coming up with a figure for something expected to occur so far into the future is not trivial. The value given is based on an experiment using the Borexino detector at the Gran Sasso National Laboratory, located below a mountain in Italy to reduce impact from cosmic rays and other incoming particles.


The logic for that ludicrously large lifetime is based on the vast number of electrons present in the detector (around 1032), none of which were observed to decay during the run of the experiment. In theory, an electron could decay into either three neutrino particles or a neutrino and a photon, but this has not been observed. If you have dipped a toe into particle physics you might think that an electron decaying into three neutrinos or a neutrino and a photon makes no sense, as its electrical charge would have to disappear, but theoreticians suggest that an electron can only decay if it violates charge conservation. 


The reason for this is that the electron is the lightest particle with an electrical charge. If it broke up, all the available lighter particles it could produce would have no charge. The only alternative would be if it decayed into a totally new charged particle – but if this existed, it is hard to understand why it hasn’t already been seen. Back in 2015, Gianpaolo Bellini, working with the Borexino detector, commented that with better elimination of background radiation, they might be able to boost the estimated minimum lifetime to 1031 years. 


Although this astonishing lifespan makes electrons sufficiently close to immortal to be far beyond any human considerations, this doesn’t mean that electrons can’t die far sooner, not by breaking into pieces but by being totally destroyed. As we will discover later, the electron has a nemesis known as a positron – an antimatter electron. When the matter and antimatter versions are brought together, they annihilate, turning from matter into pure energy in the form of photons: particles of light. The reverse can also happen, with photons producing matter–antimatter pairs (this is where electrons came from in the first place), but for an individual electron, an encounter with its nemesis brings its life to an end.


In the beginning


According to our best current theory of the origins of the universe, things started small with a rapidly expanding space, filled with what was initially pure energy in the form of photons. ‘Let there be light’ got it right. But, as Einstein showed, in the right circumstances energy and matter are interchangeable, and the initial energy of these particles was so high that the photons readily transformed into matter. A pair of photons could easily end up as an electron and its antimatter equivalent, the positron.*


The energy produced when electrons and positrons annihilate can sound distinctly insignificant. A single pair produces a tiny amount of energy: it would take around 100,000 billion (1014) pairs to power a typical LED bulb for a second. But a combination of matter and antimatter is also the most compact way to store energy. If you had just a gram of electrons and a gram of positrons it would produce around 1.8 x 1014 joules – that’s around the entire electricity consumption of the UK for three minutes. 


The pairs of matter particles produced in the early universe would have been constantly recombining in a dance of production and elimination. But by around fifteen minutes after the Big Bang, as the universe expanded, the energy of the photons would have dropped to the extent that they were no longer producing new matter at any scale. 


Now we get a bit of a problem that is yet to be resolved. Unless they were somehow separated, the electrons and positrons should have continued annihilating each other, leaving no matter behind. Some theories suggest there might have been a little more matter than antimatter, resulting in around one in a billion electrons surviving, though it’s not really clear that this would produce what we now experience. Somehow, though, we did end up with an observable universe that is almost entirely made up of matter rather than antimatter.


In the subsequent seconds, other fundamental particles called quarks, which had also been produced from energy in a so-called ‘quark-gluon plasma’ (gluons are the particles that are able to bind quarks together), started to combine to produce the familiar particles of the atomic nucleus: protons and neutrons. Again, a small excess of particles over antiparticles seems to have resulted in a conveniently identical number of positively charged protons to the number of electrons, leaving the universe electrically neutral.


At this point, though, we didn’t have neutral atoms. Instead, the electrons were free in space while hydrogen nuclei (some of which underwent nuclear fusion to produce helium nuclei, much as now happens in stars) were positively charged. It was only after about 370,000 years that energy levels had dropped sufficiently with the continuing expansion of the universe for the electrons to become attached to the positively charged nuclei. Without all the charged particles floating around, which prevent light from moving unhindered, photons were able to start flying freely through the universe, producing radiation we can still detect, known as the cosmic microwave background.


If we need to look at familial origins for a good biography, the vast majority of the electrons we now encounter came into being in those opening minutes of the universe’s existence. Each one is around 13.8 billion years old. It’s a very flat family tree, with the majority of occupants all cropping up on the same line. But ever since heavier elements were formed, there has been a potential for new electrons to come into being, right up to the present day. These are the electrons responsible for beta radiation.


When an atomic nucleus decays in the process often known as nuclear fission, a neutron can be transformed into a proton, an electron and a third particle called an antineutrino. This electron is newly formed, rather than one that originated just after the Big Bang. But these are statistically unnoticeably few compared with the vast majority that have been in existence since the origin of the universe.


Strength in numbers


An individual electron has very little mass or electrical charge – but their strength is in numbers. According to physicist Frank Close, ‘with each breath, you inhale about ten billion trillion atoms of oxygen, each containing several negatively charged electrons. In all, this amounts to about 15,000 coulombs of electricity, enough to spark 1,000 bolts of lightning … If you are breathing steadily the intake corresponds to an electric current of some 3,000 amps …’


To put that into context, the familiar unit of amps measures the flow of electrical current. In the UK, standard mains sockets are rated at 13 amps. The fastest electric car chargers at the time of writing can run at up to around 1,000 amps. A coulomb measures charge – effectively how many electrons are involved. A 1-amp current for a second provides a charge of 1 coulomb – which amounts to around 6 x 1018 electrons.


Of course, we don’t experience this (literally) shocking electrical experience when we breathe because the negative electrical charge of the electrons is balanced out by the positive electrical charge of the protons in the nuclei of the atoms we are breathing. By a happy coincidence, the negative electrical charge on the electron is exactly the same as the positive electrical charge on the proton. This feels even more remarkable when you realise that a proton is made up of three smaller particles called quarks. Two are up quarks, with a positive charge two-thirds that of the electron’s negative charge, and one is a down charge with a one-third negative charge. 


A ‘happy coincidence’ doesn’t feel like a good scientific explanation, but we don’t know why this is the case, except that matter as we know it would not exist if it were not so. There is a quasi-scientific argument that charge is quantised (i.e. comes in minimum sized buckets) – but this doesn’t actually explain in any sense why the electrical charge should be conveniently balanced in this way.


Without this cancelling out of charge, gravity would seem trivial. Gravity is much, much weaker than electromagnetism, the fundamental force behind the interaction of electrical charges. Rub an inflated balloon on your hair and it will gain an electrical charge. The rubbing action transfers electrons from your hair to the balloon’s surface. Bring the negatively charged balloon near to small pieces of paper and it will pick them up. The small electrical charge on the balloon has a stronger attraction than the entire gravitational pull of the massive Earth.


Because two negative charges repel each other, electrons are naturally antisocial. If you imagine trying to get two electrons closer and closer, the force pushing them apart grows as the square of the distance between them falls, just as the gravitational attraction between their masses grows with the square of the distance. But that repulsive electrical force is around 4 x 1042 times stronger than the attraction of gravity.


For the vast majority of the lifetime of electrons, they have been going about their business in reactions (or simply sitting around in atoms) without having any interaction with human beings. It would make for a dull biography if we spent any time on the intervening 13.8 billion years in which very little happened in terms of understanding electrons. But the story changes with the emergence of human beings. The earliest hominins – distantly related species – date back around 7 million years, with the smaller brained Homo species originating between a million and 1.5 million years ago. Exactly when our own species, Homo sapiens, emerged isn’t clear, but estimates range from around 190,000 to 300,000 BCE.


However, there is no opportunity to develop the electron’s biography in any detail until we get to written history. For that reason, the rest of the book will primarily stick to the last few hundred years when we have started to consider electrons and their most immediately obvious role as the carriers of electrical current.


Whitman was right to refer to the body electric, though the science of his day could not fully back up the connection. Galvani had demonstrated a relationship between electricity and the twitching of muscles. Speculation had been rife for centuries about the relationship between electricity and life – could it be the vital spark, the ‘spirit’ as Newton called it, that distinguished the living from the dead? Perhaps the most vivid picture we might have is Mary Shelley’s character Victor Frankenstein giving life to his creature using a bolt of electricity.


It’s a dramatic image, though sadly it’s not a picture that emerges from Shelley’s imagination.* Frankenstein’s deployment of the electrical power of the heavens in his laboratory was added to the story for the 1931 film. But it’s no surprise that its director James Whale would depict a stream of electricity from the sky. Lightning must surely predate every other way that humans have consciously experienced the song of the electron in action. 


Although gaining any understanding of lightning has required a scientific viewpoint, we have surely been aware of its appearance and its potentially devastating power for as long as Homo sapiens and our ancestors had conscious awareness of their surroundings. Few other natural phenomena make such an impact on our senses.





* Out of interest I asked a few AI chatbots what they thought ‘I sing the body electric’ meant: the general feeling was a combination of vitality and the linking of the body and the soul. As we will see later, the connection made between electricity and some form of ‘life force’ would be a strong one. For Ray Bradbury fans, though, it is more likely to bring to mind one of his short story collections.


* A single photon can also produce an electron–positron pair, but this usually requires the existence of an atomic nucleus to satisfy the conservation of momentum, and these would not have existed when electrons first formed. If two photons are involved, the momentum issue can be solved without an additional nucleus.


* Strictly speaking I should say that the story of Frankenstein emerged from Godwin’s imagination, as Mary Shelley was not yet married when she came up with the first version of her story.
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To demonstrate, in the completest manner possible, the sameness of the electric fluid with the matter of lightning, Dr Franklin, astonishing as it must have appeared, contrived actually to bring lightning from the heavens, by means of an electrical kite, which he raised when a storm of thunder was perceived to be coming on.


Joseph Priestley, History and Present State of Electricity (1767)





For many of us, looking out of the window at an electrical storm provides a fascinating and dramatic light show – and for pretty well all of us, being outside in an exposed location when there’s lightning about is terrifying. So dramatic is the whole business of thunder and lightning that it was often allocated to the gods – Zeus, Jupiter, Indra and Thor all had thunderbolts at their disposal. Even without a religious connotation, Pliny the Elder, writing in the first century CE, considered lightning prophetic, direful and accursed. This was the electron in the wild – electricity rendered visible and awesome.


Back then, the associated rumble of thunder would have been considered something other than the direct sound of a lightning bolt in action, because we usually hear the thunder considerably later than we see the flash. This is because of the difference in speed between light at 300,000 kilometres (180,000 miles) per second and sound at 340 metres (1,115 feet) per second. If a lightning bolt is 10 kilometres (6.2 miles) away, the thunder will turn up around 29 seconds after we see the flash. But what we are hearing is the action of an immensely powerful bolt of electricity ripping through the air. 


This flood of charge zaps the air temperature up to as much as 30,000 °C (54,000 °F) – around six times the surface temperature of the Sun. The sudden heating accelerates air molecules so much that the expanding shock wave produces the equivalent of a sonic boom, though one that will be extended in time when heard because of the different routes that the sound waves can take to reach us.


That kite


Although it may have faded in modern experience in much the same way that many of the ‘classic’ novels from the past have become unfamiliar, a one-time instant association with attempting to understand the nature of lightning would have been Benjamin Franklin and his kite. This wasn’t, of course, the first attempt to understand any aspect of electricity, but because the electron made its dramatic presence felt in lightning long before any other electrical phenomena were familiar, it seems an appropriate first step in uncovering the particle’s biographical past.


The quote at the opening of the chapter comes from English scientist Joseph Priestley’s attempt to summarise what was known about electricity in the mid-eighteenth century, and it was one of the early ways that Franklin’s alleged experiment was spread far and wide. I say ‘alleged’ because, while it’s clear that Franklin came up with the concept behind the risky undertaking, it is not by any means certain that he took the risk himself. 


Throughout this book we will bring into the electron’s biography individuals whose work has brought us closer to the electron and our knowledge of its role. Along the way, we will discover that a surprisingly high percentage of winners of the Nobel Prize in Physics have been working on the electron or on related phenomena. But this honour would not be introduced until 1901, when German physicist Wilhelm Röntgen won the first of these annual awards for his work on X-rays (which were generated from the energy of electrons). For the first few chapters, our central characters could not receive such an accolade, though arguably many would have done so, had the prize existed.




[image: ]


Franklin and the kite.


Alfred Jones, for the Bureau of Engraving and Printing, Public domain, via Wikimedia Commons





Benjamin Franklin was a superstar of the eighteenth century. Born in Boston in 1706, he initially made his money editing the Pennsylvania Gazette and publishing Poor Richard’s Almanack, a popular annual mix of household guidance and amusement. A natural philosopher with a particular interest in electricity, and with good contacts in scientific bodies in the UK, he was also a diplomat and politician, classed as one of the Founding Fathers of the US from his position on the five-person committee that wrote the US Declaration of Independence.


The once-familiar story has Franklin venturing out at personal risk in a storm in 1752, flying a kite towards looming thunderheads. Despite the way it used to be popularly portrayed, this experiment did not involve trying to get the lightning to strike the kite, but rather for it to pick up an electrical charge from the clouds that was strong enough to send a stream of electricity through the air down to a metal key attached to the string. The key was linked by wire to a Leyden jar, a crude storage mechanism for static electricity. The point of the experiment was to demonstrate that the dramatic aerial phenomenon involved the same kind of electrical discharge (described by Franklin as ‘electrical fire’) possible on a much smaller scale from the electrical experiments that we will discover in the next chapter.


It’s certainly true that Franklin wrote an article in 1750 proposing such an experiment, and some believe that Priestley’s account corroborates the existence of an actual experiment, making it worthy of further examination. The doubt arises from the way that Franklin, never backward at coming forward, only wrote of the experiment indirectly. By the time his experiment is said to have taken place, something similar had already been carried out by the French scientist Thomas-François d’Alibard, inspired by Franklin’s article. Franklin then wrote of a local attempt, ‘the same Experiment has succeeded in Philadelphia, tho’ made in a different and more easy Manner …’ But there is no mention of his own involvement.


Priestley, better known for discovering oxygen, was an irregular attender of the Lunar Society of Birmingham, a gathering of the great and good of the English Midlands who collectively had an interest in science (more on the society in chapter five). So it was Benjamin Franklin himself, who met Priestley when visiting England, who would provide Priestley with the information that featured in his book. We can’t take Priestley’s write up as absolute confirmation that Franklin’s experiment took place, but he describes plenty of detail. The first observation was strands of the hemp kite string rising, as a build-up of electrical charge caused repulsion between charged strands. Franklin is then said to have brought his knuckle near the key and received a visible spark, before transmitting some electricity to a Leyden jar.


To complete this chapter, we need to move on to the better understanding of lightning that we now have. Most biographies proceed in a linear fashion through time. But as the electron has many different roles, it makes sense to follow each of these roles individually through time. The chapters are arranged in order of discovery – and it seems reasonable to assume that lightning was the first specifically electrical phenomenon that was known about – but each chapter might also venture into the future, to see how understanding has grown, as we are about to do.


There’s the rub


Perhaps surprisingly, it still isn’t totally clear exactly how the huge electrical charge needed for a lightning bolt builds up in the clouds. It seems certain, though, that this is a triboelectric effect. The ‘tribo’ part here comes from tribos, the ancient Greek word for rubbing – this is electricity generated by a rubbing motion.


As we saw in the previous chapter, a familiar example of triboelectricity is rubbing a balloon on your hair. This results in electrons being rubbed off the hair to give the balloon an overall negative electrical charge. In the best supported theory for the production of lighting, particles of ice and supercooled water droplets in the thundercloud are jostled against each other, transferring electrons in the same way. The heavier ice particles, carrying electrons, fall lower in the cloud, accumulating many small charges to form a powerful negatively charged region in the cloud.


For what happens next, it’s best to look back at the way a charged balloon attracts small pieces of paper to it. Bring a charged object near to something that has no overall charge and it will have an influence. Because the balloon is negatively charged, it will repel the nearest electrons on the pieces of paper, forcing the electrons away. 


Let’s take a moment to remember what most of us learned at school. Two bodies with the same electrical charge repel each other, while opposite charges attract. It would be nice to be able to explain why this is the case – physicists may tell you it’s about particle spin and quantum fields and relativity, but to be honest, this just pushes back the question, ‘Why?’ one level. All we can really say is that this is what electrical charges do.


As a result of the balloon pushing away nearby electrons in the paper as it is brought close, the side of the paper nearest the balloon will have lost some of its negativity and become positively charged. And because opposite charges attract, the paper is attracted to the balloon. The process of establishing a charge remotely this way is known as induction.


Move to the lightning picture and we have a huge negative charge towards the bottom of the thundercloud. This induces a positive charge on the bits of the Earth below that are closest to it – or, even more likely, in other nearby clouds. Around 80 per cent of lightning bolts travel from cloud to cloud rather than ever striking the ground. The voltage is sufficient to produce a weak electrical current, known as a leader, through the damp air between cloud and ground. This current results in some of the atoms between cloud and ground becoming ionised.


Ions are simply atoms that have gained or lost one or more electrons to become electrically charged in their own right. And ions are excellent electrical conductors. With a pathway now formed, the main, visible stroke can occur. This so-called return stroke actually travels from Earth to cloud. This leader/return stroke mechanism means that it’s possible to generate a lightning bolt by firing rockets with a wire attached into a thundercloud. The wire provides the leader, resulting in a controlled discharge.


The power of nature


Though extremely brief, the power carried by a lightning strike can be immense. It’s worth having a quick aside on energy and power, as these words will feature regularly. We tend to use the terms energy and power in everyday speech in a hand-waving fashion that is not the same as their use in physics. Energy is the ability to make things happen, measured by scientists in joules.* Work, an associated term, involves transferring energy from place to place. And power, measured in watts, is the rate at which energy is produced or used to do work. A single watt is a joule per second, though for domestic use it is often measured in kilowatts.


It’s a scientific truism that energy is conserved. It can’t be created or destroyed. Which makes the statement in the previous paragraph that power is the rate at which energy is produced or used distinctly confusing language. For convenience, we speak of a power station producing energy, or us using up energy when we are active. But really, we mean that a power station converts one kind of energy (say heat) into another (electrical energy). And when we run, we convert chemical energy into other forms, such as the kinetic energy of motion, potential energy if we’re going uphill, and heat.


Transferring this knowledge of energy and power back to a lightning strike, on average a single bolt is roughly equivalent to the output of a mid-sized power station running for a second. That amounts to around half a billion joules, where 20 joules is what’s required to run a 20-watt LED bulb for a second. A kilowatt hour, the measure typically used for consumption of household and electric vehicle energy, is around 3.6 million joules – so each bolt carries around 140 kilowatt hours. That’s more than the entire storage of a high-capacity electric vehicle, typically expended in less than a second.


We can’t see moving electrons per se – that’s not what makes up the glowing, forked lightning bolt that splits the sky. Atoms give off light when the electrons in their structure go from a higher to a lower level of energy. The energy is lost from the atom in the form of a photon of light. The electrical discharge pushes the electrons in the atoms that make up the air and water through which it travels to a higher energy level. Those electrons then fall back in energy, forming the flash. This isn’t all visible light, incidentally. Photons come in a whole range of energies.


This span is generally known as the electromagnetic spectrum, running from relatively low energy radio photons, through microwaves, infrared, visible light, ultraviolet, X-rays and gamma rays. Usually, lightning won’t have sufficient energy to produce the most dangerous end of the spectrum, gamma rays. However, around 0.1 per cent of thunderstorms do have sufficient energy to generate these potentially deadly photons. This process is so energetic that pairs of electrons and their antimatter equivalent, positrons, can be produced. These will usually recombine, annihilating to generate more gamma rays.


Such lightning is relatively hard to see as there is little visible light given off. If a plane were to pass nearby, a single gamma-ray-producing bolt could have the same radiation impact as around a hundred chest X-rays, though thankfully commercial pilots do not go near large thunderclouds because of their potential impact on the safety of the flight.


We tend to think of thunder and lightning as a relatively rare phenomenon, because we may only witness it once or twice a year. But at any one time there are likely to be around 1,800 thunderstorms playing out around the world. According to myth, lightning doesn’t strike the same location twice – but scientifically this is clearly nonsense. Lightning has no memory, so how could it possibly know where to avoid? Perhaps the most famous lightning target is the Empire State Building in New York, which is hit regularly, with as many as fifteen strikes from a single storm. Less numerically impressive but a more dramatically satisfying target is US park ranger Roy Sullivan, who survived seven separate lightning strikes.


One thing that Franklin definitely did do on the ‘lightning = electricity’ front was to invent the lightning conductor or lightning rod. These are pointed or forked pieces of metal attached to the highest point of a tall building, with a thick metal connector that runs down to the Earth. Without doubt this was a better idea than a medieval conception of lighting-strike prevention by putting a so-called thunderstone in the chimney of your house.


Based on that mythical concept of not striking twice, a thunderstone was a stone with a hole in it, which, according to folklore, had been caused by a lightning strike. In practice these stones seem to have been Stone Age hammer heads or later worked stones. The lightning conductor has more science behind it, though there has always been a dispute as to whether it was supposed to take a strike and conduct the electricity harmlessly to earth, or to make it less likely that a strike would happen in the first place, as it would start conducting charge away as it built up, before the charge reached the point of producing a leader. Even now there is dispute over whether pointed or rounded ends work better on a lightning conductor, and limited evidence on how much protection they offer.


Lightning will indubitably have given humanity its first experience of electricity, even though it would not be until Franklin’s time that it was definitively identified as an electrical phenomenon. But for more than 2,000 years humans have been familiar with the smaller-scale production of electricity that gave the phenomenon (and indirectly the electron) its name. We next have to take a step back in time to encounter electrical bodies.





* Food energy is often measured in calories. Somewhat confusingly, what is often called a calorie is actually a kilocalorie – a thousand calories. A kilocalorie is 4,184 joules. 








	THESE SEVERAL BODIES (ELECTRICS)

	3









These several bodies (electrics) not only draw to themselves straw and chaff, but all metals, wood, leaves, stones, earths, even water and oil.


William Gilbert (Trans. Edward Wright), De Magnete Magneticisque Corporibus, et de Magno Magnete Tellure
 (On the Loadstone and Magnetic Bodies and the Great Magnet the Earth) (1600)





How did the ‘electron’ get its name? It’s frequently said to be taken from the ancient Greek word for amber – but the reality is a little more complex than that. The substance amber has fascinated people for millennia. It’s a little like a stone, but it is both too light and too soft. It is transparent yet is quite different from a crystal. And it can have once-living things embedded in it. Particularly relevant, amber appeared to have special, magnet-like properties – when rubbed it could make small objects move towards it.


It’s certainly true that the word ‘electricity’ was amber-inspired. In Latin, amber was called electrum, while in ancient Greek it was elektron, which derived from elector, roughly translatable as ‘beaming Sun’, as myth had it that amber was the tears of the daughters of Helios, the Sun god, remembering their dead brother. When first used, ‘electricity’ referred to the property of amber to attract materials when rubbed. Sir Thomas Browne in his Pseudodoxia Epidemica from 1646 notes ‘Crystal will calefy* into electricity; that is, a power to attract strawes or light bodies, and convert the needle freely placed.’ Browne was picking up on William Gilbert’s Latin term ‘electricus’ to describe the nature of substances like amber to produce electrical attraction, something of an aside in his book on magnetism.


When it came to the naming of our biographical subject, it seems natural that it was taken directly from the Greek elektron. In reality, though, the word was first used in the 1850s as an alternative for electrum – a direct parallel with the Latin – which refers to an alloy of gold and silver. It moved into science in 1891 when the Irish physicist George Stoney used it (after briefly dallying with electrolion) not as a reference to a physical entity, but a unit of electricity, which would gradually be regarded as an object in its own right. An electrically charged atom has been referred to as an ion since the 1830s, so a separate charge was an electro-ion – an electron.


A mysterious attraction


How amber was able to attract things was just as much a mystery to early natural philosophers as a magnet’s invisible influence. An attractive force was always a difficult proposition to explain because it’s much easier to push something remote away (say by blowing it) than it is to pull it towards you. Isaac Newton would later have the same problem when describing the action of gravity – he was mocked by some of his contemporaries for making use of the term ‘attraction’, because the word was largely associated with personal feelings, not a force. It sounded as if the Moon fancied the Earth.


Newton attempted to explain gravitational pull by imagining a universal flow of particles that were constantly pushing bodies in space. If something like the Earth was placed in the way of that flow, blocking particles from its direction, then the particles pushing from everywhere else would naturally tend to make an object floating in space move towards the Earth, giving the effect of attraction.


When the first-century CE Greek philosopher Plutarch described the attractive ability of amber he made use of a similar argument. In his Platonic Questions he attempted to explain amber’s abilities: 




And neither amber nor the loadstone draws any thing to it which is near, nor does any thing spontaneously approach them. But this stone emits strong exhalations, by which the adjoining air being impelled forceth that which is before it; and this being carried round in the circle, and returning into the vacuated place, forcibly draws the iron in the same direction. In amber there is a flammeous and spirituous nature, and this by rubbing on the surface is emitted by recluse passages, and does the same that the loadstone does. It also draws the lightest and driest of adjacent bodies, by reason of their tenuity and weakness; for it is not so strong nor so endued with weight and strength as to force much air and to act with violence and to have power over great bodies, as the magnet has.*





Because heated air moves, there seemed to be an association with rubbing amber and generating heat (that ‘flammeous and spirituous nature’) to force air away, causing the vacuum that generated the attraction. Note the similarity to Thomas Browne’s use of ‘calefy’. With no concept of electrical charge or electrons (other than ambers), the ancient Greeks and their successors all the way through to Victorian times had little alternative but to identify electricity with the more understandable forces generated by heat.


Transferring electrons


We now know that amber is a fossilised tree resin, typically between 100 and 300 million years old. When it is rubbed, typically with a cloth or fur, just like the balloon in the opening chapter, it undergoes a triboelectric process – electrons are effectively rubbed off the cloth leaving a relative negative charge on the amber, able to induce a positive charge in nearby objects, which are then attracted to it. It all seems so straightforward now … if it weren’t the case that triboelectricity and its close relation ‘contact electrification’, which involves producing charge without rubbing, are still not fully understood.


The gold standard for scientific studies is replication: when a study is repeated, the results should be the same. It was failures of replication that put many earlier social sciences papers in doubt from around 2012, but such failures are relatively uncommon in physical experiments, where far higher standards of significance are deployed. Even so, replication has proved elusive when dealing with triboelectricity. It’s not even clear whether and why a particular substance gets a negative or positive charge when touched or rubbed. Scott Waitukaitis, a physicist working in the field, was quoted in 2025 as saying, ‘We can’t even get the experiments to just behave.’*


Waitukaitis and his co-worker Juan-Carlos Sobarzo ran a series of experiments hoping to see if the presence of water molecules was influencing the variability in contact electrification. In the grand tradition of static electricity experiments they failed – but along the way were able to uncover a reason behind the strange behaviour. They were using small pieces of the polymer polydimethylsiloxane, some of which, after contact with other small pieces of it, developed a negative charge.


True to form, the way this happened was not consistent, yet with repeated contact it became so. It appeared that repeated contact had an effect on the way that a square of polymer became charged. The more contacts there were, the more likely that a sample would get a negative charge. Exactly how this was possible – that somehow the bits of polymer developed a memory – was not clear until the team examined their samples with an atomic force microscope and found that the samples that gained a negative charge had smoother surfaces, with irregularities worn down by the repeated contact.


At the time of writing, it’s still not clear why this is the case. But the discovery that repeated contact changes the ability of a material to gain a charge helps explain why there has been so much inconsistency in studies on triboelectricity and contact electrification.


However amber gets its charge, though, its role from ancient times was more inspirational than scientific in the awareness of electricity, something that would still be a mysterious concept in Newton’s day.





* Rather oddly, ‘calefy’ means to make warm or hot: as we will see, this was the result of a confusion that dated back to the ancient Greeks.


* Plutarch’s Moralia (Platonic Questions 7.7). Translated from the Greek by several hands. Corrected and revised by William W. Goodwin, PH. D. Boston. Little, Brown, and Company. Cambridge. Press Of John Wilson and son. 1874.


* Scott Waitukaitis was quoted in Solving the 250-year-old puzzle of how static electricity works by Elise Cutts in New Scientist, 25 July 2025.
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How far strictly speaking the Spirit in this Operation may be said to be fired by the repulsive Power of Electricity, or how far that Power, which repels light substances when fully impregnated with Electricity, fires the Spirit, may be the Subject of a future Inquiry …


William Watson, Electrical experiments – letter to the Royal Society (1745)





Isaac Newton is, after Einstein, the best-known scientist in history. Born in Woolsthorpe Manor in Lincolnshire (a grandly named large farmhouse) on Christmas Day 1642,* Newton had a miserable upbringing – his widowed mother remarried when he was three and left him with his grandparents to live with her new husband. It was only when Newton got to Cambridge University that he seemed to truly come into his own. 


Like Benjamin Franklin, science only took up a small part of his life – his studies took in alchemy and theology, while he would become master of the Royal Mint and a member of parliament. Despite the often-made claim that he was the first person to be knighted for his contribution to science, his knighthood was for his management of the currency. Another parallel with Einstein is the mythology that has built up around Newton, notably that of the apple tree.


The real apple


The doubtful version of this scientific legend is that Newton was sitting under an apple tree on the family farm when an apple landed on his head, inspiring him to think about the nature of gravity. So enthusiastic are some to dismiss this certainly exaggerated account that they dismiss any intervention of an apple at all. This goes too far the other way, as Newton himself described the way that an apple falling (not on his head) made him think.


In Memoirs of Sir Isaac Newton’s Life, published in 1752 by antiquarian William Stukeley, we are told of a visit to Newton’s lodgings in Orbol’s Buildings, Kensington, on 15 April 1726. Stukelely writes: ‘After dinner, the weather being warm, we went into the garden, and drank thea under the shade of some apple trees; only he and myself. Amidst other discourse, he told me, he was just in the same situation, as when formerly, the notion of gravitation came into his mind. Why should that apple always descend perpendicularly to the ground, thought he to himself; occasion’d by the fall of an apple, as he sat in a contemplative mood.’


What we know of Newton’s exploration of electricity is more direct, though limited. His working life was just a little too early for the transition of electricity from a small phenomenon associated with amber and a few other materials to become a significant part of physics. Newton’s two great books, The Principia (Mathematical Principles of Natural Philosophy) and Opticks, both include passing references to electrical matters, but these were largely relegated to secondary sections of the books.


In the General Scholium


The Principia is where we get Newton’s work on forces and gravity. For its second edition, published in 1713, he added some extra material. Where the final volume had originally ended without any overall conclusion, for this version he added a ‘General Scholium’ (Scholium Generale). It is this addition that contains one of The Principia’s most famous lines, ‘Hypotheses non fingo’. This is translated as ‘I frame no hypotheses’ – i.e. I’m just reporting on what happens, but I’m not hypothesising on how or why it happens. It’s thought, however, that the word ‘fingo’ had negative connotations at the time, suggesting cobbling something together without evidence. This is more in the sense of framing someone than of producing a scientific argument.


In the General Scholium, Newton refers to ‘a certain very subtle spirit pervading gross bodies and lying hidden in them’.* He tells us that ‘by its force and actions, the particles of bodies attract one another at very small distances and cohere when they become contiguous; and electrical bodies act at greater distances, repelling as well as attracting neighbouring corpuscles …’ From other notes Newton made, this all appeared to be referring to an electrical phenomenon.


Newton was influenced in writing this by experiments undertaken by Francis Hauksbee – a former draper who became, in effect, Newton’s pet experimenter through the Royal Society. The Society, Britain’s leading scientific institution, had played a major role in Newton’s scientific growth. He was never a sociable individual, but had corresponded with the Society over the years, if occasionally falling out with key figures, and would become its president. 


Hauksbee had moved on from the traditional use of amber in electrical experiments, primarily making use of a glass globe from which air had been removed as much as possible with the primitive air pumps of the day (Hauksbee designed his own). This ball, containing a little mercury, was rotated in a wooden frame – when a hand touched it to rub against the moving surface, a glow developed in the globe.*


This so-called barometric light had been noticed back in 1675 by the French astronomer Jean Picard, when a glow came from a moving mercury barometer, but Hauksbee made a much more thorough investigation of the phenomenon. This was the initial basis of Newton’s description of an ‘electric spirit’. He would suggest that the light emitted in the experiment (and by hot bodies) was a result of the electric spirit being ‘sufficiently agitated’. In later writings, Newton considered a wider connection between electrical spirit and light, even suggesting that electric spirit that was embedded in glass was somehow responsible for the way that light was made to change direction when reflecting off mirrors and refracting through prisms and lenses.


This was the kind of speculation that Newton on the whole tried to avoid making public (one of the hypotheses he didn’t want to fingo) and he appears never to have published it. Entertainingly, it is surprisingly close to the modern view. As we will discover later, both reflection and refraction are a result of light interacting with electrons in matter – and the fuzzy presence of those electrons with no fixed location can easily be considered an ‘electrical spirit’. Because of his wariness, Newton ended (very sensibly) by saying that ‘there is not a sufficient number of experiments to determine and demonstrate accurately the laws governing the actions of this spirit’. This would remain the case for a couple of centuries.


Where The Principia had been published in Latin, Newton’s later title on light and optical effects, Opticks, was originally published in English, and here electricity featured again. He mentions ‘the electrick Vapour which is excited by the friction of the Glass against the Hand …’,* referring to Hauksbee’s work, and adds that its effects have also been found ‘by rubbing a long and large Cylinder or Glass or Ambar [sic] with a Paper held in ones hand …’


He went on to describe what was happening as how ‘an electrick Body can by Friction emit an Exhalation so rare and subtile, and yet so potent, as by its Emission to cause no sensible Diminution of the weight of the electrick Body …’


Dealing with Newton’s ideas on electricity can feel a little like wading through the treacle of obscurity, but bear in mind how little was known about it at the time. Even though electrons had been operating throughout the universe for 13.8 billion years, humanity had only had a short observation of some of their mysterious abilities, lacking the physical tools to investigate further.
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