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			Series Foreword

			Science has always been a source of fascination, pushing the frontiers of knowledge. This series of books spans some of the most important scientific developments of all time. From the origins of life to the nature of the universe, these books showcase remarkable achievements of scientists through the ages and the limitless potential of human curiosity. 

			In this series we can follow the evolution of science from ancient times through to the modern era. Aristotle’s writings cover a wide range of topics related to the natural world, including physics, metaphysics and biology. His work is notable for its depth and breadth as well as for its immense influence on the development of scientific thought in the Western world. 

			Copernicus and Newton were also great polymaths. Copernicus is best known for his work on the heliocentric nature of the solar system as presented in On the Revolutions of the Heavenly Spheres but he also made substantial contributions to mathematics and medicine. Newton’s Principia is recognized as one of the most important scientific works ever written. His theories of motion and gravity laid the foundations for modern physics and revolutionized our understanding of the ‘Nature’ of the world. Within mathematics, Newton developed calculus, as well as algebra, trigonometry and geometry. 

			Newton’s Principia was originally read primarily by intellectuals. By contrast, Darwin’s work On the Origin of Species immediately caused a significant stir in both scientific and public circles, particularly through its challenge to traditional beliefs. Darwin’s theory of evolution was debated and refined, gradually becoming a foundational concept of modern biology. 

			At the beginning of the twentieth century, physics experienced two major paradigm shifts: relativity and quantum theory. Einstein’s Special and General Relativity fundamentally changed our understanding of space, time and gravity. The works of Bohr and Planck explain the early development of quantum theory, starting from Planck’s revolutionary concept of quanta.

			Readers of this series can step back in time to explore how the foundations of science are described by its pioneers. The transformative nature of these works and their profound impacts on society can only inspire a sense of awe and wonder. 

			Professor Marika Taylor

			University of Southampton

		

	
		
			A New Introduction to Max Planck & Niels Bohr 

			Max Planck: New Horizons in Science

			In 1894, at the dedication of the University of Chicago’s Ryerson Physical Laboratory, Albert Michelson (1852–1931), one of the foremost physicists of the time and discoverer of the speed of light, observed that:

			While it is never safe to affirm that the future of Physical Science has no marvels in store even more astonishing than those of the past, it seems probable that most of the grand underlying principles have been firmly established and that further advances are to be sought chiefly in the rigorous application of these principles to all the phenomena which come under our notice. It is here that the science of measurement shows its importance — where quantitative work is more to be desired than qualitative work. An eminent physicist remarked that the future truths of physical science are to be looked for in the sixth place of decimals.

			The language may be elaborate, but the message is clear. Physics is just about done: we have discovered all the big things and now it is just a case of working out the finer details. Admittedly, a rather downbeat note to open a new laboratory on.

			Yet such a sentiment could not have been further from the truth. Michelson’s own famously unsuccessful experiment to discover the ‘luminiferous ether’ just six years earlier was to pave the way for the discovery of relativity in 1905 by Albert Einstein (1879–1955). Even before that, in 1900, Max Planck (1858–1947) (with the help of his successors such as Niels Bohr, 1885–1963) was going to turn physics on its head.

			The Beginning of the Quantum World

			The importance of quantum theory to our understanding of the world is something to which we will return. It simply cannot be understated; quantum theory is the foundation of so much of our understanding of how and why the universe works. Some of our technologies today – and many of those that will develop in the future – are rooted in some kind of quantum phenomena. Without our understanding of its complexities, the world we inhabit would be fundamentally different.

			The difficulty for anyone who chooses to dive into the world of quantum is that you must first leave what you think you understand by the wayside. Quantum is an existence based in statistics; to explore it you need to appreciate that things can, and often do, defy the laws of logic and common sense. Even practising physicists can struggle to comprehend fully – or even believe – their own findings. But the maths and experimental evidence are there and cannot (as much as some might wish) be denied.

			It is for this reason that Max Planck’s scientific work is so important. It was he who first took the leap into the illogical, presenting his findings and ideas that solved problems and were supported by the facts even if they did not make intuitive sense. It was he who managed to get the first crucial foot in the door, which allowed generations of scientists after him to follow and make sense of the strange quantum world. Planck’s deceptively complex idea was to limit the possibilities of energy seemingly arbitrarily, and thus reduce them down to the so-called ‘quantum of action’. This was to be the first step in a process that would form the modern idea and understanding of quantum theory.

			Niels Bohr was another key player in our understanding of quantum physics. He was not the first to try and explain the inner workings of an atom, but he did make the first leap into combining such workings with quantum theory. This was still a new concept but one that, thanks to Einstein’s solving of the Photoelectric Effect in 1905, was now widely accepted; many scientists began to dabble. The depths of understanding how fundamental a change in thinking it was and the strange consequences to be explored later by Werner Heisenberg (1901–76) and Erwin Schrödinger (1887–1961) were not yet uncovered. However, the work had begun, and one of the first great achievements for quantum theory would come in the building blocks of all things.

			The Atom

			The idea of a fundamental component of the universe had been theorized as far back as the ancient Greeks, who gave us the name atomos (meaning unable to cut/divide). Yet it was not until 1803 that John Dalton (1766–1844) proposed the idea that there was a set of atoms that formed the building blocks of matter; combinations of these atoms made everything in existence. Dmitri Mendeleev (1834–1907) then started to construct a list of the fundamental atoms building the periodic table that is now used across the world.

			The introduction of this atomic theory helped to move chemistry forward by leaps and bounds. A greater understanding of the fundamental components enabled scientists to make better predictions of what chemicals would combine and what they would do. It was even possible to predict the properties of elements yet to be discovered. In physics, the discovery and uses of radiation, in the form of Alpha, Beta, Gamma and X-Rays, were explored at the higher ends of the periodic table. But even as the theory of the atom was widely accepted and employed across all sorts of science, what it actually looked like remained a mystery.

			Countless scientists had spent time trying to figure out what made an atom tick. George Johnstone Stoney (1826–1911) coined the term electron as a fundamental unit of electricity and J. J. Thompson (1856–1940) worked out that these electrons were truly tiny. Ernest Rutherford (1871–1937) then discovered that ‘alpha radiation’ was emitted from the atom and calculated that the mass of an atom must be concentrated in a central nucleus. Bohr’s insight was that the experimental results could only truly be explained through the lens of the newly emerging discrete, integer states of quantum theory. These alone allowed for the creation of a model that fitted all of the experimental evidence available.

			It is hard to overstate the importance of properly understanding how an atom works. The ability to describe properly the fundamental building blocks on which all matter is built is crucial to almost everything. Every area of science and engineering, from our understanding of how stars burn to how to build the tiny transistors that power our modern electronic world, is informed in some way by our knowledge of the atom. 

			Both Planck and Bohr drew upon quantum theory to expand scientific horizons. They both directly contributed to solving some of the big questions there were in physics. In doing so, they not only found solutions to the problems but also created scientific ideas and techniques for examining a much broader section of the universe than they could possibly have hoped for. Planck’s quantum theory was to open up the scientific world to a brand-new horizon.

			Planck and ‘The Ultraviolet Catastrophe’

			Max Planck was born in 1858 to a family of intellectuals in what is now Germany. By the age of 22 he had completed his higher education, earning both a doctoral degree and a habilitation. During his studies he was told by one of his professors, Philipp Von Jolly (1809–84), that ‘in [physics] almost everything is already discovered. All that remains is to fill a few unimportant holes’. Seemingly undeterred by this dismissal of his chosen profession, Planck worked his way to a professorship at the University of Berlin, studying thermodynamics and applied physical chemistry.

			It was at Berlin that he was approached in 1894 by a number of electrical companies seeking to improve the efficiency of light bulbs. In working on this, Planck encountered a long-standing problem in physics, ‘The Ultraviolet Catastrophe’.

			A ‘black body’ is an imaginary physical construct. It is an object that absorbs all of the electromagnetic radiation (light, radio, infrared, ultraviolet, etc.) with which it comes into contact. If such an object were to exist, it must also be able to emit all that energy again with one hundred per cent efficiency. Think of it as something that when heated emits light (metal, for example, glows when very hot). Exactly what kind of light the object emits depends on how hot it gets.

			The problem was that, according to the then known laws of electromagnetism, the outputted power of a ‘black body’ would be infinite. Even if you tried to apply the equations to the less than ideal real-world objects, such as a star or even a simple light bulb, you would find that it should be producing enormous quantities of ultraviolet light. It was clear to see from experimentation that this simply was not happening. Something was wrong with the equations.

			The need for a solution was not considered pressing, but the question was a constant thorn in the side of physics. It remained ongoing for some 50 years, during which time thermodynamics became an increasingly important field of study with wide-reaching practical applications. As such, a sustained effort was made during that period to scrutinize the problem.

			Max Planck was not, as you might imagine, the first person to try and solve the issue. Another physicist, Wilhelm Wien (1864–1928), had found a partial solution in 1896; it worked well for short wavelengths, but became functionally useless as they grew longer. Plenty of other scientists also attempted to solve the problem, but nothing they did seemed to work.

			The Planck Solution

			In previous attempts to find a solution Planck had created his own hybrid ‘Wien-Planck Law’. However, the evidence failed to support his conclusions, so he returned to the drawing board. He was most experienced in the field of thermodynamics (how heat works) and entropy, so it was here that he focused his efforts. Time and time again, however, his understanding of physics – more specifically the second law of thermodynamics, which states that ‘entropy in an isolated system always increases’ – proved insufficient.

			It was in these efforts that Planck came to examine the work of Ludwig Boltzmann (1844–1906). Boltzmann had undertaken studies in entropy, a measure of the amount of disorder in a system, best likened to taking a cup of water and adding in some dye. At the start the system is relatively ordered, with most of the water and dye being separate; over time, as the fluids mix, the system becomes increasingly chaotic. In these conditions, it is virtually impossible to describe properly where each individual particle of dye and water is located.

			This concept was well understood, but Boltzmann had a new idea. Assuming that all of the different atoms can move freely and randomly, then what was to stop the two from spontaneously unmixing and ending up with all the dye floating on top of the water? Nothing, in short – yet the chance of this happening is minuscule. The chance that all of the individual particles would just coincidentally separate is infinitesimally small: to any practical purpose it is completely nil. This was approaching the law of physics in a statistical way rather than the more traditional, deterministic route of strict actions and consequences. Planck was sceptical of this approach, but, in a self-confessed ‘act of desperation’, he set to work.

			In 1900 Max Planck presented a new idea to a meeting of the Deutsche Physikalische Gesellschaft (German Physical Society). It took the form of a simple equation: Planck’s Postulate.

			E = hv

			The postulate states that energy (‘E’) is equal to some multiple of the frequency (‘v’) multiplied by the Planck constant (‘h’).

			The Meaning of Planck’s Postulate

			The effect of such a short and apparently simple equation is enormous. It carries the implication that all energy from a source must come in discrete units: that is to say, the energy of light coming from a light bulb can only be, for instance, 100 joules, 200 joules, 300 joules, etc; crucially, it could not be 150 joules, 237 joules or any other number that fails to fit the rule. With that simple statement, Planck created quantum theory and established two fundamental tenets.

			The first is that quantum acts on a very, very small scale. The value of the Planck constant, h, is 6.63 x 10-34 joule.seconds (0.000000000000000000000000000000000663), so the difference in energy levels is tiny. It is so small that, in practicality, the energy states are measured in ‘electron volts’: the energy of just a single electron under 1 volt. This small scale then extends to almost all quantum effects. They happen on incredibly small scales, so that the effects were previously unnoticed.

			The second tenet of quantum is that it is inherently statistical. In order to get his quantized energy to work, Planck had no choice but to apply it statistically to get the right answer. The classical approach to  all of physics was a deterministic one. If you hit a snooker ball the same way 1,000 times then the resulting movement will also be exactly the same. In a statistical system, however, there is a small chance of a different outcome even if the setup and movement are exactly the same.

			A Quantum of Action

			Prior to Planck’s theory, all of the widely accepted physics had viewed energy as a continuum, a number line from which any value could be chosen. Even Boltzmann himself, the originator of considering problems in a statistical way, would convert his answers back into a continuum by assuming that the individual bits of energy were so small as to be nothing at all.

			Planck was not happy with this, however. Although he wished dearly that he could simply convert back to the continuum, he found that his theories did not allow it. The value for these amounts of energy, this so-called ‘quantum of action’, came out time and again with the value of h. This certainly represented an incredibly small number (a number so small that even today it is often considered one of the smallest numbers of any real meaning), but it was not small enough to be ignored.

			The physical meaning of h was not clear, but its use quickly became obvious. It allowed the solving of a great many issues, not only with the problem at hand but in other related areas. Planck saw h only as a stopgap, however: something that further exploration would explain and eventually replace.

			Nowadays h is a piece of physics that shows up in almost every single equation based in quantum mechanics. It provides the foundation of not only quantum mechanics, but also (following a redefinition in 2019) of a fundamental universal unit used to define a kilogram – and, by extension, all weight.

			Solving the ‘Black Body’ Problem

			The solution to Ultraviolet Catastrophe was, of course, a little harder than a simple equation such as Planck’s Postulate (brilliant as this was). Drawing on his newly formulated idea of the quantum of action, Planck was able to apply this, along with his more classical knowledge, into the rather more complicated spectral distribution function:

			[image: ]

			In this formula λ is the wavelength of the light, T is temperature, h is Planck’s constant, c is the speed of light and kB is the Boltzmann constant.

			This was what actually solved the problem. Using Planck’s equation it was now possible to take any object and produce an accurate idea, after taking measurements of its temperature and wavelength, of how much power it would output.

			Planck’s work had been done, surely to the delight of his industrial sponsors. Yet the equation would not only work on the scale of the light bulbs that he had been considering; it could also be expanded all the way up to the bright light of stars. The equation in Planck’s publication remains largely unchanged today, apart from some minor variation due to changing convention on the best way to write an equation.

			The Reluctant Revolutionary

			The presentation and subsequent publication of Planck’s Postulate resulted in a monumental shift in physics. His discovery shook the foundations of physics; it proved an equation so powerful that it would shape an entire epoch of science and touch nearly every scientific endeavour that succeeded it. Despite this the scientific community, including Planck himself, were initially rather nonplussed with the work.

			Despite having become the ‘father of quantum physics’ through his Postulate, Planck remained unsatisfied with it. To him the quantization of energy was merely a means to an end – a mathematical trick that neatly solved the problem, but provided no insight into the physics behind it. This was also, for a while, the opinion of many of his peers. A solution had been found and everyone was pleased, but they then returned to whatever it was they were doing.

			To Planck (and many others) the resulting conclusions of quantized energy and statistical distributions flew in the face of everything in physics that was thought to be known. His work was not attacked or shunned, but seemed mostly to be considered as work in progress. Planck spent several following years trying to match the classical ideas of physics with his quantized energies and the evidence before him, leading him to be dubbed ‘the reluctant revolutionary’.

			A Rising Tide of Recognition

			While the scientific community may have been slow on the uptake, with many hesitant over the wider ramifications of Planck’s discovery, it was duly accepted and praised by most. Younger physicists in particular – those not too set in their ways of thinking – immediately began working with the so-called quanta of action. They applied it to problems across the whole spectrum of physics and sought to explore the strange new world to which Planck had opened to the door.

			Planck was one of the most recognized and acclaimed physicists of his day; his honours were numerous and deserved. In 1918 he was awarded the highest honour any scientist could hope to receive: a Nobel Prize. The citation acknowledged that the award was made for ‘the services he rendered to the advancement of physics by his discovery of energy quanta’.

			Already a fully-fledged professor by the time of his discovery, Planck retained his academic post in Berlin, but also assumed increasingly important scientific roles. Thanks both to his high-profile discovery and hardworking nature, he became both the president of the Kaiser Wilhelm Society (later changed to the Max Planck Society) and the permanent secretary of mathematics and physics for the Prussian Academy of Sciences. Planck had become the de facto head of physics in Germany. Even after his death, Planck’s contributions to science were celebrated. Countless buildings, institutes, statues and even Germany’s high medal of honour for the study of physics were dedicated to him, ensuring that his achievement in quantum physics would not be forgotten.

			The ‘Photoelectric Effect’

			The first widespread moment of recognition for Planck’s theory of the quantization of energy came with the solving one of the era’s great physics questions. Why does light need to be below a certain wavelength in order to cause metals to release electrons? The answer is the so-called ‘Photoelectric Effect’.

			To understand fully why this was such a big deal, and how it was a direct consequence of Planck’s work, we must first understand what the ‘Photoelectric Effect’ is. It can be described as the process in which a piece of metal can be made to emit electrons when a light is directed upon it. This was discovered by hooking such a piece of metal to an electric circuit; when light shone upon it, a buzzer or other electronic device, such as a buzzer or a light, started working.

			The problem was, however, that experiments showed the frequency of the light (which in this case corresponds to the colour of the light) to be important: below a certain frequency the metal would no longer produce the electrons. According to the classical theories, such a result did not make sense. The light gave the electrons energy with which to escape the metal; if the frequency was lower, then the process should simply take a little bit longer to get underway.

			Einstein’s Solution

			In 1905 the 26-year-old Albert Einstein had his ‘Annus Mirabilis’ (Latin for ‘Wonderful Year’). In just this one year he released four groundbreaking papers, each of which revolutionized an aspect of physics. One of them was rooted in Planck’s theory of quantized energy, the ‘Photoelectric Effect’.

			Einstein’s paper was entitled ‘Über einen die Erzeugung und Verwandlung des Lichtes betreffenden heuristischen Gesichtspunkt’ (‘On a heuristic viewpoint concerning the production and transformation of light’). It sets out a solution to the Photoelectric Effect that directly took Planck’s idea and used it in a practical way.

			To solve the problem, Einstein took the quantization of energy one step further. He proposed that light travels as ‘photons’: wave-packets of energy that act like particles. Light thus delivers all of its energy in a single burst – meaning if the frequency (and thus the energy) of a photon is not high enough, the electron will not be able to get free.

			This is the moment that quantum theory really sunk in. It not only cemented Einstein’s place as one of the greatest physicists ever, but also pushed Planck’s work into the limelight and gave it the wide recognition it deserved. So significant was this push that some even consider it to be the true birth of quantum physics, although most agree that it was Planck who had the original idea. Clearly there was no ill will, as Planck promoted Einstein into the academic system and acted as a mentor for the rest of his life.

			Planck’s Further Work

			While, not surprisingly, none of Planck’s other scientific work came close to this achievement of founding a new era of scientific discovery, he remained highly active. He continued to contribute in a number of areas such as his beloved thermodynamics, his reluctant bedfellow of statistical mechanics and other fields such as optics and physical chemistry.

			Even after his retirement, Planck continued to pen letters and papers on philosophical and theological matters. Key among the topics he discussed was his vehement opposition to the statistical understanding of the universe championed by a rising generation of physicists. This was a new branch of physics that he had himself inadvertently and grudgingly begun.

			In his later years, worn down by personal tragedy and horrified at what he saw the Nazi Party do to his country, Planck stood as a staunch advocate for moral decency and academic truth. This led him, even as a deteriorating octogenarian, to appeal directly to Hitler to reverse his policy of persecuting Jewish academics. He bravely remained in Germany for the duration of the war, working to help those he could flee from tyranny while he preserved what he could of the country’s scientific integrity.

			Niels Bohr: Quantum Theory and the Atom

			Bohr was born in Denmark to a comfortably off middle-class family. He received a good education and subsequently went to study as an undergraduate at the University of Copenhagen under its sole physics lecturer, Christian Christiansen (1843–1917). It was here that Bohr distinguished himself by his personality and potential. His combined traits of tenacity, creativity and perfectionism saw him working hard and producing impressive work despite significant limitations (such as a lack of a proper laboratory).

			It was here that Bohr published his groundbreaking thesis on the problems with modern electron theory. The work was largely unnoticed (probably because it was only available in Danish), but it won Bohr the opportunity to travel to England. Here he began working with Ernest Rutherford on a new model of the atom.

			The Origin of Spectral Lines

			Light is a part of the electromagnetic spectrum and it takes the shape of a wave. Like all waves, there is motion up and down, and the distance between each rise and fall is called a wavelength. Visible light fits into a range of about 380–740 nm (0.00000038 m–0.00000074 m), in which 380 nm is a deep violet and 740 nm a dark red. However, most light that we see is actually a mix of different wavelengths, and since Roman times people have been able to take a glass prism and split the light out into a rainbow.

			In 1802 William Wollaston (1766–1828) built a specialist telescope and used it to look at the Sun. He noticed that the rainbow it produced from the internal prism was not complete: there were a number of big black lines where part of the colour was missing. Over the next 80 years or so many advances took place in the area of ‘Spectroscopy’. It was discovered, for example, that burning metals also gave off these spectroscopic lines of colours and each metal emitted different sets of colours. It was also realized that passing electricity through gasses could cause them to glow with the same spectroscopic light as burning metals.

			It was soon realized that these lines were probably produced by some kind of effect within the atom. Different atoms in a substance determined whether the coloured lines were either removed from the rainbow or emitted from the atoms. This meant that individual atoms were able to absorb or emit certain wavelengths of light; the exact wavelengths they absorbed were unique to each element. These wavelengths give the atoms a chemical fingerprint that we still use in identifying chemicals today.

			In 1885 the mathematician Johann Balmer (1825–98) was working with a pure form of hydrogen gas. In looking at the emitted spectral lines, he was able to develop an important formula:

			[image: ]

			Where n = 2, b = 3.6456x10-7m and m = 3, 4, 5, 6,… etc.

			Note: Balmer’s original formula uses h instead of b, but it has been changed here in order to avoid confusion with the Planck constant (which is given as h).

			This was later expanded into a more general solution that could be applied to more complex systems. Balmer had successfully shown that these spectral lines came in defined integer values, but the significance of this was only fully grasped when Niels Bohr tackled the problem some 20 years later.

			The Classical Atom

			Before we consider Bohr’s model, we need first to understand how the atom was being considered at the time. After the discovery of the electron in 1897 J.J. Thompson proposed the ‘Plum Pudding’ model: this suggested that an atom was composed of a large, positively charged ball. Within this ball were contained a number of electrons – as a plum pudding has fruit dotted around inside it.

			In 1909, however, an experiment was performed by Hans Geiger (1882–1945) and Ernest Marsden (1889–1970) in which they fired charged alpha particles at a thin golden foil. By examining how these particles were scattered or even completely reflected by the foil, Geiger and Marsden were able to determine new properties of the atom. Ernest Rutherford, their supervisor, then used the newly gained experimental results to build a revised model of the atom. 

			Most of the alpha particles that had been launched into the atom had passed right through, suggesting that atoms are mostly empty space. Some were deflected outwards across a spread of angles, suggesting that the negatively charged electrons were widely spread out, while just a few particles bounced right back, indicating that there was a large, positively charged central nucleus. The new model of the atom described it as a central nucleus with the electrons moving around the outside, like planets orbiting the Sun.

			Rutherford’s model was a step in the right direction, but was still not without significant flaws. In 1911, Bohr was brought into the group to address these; as a theoretician, he was uniquely positioned to try and solve them. The main problem with the orbiting model was that it simply should not work.

			Radio waves are created using an antenna to make an electron move back and forth. This act of moving an electron causes it to emit energy in the form of electromagnetic radiation. However, this means that electrons orbiting around the nucleus at the centre of an atom should be continuously releasing radiation – which would cause them to run out of energy and collapse into the core almost immediately. Atoms are very stable, though, and can last significantly longer than the approximately 0.00000001 seconds the model suggests they should. Something was clearly missing.

			The Bohr Model

			When Bohr looked at the problem, he saw the experiments were clear: the Rutherford model was at least partially correct. Yet the laws of physics did not seem to fit. Bohr turned to some out of the box thinking to solve the conundrum. If the laws of classical physics did not work, what about the new and upcoming quantum theory?

			To make his new model of the atom Bohr gave three postulates:

			1) An electron can revolve around a nucleus in stationary orbits which are certain fixed orbits of definite energy without emitting any radiation.

			2) An electron can make a transition from a higher energy state to a lower one, and in doing so emits a single photon of energy. Conversely, on absorbing a photon of energy it can move from a lower to a higher energy state. To allow this, the frequency of the electron must be as follows:

			[image: ]

			Where v denotes frequency, E1 and E2 are energy states and h is Planck’s constant.

			3) Only the orbits where the angular momentum of the electron is an integral multiple of [image: ] are allowed.

			Bohr’s first postulate was, in fact, his greatest insight, the revelation which set his model apart. In it, he sets out the idea of a stationary state: where an electron has a particular level of energy and does not emit any radiation. In this state, an electron would be able to orbit around the nucleus indefinitely.

			His second postulate sets out how electrons are able to move between different energy states. They must do so all in one go, either by emitting or absorbing a photon (a particle of light) of a very particular frequency which must be the same as the difference between the two energy states divided by Planck’s constant.

			Bohr’s final postulate set up the rules for the ways in which particles are physically able to orbit around the electron. Again this refers to the all-important Planck’s constant, which firmly rooted the new Bohr model into quantum theory.

			Spectral Lines

			The postulates that Bohr proposed may have, at first, seemed rather preposterous – even a little mad. He appears to have arbitrarily decided that it was possible for electrons just not to obey the classically understood laws of physics. He had thrown Planck’s constant into an equation and made seemingly wild assertions over what kind of radiation electrons could or could not emit. But his claims were not made lightly nor chosen at random, and with his new model Bohr also proposed a solution for the origin of spectral lines.

			Bohr’s second postulate talks about atoms releasing very specific photons of light. He made the link between this and the spectroscopic lines given off by chemicals. These spectroscopic lines and the equations that govern them are the result of electrons orbiting the nucleus switching between energy levels. The reason each element gives off different lines is because they have different energy states.

			Bohr has once stated that spectral lines were seen as ‘the lovely patterns in the wings of butterflies; their beauty can be admired, but they are not supposed to reveal any fundamental biological laws’. Despite such a perception, Bohr used the spectral lines given off by hydrogen as the backbone to the proof of his new atomic model.

			Bohr was able to make his equations fit for the entirety of the hydrogen spectrum, explaining previous discoveries that had confused scientists for some time. This
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