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This is the second part of Abhinav's article on the amazing theory of quantum mechanics, which deals with a world so small that it cannot be seen by the naked eye.

Summary of Part 1

The starting point is the riddle of black bodies which are imaginary objects that can absorb all of the electromagnetic radiation that is incident on their surface. Classical theories of thermodynamics predicted that the intensity of radiation emitted from such objects should tend towards infinity as the blackbody got hotter and hotter, but this does not happen. however hot the black body becomes, it is still visible. This anomaly was solved by Max Planck by introducing a very important concept… quantization of energy. 

Planck said that black bodies contained microscopic oscillators that absorbed and emitted radiation. He also specified that oscillators of frequency (f) could only absorb and emit waves of energy at the same frequency.

It was now that that Planck posed his crucial hypothesis: Each oscillator could only absorb and emit energy that is an integer multiple of a tiny energy value. He discovered that the energy of a wave is directly dependent on its frequency, E = hf, with h a constant factor today known as Planck's constant. The permitted energy values for the tiny oscillators, under this hypothesis, were said to be quantized.

Based on this assumption, Planck proved that the probability of oscillators having high energy values is very small. Hence very few high energy EM waves will be emitted by the black body. 

The next riddle was the photoelectric effect, where light, when shone on metals, could push electrons out of them. The quantization of light was applied by Albert Einstein in order to explain the photoelectric effect.

Einstein explained this phenomenon in 1905 by assuming that light is made up of discrete packets of energy called photons. Each photon contained an energy equivalent to the product of Planck’s constant h and the frequency of the light wave f, that is, E = hf. This crucial equation relates the wave property of light (its wave frequency) to the particle property of light (energy packet), thus showing that light behaves as both particle and wave.

The next riddle related to the property of electrons and Bohr's model of an atom. The laws of classical physics stated that an accelerated charge would give off electromagnetic waves, thereby losing energy all the time. If this were to happen with electrons rotating in their orbits then they would spiral towards and collide with the nucleus, making the atom unstable. The puzzle was then to explain why atoms are stable. Niels Bohr proposed that the electrons could move in orbits at certain specific distances from the nucleus without having to release any of their energy. Different orbits were associated with different energies.

The only way for an electron to gain energy was to be hit by a photon, when it would jump to a higher energy orbit, and if it jumped to a lower energy state then it would release a photon that contained the corresponding energy. That is, the photon would have an energy E=hf,  where E is the energy difference between the two orbit. There again Planck's constant came to the rescue.

Riddle of Wave and Particle Nature of Electrons 

After Bohr it was Louis De Broglie who rose to the limelight in 1924. De Broglie suggested that just as light existed as a wave and as a particle, so did matter. He theorized that the wavelength of a mass (λ) was related to its momentum (p) by the formula h=pλ where h is Planck’s constant.

His theory was proved correct when small masses (like electrons) displayed wave-like properties such as diffraction and interference. De Broglie’s theory was known as the theory of wave-particle duality and was studied extensively. The most interesting part of the theory was when it was tested using a double-slit experiment similar to the original one carried out for light by Thomas Young. 

In Young's experiment light was shot through a ‘double slit’ apparatus (see figure) and an interference pattern was observed on the screen of the apparatus. This means that the light has passed through both slits at the same time and its ‘two paths’ interfered with each other. This shows its wave nature. 

The experiment was repeated by Thompson replacing the light beam with electrons. Even when only one electron was being sent at a time, an interference pattern was seen, indicating that electrons also have wave nature. 

The even weirder thing was that the electron only displayed this particular nature when it was directly observed.

The De Broglie hypothesis implied that the distances at which the electron could be found would be where it could form a closed circular standing wave, where the ends meet up as if in a perfect circle. In such a case, the circumference would have to be an integer multiple of the electrons wavelength i.e. 2πr=nλ, where n is any integer (see figure). This explains why electrons could only orbit at certain radii, only when there would be no ‘self’ interference and no associated energy loss. Thus, the De Broglie hypothesis also explained and further expanded on the Bohr’s model of the atom. 

Riddle of wave aspect of electrons and its unraveling by Schrödinger

The next major addition to Quantum theory was Schrödinger’s wave equation in 1926. Erwin Schrödinger further expanded on the Bohr model of the atom and figured out how the electrons would behave if they were waves. 

He assumed that each electron had its own individual “wave function” (a description of the electron’s circular standing wave). He described the wave function of an electron as being made up of 3 major components. First came the orbital of the electron, a description of its distance from the nucleus, and ergo its energy. Second came the shape of the orbital itself. This is derived from both the radial probability curve of the electron at certain distances from the nucleus and from an angular probability function of the electron…basically a consequence of the angular momentum of the electron. The wave functions basically describe the areas where there are high chances of finding electrons, and as electrons are a cloud of negative charges surrounding the nucleus, these also describe the shape of the orbitals. Thirdly & finally came the orientation of the orbitals and this determines its magnetic moment – its ability to align itself to a magnetic field. The orientation of the orbitals will determine the resistance to such alignment and hence also its magnetic moment. 

The shapes of the first 5 atomic orbitals : 1s, 2s, 2px,,2py and 2pz  are shown in the figure. For instance, the electron in a hydrogen atom is found in the 1s orbital. When hydrogen atom absorbs a photon to go to a higher orbital (excited state), it has exotic shapes, as seen.

Riddle of the Uncertainty Principle

At around this time (in 1927) Heisenberg developed his most famous equation of all time… the uncertainty principle. He said that an observer can either measure the position of a particle or its momentum accurately but not both simultaneously. Basically the more you know about a sub-atomic particle's position the less you know about its velocity and vice versa.

Riddle of the Exclusion Principle

In 1925 Wolfgang Pauli developed his exclusion principle stating that no more than 2 electrons can exist simultaneously in a defined orbital. This led onto the development of a fourth component to an electron's wave function… its spin. Hence it was theorized that 2 electrons could exist in the same quantum state, also known as  orbital, assuming only when they spin that they spin in opposite directions. Hence electrons keep their distance and lead to atomic sizes as we see. This amazing principle explains why matter doesn't bunch up into a small space and therefore why we (and the Universe) exist without imploding on ourselves.

Riddle of disappearance of all but one probability

The other main idea that quantum mechanics has is that of wavefunction collapse. The wave function of a particle only shows the probabilities for the particle i.e. where it could be in space. If, by experimentation or by any sort of interaction with an observer, the particle’s position and the other necessary information can be determined, then the other probabilities will disappear. That is, the wavefunction collapse is the realization of one of the many potential possibilities for a particle. It is more conveniently defined as “the condensation of physical possibilities into a single occurrence, as seen by an observer”. It is similar to when you are at a crossroad. You can go in any direction but choose to go in one, the other roads are not realized and hence your physically moving across the road is an impossibility – the probability of you travelling through any of the other roads at the instant has collapsed and become null.

Riddle of ‘Spooky Action at a Distance’

Soon afterwards quantum entanglement was discovered. Quantum entanglement is when two particles are connected by a common quantum state i.e., they have a common element that connects them together. The idea was that whatever happened to one of the particles would generate an opposite effect on the other particle. Assume for a moment that you have 2 electrons both created from the same atomic event and that they are flying away from each other. Assume that they have quantum states of “Yellow” and “Blue” superimposed on both of them simultaneously. Imagine that the quantum states mix causing an amalgamated state of “Green”. 

First of all, quantum mechanics implies that the state of “Green” is never seen in any observation: only a pure state of “Yellow” or “Blue” will even be observed (due to wavefunction collapse). In addition, quantum entanglement means that when one of the electrons is taken away from the vicinity of the other and observed for a specific quantum state then the other electron will display the other quantum state i.e., if one of the electrons is observed to be “Blue” then the other will automatically turn “Yellow” without any external event forcing it to do so. This is described by Einstein as “spooky action at a distance” since the second electron seems to know when exactly it should turn “Yellow” even though it is far away from the first observer!

Quantum Physics – A Final Note

It was fun acquainting myself with the key riddles of the sub-atomic world that challenged the infallibility and limits of classical physics and how science unraveled them in the 19th,  20th & 21th centuries, over a period of  123  years. Thanks to the likes of Einstein and many others, we can now understand the mysterious universe of sub-atomic particles. This does not however mean that all is well and good for there is yet to be found a link that connects both the world of the very small and the world of the very large. It is hoped that the readers enjoyed my amateur ‘travelogue’, which reveals only the ‘tip of the iceberg’ and would venture to set their sails to explore farther and have more fun. Happy exploration!!!

