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You may wonder what in Quantum Physics interested an 11th grader so much to venture to write an article on it. One day my father was having a chat with me on Philosophy, during which he spoke about the concept of ‘maya’ and how what is perceived is not reality per se, but reality  affected and modified by the perceiver. He drew a parallel to  Heisenberg’s “Uncertainty Principle”, which intrigued me. This made me browse the net to know the unseen world of sub-atomic particles and to be frank, it was so absorbing that I got hooked. Surely, it is a world full of riddles, which challenged a succession of scientists. Perhaps some of you readers may be inspired, if I share my awe, to have a peep for themselves into the world of sub-atomic particles. 

Riddle of Black body radiation

The quantum world is the world of the very small. So small in fact that it can’t be seen by the naked eye. It deals with sub-atomic particles and their effects upon each other when they interact. Quantum Physics stems from Max Planck and his explanation for the Ultraviolet (UV) catastrophe. The UV catastrophe is basically the first recorded case of classical physics being unable to explain a set of results conclusively. It existed for a long time but was brought to light in 1896 by the  physicist Wilhelm Wien.

The UV Catastrophe

Let us first start with black bodies. Black bodies are imaginary objects that can absorb all of the electromagnetic radiation that is incident on their surface … basically the opposite of mirrors. Because the best absorber of electromagnetic (EM) waves is the colour black, the bodies are known as black bodies. 

Black bodies though aren’t always black; their colour depends on their temperature. Imagine a black poker that you stick into a fire, after some time the poker starts to glow red. It is absorbing the energy from the fire and then re-emitting the energy as EM waves. 

Assuming that you can get a hot enough fire the poker will go red, white and then blue progressively. As the temperature is raised the wavelength of the energy that is emitted by the poker decreases from the infra-red to the visible spectrum.

Now came the problem. The laws of classical physics, mainly the Equipartition Theorem, said that as black bodies achieved thermal equilibrium at high temperatures (when they absorbed as much radiation as they could emit), they were mathematically obligated  to release energy. This energy is dependent on the wave length of the emitted light and can be emitted as UV, X-rays and Gamma rays (high energy rays).

The intensity of radiation emitted should tend towards infinity as the blackbody got hotter and hotter. If it were true, every time we open a hot oven we would die due to the high energy gamma waves that would pass through our bodies. Also as the intensity is proportional to the square of the frequency, the EM waves released would be outside the visible spectrum. This should render the black body invisible at high enough temperatures, but this does not happen: however hot the black body becomes, it is still visible.

Classical Physics could not explain these anomalies. The actual radiation of the black bodies does not tend to infinity at lower wavelengths, in fact the intensity is highest in the visible region, and this erroneous result of classical mechanics is known as the UV catastrophe.  Energy is Quantised

This anomaly was solved by physicist Max Planck in the year 1900 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. 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. 

Using his hypothesis, Planck managed to predict the exact results of the black body’s radiation curve using a constant that he introduced that is called the Planck constant “h”.

He discovered that the energy of a wave is directly dependent on its frequency, E = hf, with the constant factor being the same constant that he previously discovered… the Planck constant, h. 

Planck said that as there are few oscillators that emit high energy waves  (based on his probabilistic studies), there will be few waves with high frequency and hence few waves in the ultraviolet spectrum, which explained why the intensity of radiation does not tend towards infinity as the blackbody gets hotter and hotter. This solved the riddle which baffled the classical physicists. 

Thus, Quantum Physics originated with Planck and later extended into other areas of physics. 

Riddle of the Photoelectric Effect

The quantization of light was applied by Albert Einstein in order to explain the photoelectric effect. It had been noted by Heinrich Hertz in 1887 that light could push electrons out of metals. The phenomenon was added to by Phillip Lenard in 1902 when he made the observation that the number of electrons emitted depended entirely on the frequency of the light, not  on its intensity (this was against classical electromagnetism, according to which the intensity should affect the number of electrons emitted, not the frequency). 

Also there was a minimum frequency that was necessary to eject electrons out of the nucleus; any lower frequency, and nothing would happen. This was known as the threshold frequency, f0 and differed from metal to metal.

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. 

As each photon is very small, there is a good chance that each electron will only be hit by one photon hence gaining at most an energy, hf (imagine if you would a tennis ball hitting a large basketball). 

Hence with an increased frequency, more electrons are liberated and thus intensity plays no role. The threshold frequency is the minimum amount of energy that a photon has to contain to eject an electron from a metal… Einstein called this minimum amount of energy needed ‘the work function of the metal’.

If the frequency is above the minimum amount necessary, then the excess energy would be converted to kinetic energy that is then imparted to the electron. Hence the kinetic energy of an ejected electron is equal to h (f-f0). It is interesting that it took 18 years for the photoelectric effect to be completely understood.

Riddle of Electrons

The next great discovery in Quantum Physics was the Bohr model of the atom that was discovered by Niels Bohr in 1913 and refined by many other physicists. Till Bohr came up with his theory, classical physics could not understand how electrons stayed in orbit around the nucleus. 

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. Niels Bohr proposed that the electrons could move at certain specific distances from the nucleus without having to release any of their energy.

In the case that they gained or lost energy for whatever reason, the electrons would instantaneously move to an orbit of a larger (if they gained energy) or smaller (if they lost energy) radius. Hence, 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 difffernce between the two orbit. 

Initially, the Bohr model was also able to explain the emission spectrum of hydrogen (emission spectra depend on the energy levels of the orbits) and after being refined, it was able to do so for other elements as well.

The Bohr model was essentially a 2D model of the atom. It was similar to a planetary model with the sun being the nucleus and the planets being the electrons. Today the atom is described as being 3D with electrons orbiting shells and orbitals. These detailed configurations help in understanding properties of materials.

After Bohr, it was Louis de Broglie who rose to the limelight in 1924. De Broglie suggested that just as light existed as both a wave and as a particle, so did matter. The resolution of this paradox and the discovery of quantum physics will be discussed in the second part of this article, to appear in the next issue of Jantar Mantar.

