PHYSICS 244 NOTES

Lecture 22
LASERS, Part 1
Introduction

Lasers work by amplification of light.  You are familiar with amplification of electrical signals that work by using the signal as the driving force for a circuit element that has power fed into it, and can therefore respond with a more powerful signal.  The key point is that the amplifier must be able to convert the input power into the frequency determined by the signal.  This is usually done using some kind of feedback.

Lasers work according to the same sort of idea.  The idea is to use atoms or other quantum systems as a kind of circuit element.  They are objects that can respond at optical frequencies, (which an LC circuit cannot!)  The feedback is provided by the phenomenon of stimulated emission.  

Absorption, Spontaneous emission, and Stimulated emission

Before we can delve into the actual operation of lasers, we need to understand the interaction of light with matter in a little more detail.  Let me remind you of what we already know.  (I will talk about “quantum systems”, or just “systems” here.  This vague terminology is used because these systems can be atoms, molecules, or even solids.)

1.  Light is emitted from a quantum system when it makes a transition from a quantum state ψ2 of energy E2 to a state ψ1 of energy E1, with E2>E1.  The emitted light consists of a single photon with energy E2-E1.  The light has a frequency ω = (E2-E1)/ħ.  For all this to happen, the system must be in the ψ2 state initially.    
2.  A photon is absorbed by a quantum system when it makes a transition from a quantum state of energy E1 to a state of energy E2, with E2>E1.  The absorption can only occur if the incident photon light has the frequency ω = (E2-E1)/ħ.  For all this to happen, the system must be in the ψ1 state initially.    
3.  These transitions are possible because the light consists of oscillating fields described by a potential V(r,t) = V(r) exp(-iωt) that accelerate the electron (or molecule, or what have you) from one level to another.  The rates of emission and absorption are governed by the transition matrix element 

M12 = ∫ ψ2*(r) V(r) ψ1(r) d3r
The absorption rate R12 for a given system R12 is also proportional to the energy density of the incident light u(ω) at the proper frequency, so finally

R12 = B12 u(ω), with B12 proportional to  |M12|2.

That’s what we know.  Now let’s talk about stuff that we don’t know, but maybe can guess.  If the potential V(r) exp(-iωt) can accelerate the electron from state ψ1 to state ψ2, then surely it can also decelerate the electron from state ψ2 to state ψ1.  This is a downwards transition, so the incoming fields have induced an emission process.   This means that there are two kinds of emission processes:  (a) the kind we already know is called spontaneous emission – spontaneous because it requires no stimulus, and (b) the new, one, called stimulated emission.
The spontaneous emission rate for a single system is denoted by A12.  It is proportional to |M12|2 but is independent of u(ω), since it happens even if there is no light present initially.

The rate for stimulated emission – the deceleration of the electron – is also proportional to 

M21 = ∫ ψ1*(r) V(r) ψ2(r) d3r and |M12|2 = |M21|2,

and it would also be proportional to u(ω).  Hence for a given atom, the rate of absorption (if it is in the state ψ1) is the same as the rate of stimulated emission (if it is in the state ψ2).  This is called the principle of detailed balance.
Then if there are N1 systems at a given moment in state ψ1 and N2 systems in state ψ2 : 

Total absorption rate of photons is N1 B12 u(ω) 

and total emission rate is N2 (A21 + B21 u(ω)) 

with B12 = B21 

Einstein coefficients

Einstein considered the case of thermal equilibrium at temperature T, in which case we can use the Boltzmann factor to get the relative population:
N2/N1 = exp[-(E2-E1)/kT] = exp(-ħω/kT).

Equilibrium is a steady state – no overall quantity like N1 or N2 changes with time, so we have the balance equation

Total absorption rate of photons = N1 B12 u(ω) 
=  total emission rate = N2 (A21 + B21 u(ω)).

Planck’s formula for radiation density in thermal equilibrium (which we haven’t discussed) says that 

 u(ω) proportional to ω3 [exp(ħω/kT) -1]-1
The ω3 comes from the density of states for photons and the denominator is similar to the Fermi function, but photons have a “-1” instead of a “+1” in the denominator.   

Solving the balance equation for u(ω), we find

u(ω) = (A21/B21) [(N1B21 / N2 B12)-1]-1 = (A21/B21)  [(B21 / B12 ) exp(ħω/kT) -1]-1,

and comparing this to Planck’s formula, we conclude that A21 is proportional to ω3 B21 and B12 = B21 .  We got the second equation from the time-dependent Schrödinger equation, but Einstein got it in 1917 before quantum mechanics.
The A and B’s are called Einstein coefficients.  The surprising point is that the stimulated emission coefficient B21 is equal to the absorption coefficient B12.  So if we have an equal number of atoms in ψ1 and ψ2, that is N1 = N2, and a certain number of photons present, then only the spontaneous emission processes will tend to lower the energies of the atoms, absorption and stimulated emission balancing out.  If N2 is greater than N1, then the stimulated emission rate N2 B21 u(ω) can outweigh the absorption N1 B12 u(ω).

