Optical pumping and its applications
By manipulating the state of atoms, one can explore the marvels of the microscopic world and discover new potential candidates for quantum computing applications. The significance and potential of this technique were first recognized in 1966 when Alfred Kastler won the Nobel Prize for physics.
In its essence, optical pumping consists of using resonant, and circularly-polarized, light to excite atoms in a vapor, and in the process to pump angular momentum into them.  Just as a mechanical pump might be used to raise the height of water, so here we are using the light to raise the angular-momentum content of atomic ground states.  While the purpose of pumping water is usually to provide water for human needs, the purpose of pumping atoms might seem more obscure -- but it serves to prepare them for a special kind of (radio-frequency) spectroscopic analysis, which reveals otherwise invisible atomic properties.
Atoms must be in a gas or vapor to exhibit sharp emission or absorption lines.  (In denser aggregates, such as solids or liquids, atomic interactions broaden the energy transition lines, transforming them into wide frequency bands.)  A collection of vapor-phase atoms at thermal equilibrium will have all the atoms in the ground state, with all the (magnetic) sub-states of the ground state having equal populations.  This equality of populations makes quantum transitions among the ground-state sub-levels undetectable.
The strategy for coping with this problems is using visible light to pump atoms out of thermal equilibrium, and then using radio-frequency fields to drive transitions among those atomic sub-levels.  This makes it possible to detect sub-level energy splittings arising from the Zeeman effect and/or from hyperfine structure.
Being aware of the various frequency scales involved is the key to appreciating fully the power of this method.  When bound-state electrons absorb photons of visible light, they acquire the few electron-Volts of energy required to change their orbits.  The radio-frequency fields then driving the pumped atoms have energies of order a billion times smaller -- certainly inadequate to promote further changes in their orbits, but still sufficient to rotate the spin axis of electrons.  The latter behave as microscopic magnets whose energy depends on the axis orientation with respect to an applied magnetic field.  The technique is thus used to detect transitions between energy levels whose separation might be only a billionth of the pumping energy, thereby delivering an astonishing resolving power.
The optical-pumping process of dis-equilibrating atomic populations competes with de-pumping mechanisms, as pumped atoms collide with each other or their container's walls -- this results in the pumped state's population rapidly ‘leaking’.  An early (and accidental) discovery by the pioneers of this technique allowed a cure that ‘slows the leak’ by adding to a buffer gas to the container of the pumped atoms.  This changes the motion of those atoms from ballistic to diffusive, markedly lowering the rate of wall collisions; and using the proper buffer gas does not affect the pumped state of the atoms, because of the absence of magnetic interaction between the electronic clouds of the two gas-phase species.
The two earliest applications of the spectroscopy made possible by optical-pumping methods were to ‘atomic vapor magnetometers’ and ‘atomic clocks’.  The first of these techniques is applied to the highly sensitive detection of magnetic fields, even at the picoTesla level, via the field's effect on energy sub-levels of the ground state.  (Did you know that an atomic-vapor magnetometer has been in a spacecraft in orbit around Saturn?)  The second of these techniques uses optical pumping to measure hyperfine energy-level separations, yielding a quantum standard of frequency for time and frequency metrology.  (Do you know that GPS mapping depends on such atomic clocks, in both ground stations and in earth-orbiting satellites?)  To this day, it is still broadly recognized that optical pumping offers an appealing method for manipulation and control of the state of atoms, thus immediately impacting novel science frontiers, including the glamorous fields of quantum sensing and quantum computing.
If you conduct an optical pumping experiment in a laboratory, you will acquire specific skills such as aligning the optical components, shifting the absorption resonance dips, and adjusting the radio frequency to examine the weak yet unmistakable signatures of these resonance in an oscilloscope trace.  You will learn how to improve data quality by minimizing unwanted interference and noise.  This can include adjusting the atomic vapor's temperature, reducing external vibrations, or shielding against other disturbances.  You will also gain skills in analyzing absorption patterns, and using established theories to model the data you.  Additionally, you will discover how this technique can allow you to measure, precisely and accurately, the local value of the ambient geo-magnetic field.
With such an enjoyable, engaging, and highly formative experience, what more could you ask for?
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