PHYSICS 244 NOTES

Lecture 24
Lasers, part 2
Amplification

Now let’s think about the principle of amplification.  The key components of an amplifier are: 

1. The input.  This is a small signal at a given frequency ω.

2. The driving power.  This is energy that is supplied to the system at some frequency that we happen to have available like DC from a battery or 60 Hz from the wall outlet.

3. The output.  This is a large signal at ω.
Now let’s think about the atom or molecule undergoing the process of stimulated emission as an amplifier. The input signal is just the stimulating radiation.  For every photon we put in, we get two out.  The two coming out are the output signal.  The system must be in the excited state ψ2 to begin with, so the driving power is needed to get the system into that state. 
The process of stimulated emission competes with absorption, as we have already seen.  For it to win, we need to have N2 > N1.  This is called a “population inversion”.  “Inversion”, because under normal thermal conditions, we have 
N2 / N1 = exp[(E1-E2)/kT] < 1, so that N2 < N1.  
The ruby laser
How does this work in practice?

The simplest lasers work using a quantum system that has three energy levels.  We will use the example of ruby, which is Al2O3 with Cr impurities.  Cr absorbs strongly in the blue and green parts of the spectrum.  This is what gives the color to ruby stones, and this strong absorption is also what makes it good for lasing!  The impurities have energy levels at E0 = 0 eV, E1 = 1.79 eV, and several (which we will think of as one) at about E2 = 2.2 eV.  [[DIAGRAM]] The state at E1 is metastable.  What this means is that there is a selection rule that inhibits the spontaneous decay from the excited state at E1 to the ground state.  This doesn’t mean that they don’t decay at all, it just means that the decay is very slow.  In quantitative terms, it means that the half-life is much greater than 10-9 s, which would be typical value. 

The ruby is illuminated by intense light at around 2.2 eV.  This is called pumping.  This puts most of the atoms into the E2 state.  They then decay quickly into the E1 state.  If the pumping is strong enough, the metastable E1 state is more highly populated than the ground state.  Slowly, the first atoms decay, emitting light of energy 1.79 eV.  (This is like the “signal”).  Rather than allowing this light to escape, mirrors are placed at the ends of the cylindrical sample of ruby so as to trap this light and make it form a standing wave.  This is like the resonant cavity of a violin or guitar.  But now this light builds up because each photon stimulates emission of more photons.  This is the amplification phase in which we get more and more light.  The key point is that the stimulated light is always in phase and has the same direction as the stimulating light, so it gets trapped as well.  Thus we have a very intense, collimated, and coherent set of photons in the cavity.  We allow some small portion of this to escape, giving the beam which can then be put to use.  This is again like the violin that has the sound hole which allows the music to escape.
The key issue here is the population inversion between the E1 state and the E0 ground state: N1>N0.  If there are more atoms in the ground state, then the photons are more likely to be absorbed than to stimulate an emission, and no amplification will take place.  This kind of a laser has the disadvantage that the pumping must be very strong.  If it is not, then the population of the ground state will become equal to the E1 state and the lasing will stop.  This population inversion is a crucial ingredient for the laser to work, and it can only be sustained for a relatively short time because of the high pumping requirements.  These kinds of three-level lasers tend to be used only for pulsed applications.

He-Ne laser

Most continuous lasers are made using more complicated level schemes.  We will discuss the He-Ne laser, since it is the most common and most useful in this category.  The older, bulkier, laser pointers were of this type.  The new red ones are diode lasers, which we will talk about later in the course.  The green ones are Neodymium-Yttrium-Aluminum-Garnet.  This material also lases in the red.  This light drives another crystal with nonlinear optical properties that double the frequency.      

The active element in the HeNe laser is a mixture of 15% He and 85% Ne.  While the laser is off, the He atoms are essentially all in their ground state 1s2 and the Ne atoms are essentially all in their ground state 1s22s22p6 at room temperature.  The He atoms are excited to the 1s12s1 state by passing a current through them.  They have an excitation energy of about 20 eV.  These states are both metastable because of the Δl = +1 of -1 selection rule for emission of photons.  So instead of decaying, they transfer their energy to the Ne atoms, exciting them from their ground states to the 1s22s22p5 5s1 (20.66 eV and 1s22s22p5 5s1 (19.83 eV) excited states.  Since the energies are very near the energies of the He states, the energy transfer is quite efficient.  What makes this laser go is the presence of another excited level, a 1s22s22p53p1 level of Ne, which has an energy of 18.70 eV.  [[DIAGRAM]]  This is also empty when the laser is off.  But the population inversion between this state and the 20.66 eV state is easy to achieve, since it is empty to begin with.  The cavity is tuned to the wavelength corresponding to ΔE = 20.66 eV – 18.70 eV = 1.96 eV. This corresponds to a wavelength λ = hc/ΔE = 632.8 nm, which is in the red part of the spectrum.  The atoms in the 18.7 eV state then decay by a sequence of transitions to the ground state of Ne.  By continuous pumping, a steady state can be reached in which the inverted population is kept constant.        
