Lecture 5 : Lasing Processes 
     Lasing action is a process that occurs in matter. Since matter is composed of atoms, we need to understand (a little) about the structure of the atom, and its energy states. We shall start with the semi-classical model, as suggested in 1913 by Niels Bohr, and called: The Bohr model of the atom.
According to this model, every atom is composed of a very massive nucleus with a positive electric charge (Ze); around it electrons are moving in specific paths. 

Z = Number of protons in the nucleus,
e = Elementary charge of the electrons: 

e = 1.6*10-19 [Coulomb]

Figure 2.1 illustrates a simple, but adequate, picture of the atom, the Bohr model: 


Fig 2-1:Bohr picture of the Atom
     Every "allowed orbit" of the electron around the nucleus, is connected to a specific energy level. The energy level is higher as the distance of the "orbit" from the nucleus increases. Since for each atom there are only certain "allowed orbits", only certain discrete energy levels exist, and are named: E1, E2, E3, etc. 

· The interactions between electromagnetic radiation and matter cause changes in the energy states of the electrons in matter. 

· Electrons can be transferred from one energy level to another, while absorbing or emitting a certain amount of energy. This amount of energy is equal to the energy difference between these two energy levels (E2-E1). We shall see later in this chapter that: 

· When this energy is absorbed or emitted in a form of electromagnetic radiation, the energy difference between these two energy levels (E2-E1) determines uniquely the frequency (() of the electromagnetic radiation: 

((E) = E2-E1 = h( = ħ (  
2.3 Absorption of electromagnetic Radiation 
    We saw that the process of photon absorption by the atom is a process of raising the atom (electron) from a lower energy level into a higher energy level (excited state), by an amount of energy which is equivalent to the energy of the absorbed photon. 
when electromagnetic radiation passes through matter, part of it is transmitted, and part is absorbed by the atoms. 
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The variation of Population of N1  is given by:
Example 2.2: Absorption Coefficient (() 

  Calculate the absorption coefficient (() of materials which transmit 50% of the intensity of the incident radiation on a 10 mm width, to the other side. Solution to example 2.2:
Using the exponential absorption law: 

( = 1/x * ln(1/T) = 1/1 * ln(1/0.5) = 0.69 [cm-1]

Results from the exponential absorption law:

· For every material, absorption depends on the width of the material. The thicker the material, less radiation will be transmitted through. 

· For a certain width (x) of the material, absorption depends only on the absorption coefficient (), which is characteristic of each material. 
2.4 Spontaneous emission of electromagnetic Radiation 
     One of the basic physical principles (which is the basis of a subject in physics called Thermodynamics) is that: Every system in nature "prefers" to be in the lowest energy state. 
     This state is called the Ground state.. When energy is applied to a system, the atoms in the material are excited, and raised to a higher energy level. (The terms "excited atoms", "excited states", and "excited electrons" are used here with no distinction).These electrons will remain in the excited state for a certain period of time, and then will return to lower energy states while emitting energy in the exact amount of the difference between the energy levels (delta E).  
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     If this package of energy is transmitted as electromagnetic energy, it is called photon. The emission of the individual photon is random, being done individually by each excited atom, with no relation to photons emitted by other atoms. When photons are randomly emitted from different atoms at different times, the process is called Spontaneous Emission. Since this emission is independent of external influence, there is no preferred direction for different photons, and there is no phase relation between photons emitted by different atoms. the variation of population of  N2 is given by :
Relaxation Processes 

Spontaneous emission is one of a family of processes, called relaxation processes, by which the excited atoms return to equilibrium (ground state). This "classic" explanation assumes that the specific frequencies emitted by an excited atom are the same as the characteristic frequencies of the atom, which means that the emission spectrum is identical to the absorption spectrum. Some physical phenomena can not be explained by this "classic" approach, such as:  

1. Fluorescence: A process in which the emitted wavelengths from the atom are longer than the absorbed wavelengths. Emission stops the moment the excitation stops.
2. Phosphorescence: A process in which emission lasts longer than the absorption process. An example is the special colors used to "Glow in the dark" after being exposed to light earlier.
 In the next chapters we shall see that laser action can be possible only at wavelengths in which the materials have a fluorescence emission. That is the basic technique used in research for new laser materials, by spectroscopically examining the energy levels to find fluorescence. 
2.4.1 Decay Rate 
Energy loss by an excited atom can be performed in two basic ways: 

· Non-radiative decay - by transferring the energy to mechanical vibrations of neighboring atoms(   heat ) . 
· Radiative decay - by spontaneous emission (photon)
Examples from everyday life of radiative decay: 

· In a phosphorescent material, the atoms are excited by radiation at one wavelength, and after the excitation stops, we can still see (under proper illumination) a glow which is the photons emitted by excited atoms when they return to their ground state. 

· Spontaneous Emission in Neon signs - Neon gas atoms inside a tube are excited by an electrical discharge through the gas. When these atoms return to their ground state, they emit photons in the visible spectrum.
2.7 Stimulated Emission
     Atoms stay in an excited level only for a short time (about 10-8 [sec]), and then they return to a lower energy level by spontaneous emission. Every energy level has a characteristic average lifetime, which is the time after which only 1/e (about 37%) of the excited atoms still remain in the excited state. Thus, this is the time in which 67% of the excited atoms returned to a lower energy level.
     According to the quantum theory, the transition from one energy level to another is described by statistical probability. The probability of transition from higher energy level to a lower one is inversely proportional to the lifetime of the higher energy level. In reality, the probability for different transitions is a characteristic of each transition, according to selection rules.

     When the transition probability is low for a specific transition, the lifetime of this energy level is longer (about 10-3 [sec]), and this level becomes a "meta-stable" level. In this meta-stable level a large population of atoms can assembled. As we shall see, this level can be a candidate for lasing process. When the population number of a higher energy level is bigger than the population number of a lower energy level, a condition of "population inversion" is established.
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     If a population inversion exists between two energy levels, the probability is high that an incoming photon will stimulate an excited atom to return to a lower state, while emitting another photon of light. The probability for this process depends on the match between the energy of the incoming photon and the energy difference between these two levels.
The variation of population of N2 IS 
given by : 
	 
	


Absorption or Amplification:
From the equation of rate of loss of energy from the incoming signal, we see that the sign of the difference in the population number (delta N = N1(t)-N2(t)) determines if the energy density of the incoming signal will increase or decrease as a function of time. Consider two possible situations: 

1.When a collection of atoms is in a normal population (Thermal equilibrium), The population number of the lower energy level (E1) is higher than the population number of the higher energy level (E2): N1 (t) > N2(t). 
In this situation only absorption is possible, and as a result the atoms will receive energy from the incoming signal which will decrease in magnitude. 

2. When a collection of atoms is in a population inversion, the sign in front of the parenthesis is minus, and the signal will increase - Amplification! 
Energy from the system of atoms will be transferred to the incoming signal, and amplify it at a rate which is proportional to the difference in population numbers and to the intensity of the incoming signal.

Conclusion: 
          In the process of absorption in the laser medium, the absorption coefficient (() depends on the material and on the difference in population numbers ((N = N1 (t)-N2 (t)) between the energy levels E1 and E2, as: 

     N1 (t)>N2 (t), ( is positive, and the process is absorption.
      In the "population inversion" situation, N1 (t)-N2 (t) < 0, so that            N2 (t) > N1 (t), then ( is negative. According to Lambert law: I = I0e -(x, the factor (-(x) is positive, which means that the intensity at the output (I) is bigger than the intensity at the input (I0), thus amplification (gain of energy). In case of amplification,  is called Gain Coefficient. 

Example 2.4: 
Dependence of amplification on the length of the laser.

     A laser is 15 [cm] long. For a certain wavelength, the amplification of the laser is 1.5.Calculate the amplification of this laser if the length of the active medium is 30 [cm].
Solution to Example 2.4: using the definition of amplification: 
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Substitute the known parameters: 
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We get: 

 = - 0.027 [cm-1]
Using the new length in the amplification definition: 
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 Conclusion: 
    As the length of the active medium increases, the amplification increases. 
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