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Laser 
 

Syllabus: Properties, metastable states, spontaneous emission, stimulated emission, 

population inversion, three level laser, He-Ne laser, ruby laser, laser applications: nuclear 

fusion, medical, communication and industrial applications  

 

Introduction: Laser is the acronym of light amplification by stimulated emission of radiation. 

The laser is a quantum-mechanical device that manages to produce marvellous light by taking 

the advantage of the ways in which atoms interact with electromagnetic radiation. The basic 

principle involved in the laser is the phenomenon of stimulated emission. Lasers produces 

intense beams of light which are highly monochromatic, coherent and highly directional. Light 

from laser has low divergence. Because of these properties, lasers are used in a wide variety of 

applications.  Laser requires active medium in which population inversion is achieved between 

the pair of energy levels.  

 

The basic operating principles of the laser were put forth by Charles Townes and Arthur 

Schalow and the first laser using ruby crystal was demonstrated in 1960 by Theoder Maiman.  

In 1916, Einstein devised a simple theoretical treatment of the dynamic equilibrium existing for a 

material medium interacted with electromagnetic radiation, absorbing and reemitting. This 

analysis created the foundation for the laser.  

  

When the electromagnetic radiation interacts with the matter, three important processes are 

going to take place. They are: 

 

• Stimulated absorption 

• Spontaneous emission 

• Stimulated emission 

 

1. Stimulated absorption: Consider a chamber filled with a gas in equilibrium at some 

temperature T.  If T is relatively low (say room temperature), most of the atoms are in their 

ground states and only fewer atoms present in the excited state. If a photon having an 

adequate amount of energy interacts with the gas, the atoms jumps to a high energy exited 

state by absorbing energy equal to E2-E1= hν (that is the energy difference between the two 

states).   

 

 

 

2. Spontaneous emission: Excited energy state has a lifetime of order 10 ns. Thus, the atom 

must decay to a ground level, giving off a photon of energy hν. This is called spontaneous 

emission and the photon is emitted in a random direction and random phase.   
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3. Stimulated emission: There is also a third alternative process which was appreciated by 

Einstein and crucial to the operation of the laser. For a medium inundated with EM radiation, 

it is possible for a photon of energy hν to interact with the excited atom. The atom can the 

decay to ground level by emitting excess energy in the form of photon in step with the 

incident photon. The emitted photon has same wavelength, exactly same direction and 

same phase as that of the incident photon.  This process is called stimulated emission and 

the transition rate (the rate of change of the number of atoms in the excited state) is 

proportional to the density of atoms in the excited state.  

 

 
  

Metastable state: The lifetime of ordinary excited state is about 10 ns. But for the stimulation 

emission to take place, atom must remain in the excited state for a longer time. Thus, the 

excited state should have lifetime more than 10 ns. Such excited states are called metastable 

states. Atoms remain in the metastable state for a considerable time of order micro to milli 

second. Hence, many excited atoms are accumulated in the metastable state. A metastable 

state is important for the generation of laser beam. Spontaneous emission does not occur more 

than stimulated emission. 

  

Population inversion: According to Maxwell- Boltzmann distribution, the number of atoms per 

unit volume (population of the state) in any energy state is given as N= No exp (-E/ KT) where 

No is constant for a given   temperature T. At higher energy value E, the smaller is the 

exponential value. Hence fewer atoms are there in the excited states than in the ground 

state(N1>N2).  For stimulated emission to dominate over the absorption, a condition must be 

created, where number of atoms in the excited state should be more than that of the lower 

energy state (N2>N1). This condition is called population inversion. An incident photon of proper 

frequency could then trigger an avalanche of stimulated photons all in phase. The population 

inversion is achieved by pumping energy (electrical energy, chemical energy, optical energy, 

etc.) 
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Amplification by stimulated emission: Consider group of atoms all in the same excited state. 

Let lifetime of the state be very long and that the probability of stimulated emission be large. The 

incoming photon interacts with first atom, causing stimulated emission of a coherent photon. 

These two photons then interact with the next two atoms in line, and the result is four photons. 

As this mechanism continues, at the end of the process there will be avalanche of coherent 

photons.  

 
Pumping: The population inversion is achieved by exciting the medium with a suitable form of 

energy. The process is called pumping. There are various methods of pumping. 

 

1. Optical pumping: The atoms in the lower state absorb incident EM radiation and go to 

excited state. This method is called optical pumping and used in solid state laser like 

ruby laser. 

2. Electrical pumping by discharge process: Atoms can be excited to the higher energy 

state by electron impact in intense gaseous discharges. This method is called electrical 

pumping. This method is suitable to gas and semiconductor laser.  

3. Inelastic atom-atom collision: In this method, atoms of one type are raised to excited 

state in gaseous discharge. These excited atoms collide inelastically with other type of 

atoms and raise them to excited state. The population inversion is obtained in the later 

type of atoms. Such pumping method is used in He-Ne laser.  

4. Chemical pumping: In this the population inversion is achieved by means of energy 

produced from chemical reactions without any external source. 

5. Direct conversion: In semiconductor laser the electrical energy is directly converted to 

light energy.  

  

Three level laser: The system which uses three energy levels is called three level laser. Ruby 

laser is an example of three level laser. Let the ground state, metastable state and excited state 

of an atom be represented respectively by three levels having energies E1, E2 and E3 as 

shown in the figure. 
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If a photon of energy E3-E1 = hv is incident on an atom in the ground state, the atom absorbs 

this energy and takes a transition to excited state E3. Since atom cannot remain in the state E3 

for more than 10 ms, it takes a transition to state E2 where it stays for a longer duration. The 

transition E3 to E2 is non-radiative and either absorbed by the walls of the container or 

dissipated into the material in which lasing action takes place. During the process, the number 

of atoms in E2 state goes on increasing and becomes more than that of state E1. Hence 

population inversion is achieved between ground state E1 and excited state E2. Atoms in the 

level 2 can take a transition to ground state due to stimulated emission resulting in lasIng action. 

In three level laser, at least half the population of electrons must be excited to the higher energy 

stage.  

 

The three-level laser works only if the ground state is depopulated. As atoms accumulate in the 

ground state after stimulated emission, they can absorb photon from lasing transition and shut 

down laser action. Hence most of the three-level laser can only produce pulses. This difficulty is 

overcome in the four-level laser, where an extra transition state is located between metastable 

state and ground state. This allows four level laser to emit a steady beam. He-Ne laser is an 

example for four level laser.  

  

Basic components of a laser: The basic components of laser are pumping source, active 

medium and optical resonator.  

 
1. Energy source: with the help of energy source, the atoms or molecules in the system 

can be raised to an excited state to achieve the population inversion. It is also called 

pumping source. Examples of pump sources include electric discharge, flash sources, 

chemical reaction. The type of pump source used depends on the active medium. 

 

2. Active medium: it is also called laser medium or gain medium. Active medium consists of 

atoms or molecules which are raised to an excited state using energy from the pump 

source. Hence the population inversion is achieved, and stimulated emission of photons 

takes place, leading to the phenomenon of amplification of light. Examples of different 

active medium are:  

a. Liquid such as dyes  

b. Gases such as carbon dioxide, helium- neon mixture  

c. Solids such as neodium, titanium 4. Semiconductor 

 

3. Optical resonator or optical cavity: the optical resonator consists of two mirrors placed 

around the active medium, which provide feedback of light. One of the mirror is high 

reflector and other is partial reflector. The photons emitted due to spontaneous emission 
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move in every direction. Those propagating very nearly along the cavity axis get 

reflected by the mirrors back into the medium, where it is amplified by stimulated 

emission. The axial beam of light bounces back and forth across the medium and finally 

emerges out from the partially silvered mirror as an intense coherent beam. The optical 

feedback provided by the cavity converts the system into an oscillator.  

                                                               

Ruby laser: Ruby laser is an example for three level solid state laser which was built by T.H. 

Maiman in 1960. 

 

Construction: A schematic diagram of a ruby laser is shown below. 

 

 
 

It consists of a ruby rod about 10 cm in length and 0.8 cm in diameter. Ruby is basically an 

Al2O3 crystal containing about 0.05 percent of Cr2O3. The rod’s end faces were polished flat, 

parallel and normal to the axis. Then they were coated with silver such that one becomes total 

reflector and other partial reflector for light originating from ruby rod. The rod was surrounded by 

a helical gaseous discharge flashtube for optical pumping. The rod was provided with external 

cooling arrangement.  

 

Working: The chromium atoms in the ruby rod have absorption bands in the blue and green 

regions of the spectrum. The flashtube generates an intense burst of white light lasting a few 

milliseconds. Much of this energy is lost in heating the apparatus and this requires cooling which 

is done by cold water circulation. But many of the chromium (Cr3+) ions are excited into broad 

absorption bands E3 and E4 as shown in the figure. The excited Cr3+ ions drop down to a pair of 

closely spaced long lived states E2 by giving up their energy to the crystal lattice. To facilitate 

this, Cr3+ needs surrounding transparent lattice and that is provided by Al2O3 crystal. The 

metastable state E2 is a doublet with separation of about 1. 4nm. The Cr3+ ions remain in these 

metastable states for several milliseconds before dropping to the ground state. When the 

pumping rate is increased, the population inversion occurs. The first few spontaneously emitted 

photons stimulate a chain reaction. One photon triggers the rapid, in-phase emission of another 

leading to the emission of light wave of wavelength 694.3 nm. The wave continues to grow as it 

sweeps back and forth across the ruby rod. An intense pulse of red laser finally emerges from 

the partially silvered surface of ruby rod.  
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Diagram of ruby laser energy level: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Modern ruby laser setup has flat external mirrors, one totally and other partially reflecting which 

act as an optical oscillator. Modern device operates with coherence lengths of from 0.1m to 

10m.This high-power source of pulsed laser is used in the work on interferometry, plasma 

diagnostics and holography.  

 

Helium–Neon laser: Ali Javan and his associates successfully operated a continuous wave 

(CW) He-Ne, gas laser at 1.5 µm. After one year, White and Ridgen operated most widely used 

He-Ne laser at 632.8 nm, in the red part of the visible spectrum. It is a four-level laser, easy to 

construct, relatively inexpensive, reliable and can be operated by a flick of a single switch. 

      

                             
 

 

Construction: It is a type of gas laser whose active medium consists of a mixture of helium and 

neon gases in the ratio of 10:1. Neon atoms are the active centers and have energy levels 

suitable for the laser transitions while helium atoms help in exciting neon atoms. The mixture is 

taken in a discharge tube at a pressure of about 0.8 torr of He and about 0.1 torr of Ne. The 

pumping is accomplished by an electrical discharge at p.d of 1000V between anode and 

cathode. A current of 5 mA to 100 mA is required for CW operation. The optical cavity of laser 
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consists of high reflecting plane mirror at one end of the tube and concave output coupler mirror 

of 1% transmission at the other end.      

         

Energy levels of He- Ne laser: 

                        
 

Working: 23S1 and 21S0 states of He are long lived metastable states. Hence optical transition 

to the ground state is not allowed according to selection rules for optical transitions. As a result 

of gas discharge, the atoms are raised to these metastable states due to electron collision. The 

excited He atoms inelastically collide with and transfer energy to Ne atoms present in their 

ground state. Such an energy transfer can take place when the two colliding atoms have 

identical energy levels. The excited states 5S and 4S of neon are at the same level as that of 

23S1 and 21S0 states of helium. Thus, Ne atoms are raised to their excited states 5S and 4S and 

population inversion is achieved with respect to lower levels 4P and 3P states. The transitions 

between the 5S and 4S states are forbidden. Spontaneous photons initiate stimulated emission 

and chain reaction begins. The laser transitions are: 

  

1. 5S to 4P corresponds to the wavelength 3.39 µm in infra-red region 

2. 5S to 3P corresponds to the wavelength 632.8 nm (red color) in visible region 

3. 4S to 3P corresponds to the wavelength 1.15 µm in infra-red region 

 

Atoms in the P states take spontaneous transitions to 3S state, thus P states remaining 

uncrowded and thereby continuously sustaining population inversion. The 3S is a metastable 

state, so that atoms return to the ground state after losing energy to the walls of the enclosure. 

Therefore, the tube diameter inversely affects the gain. If diameter of the tube is more, the 

probability of collision of atoms with the wall decreases and neon atoms are no more available 

in the ground state for further excitation. Therefore, the laser ceases to operate.  

 

In contrast to the ruby laser stimulated emission in the He-Ne laser occurs between the two 

upper levels. Hence population inversion is easily attained without having half empty ground 

state. The laser output is made linearly polarized by the inclusion of Brewster end windows at 

the end of the discharge tube.  
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Laser applications: The important characteristics of lasers are: 

 

1. Highly monochromatic 

2. high degree of coherence (spatial and temporal coherence) 

3. high directionality 

4. high intensity 

5. negligible divergence 

 

Lasers are used in different fields because of their special features, which are not available in 

ordinary light. 

  

1. Nuclear fusion: Fusion reactions combine lighter atoms, such as hydrogen, together to 

form larger ones along with the release of energy. Generally, the reactions take place at 

very high temperatures. One of the problems is how to overcome the strong electrical 

repulsion between atomic nuclei which requires high energies to make them fuse. But fusion 

could be initiated at lower energies with electromagnetic fields that are generated, for 

example, by state-of-the-art free electron lasers emitting X-ray light.  

 

Laser fusion is also called inertial confinement fusion.  Attempts are made initiate nuclear 

fusion reactions by heating and compressing a fuel target using laser.   The fuel is taken in 

the form of a pellet that most often contains a mixture of deuterium and tritium. Typical fuel 

pellets are about the size of a pinhead and contain around 10 milligrams of fuel.  

 

To compress and heat the fuel, energy is delivered to the outer layer of the target using 

high-energy beams of laser light.  The heated outer layer explodes outward, producing a 

reaction force against the remainder of the target, accelerating it inwards, compressing the 

target. This process is designed to create shock waves that travel inward through the target. 

A sufficiently powerful set of shock waves can compress and heat the fuel at the center so 

much that fusion reactions occur.  

 

There are two big laboratories in the world, where the research is going towards building an 

experimental laser-driven thermonuclear reactor. One in USA calls National Ignition Facility 

Project (NIF) and the other in France calls Laser Mégajoule (LMJ). 

 

2. Medical applications: Lasers are used in medical diagnosis, treatments, or therapies, such 

as laser photodynamic therapy, photo rejuvenation and laser surgery.  

 

The earliest medical applications for lasers were in ophthalmology and dermatology. Just a 

year after the invention of the laser in 1960, Leon Goldman demonstrated how a ruby laser, 

which emits red light, could be used to remove port wine stains, a type of birthmark, and 

melanomas from the skin.  

 

Low level laser therapy (LLLT) is typically used for therapeutic and stimulating skin 

treatments. The laser is used as a cutting instrument or a vaporizer of tissue that it comes in 

contact with surgical and dental procedures. The laser is used for curing a filling; it helps to 

strengthen the bond between the filling and the tooth. In teeth whitening procedures, the 

laser acts as a heat source and enhances the effect of tooth bleaching agents. 
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Ophthalmologists use argon lasers to treat detached retinas. Lasers are used for eye lens 

curvature corrections. 

 

Lasers have a major role to play in the early detection of cancer as well as many other 

diseases. 

 

Lasers are used in fiber-optic endoscope to detect ulcers in the intestines. 

 

Lasers are used to destroy kidney stones. 

 

Lasers are currently being safely used for the treatment of cancers arising in various organ 

systems. In neurosurgery for example, laser interstitial thermal therapy (LITT) is a preferred 

treatment option for patients who are not ideal surgical candidates. 

 

Direct laser ablation has been used for direct destruction of cancer cells through its 

photochemical, photomechanical, and photo thermal effects. 

 

The unique ability of lasers to target specific structures and layers of tissue makes them a 

powerful tool in cosmetic and reconstructive surgery. Laser resurfacing has been a major 

tool used for anti-aging treatment in recent medicine. 

 

Lasers are used for bloodless surgery. 

 

The liver and lung diseases could be treated by using lasers. 

 

3. Communication: Laser is a very intense, highly parallel, monochromatic and coherent 

beam of light. Hence it is largely used in communication.  

 

Laser light is used in underwater communication networks. 

 

Lasers are used in space communication, radars and satellites. 

 

Laser light is used in optical fiber communications to send information over large distances 

with low loss. 

 

In optical communication laser beam is modulated for voice, video, or data communication 

over wide information bandwidths, typically 1 gigahertz or more. 

 

Laser communications assure much faster data transfer at a low power consumption and 

smaller geometrical size. 

 

Lasers are used for reading CDs and DVDs, scan bar codes.  

 

Laser communications are key to ensuring fast and precise transmission of data from 

spacecraft systems, which offer the unique advantages over radio frequency (RF) systems, 

including size, mass, low power consumption, reduced noise, larger bandwidth, 

compactness, reduced complex frequency planning and RF interface issues. 
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4. Industrial applications: High intensity and directionality of laser output makes it an 

extremely useful tool for industrial applications. 

  

Welding: Consider the welding of two metal plates. The plates are held in contact at their 

edges and laser beam is made to move along the line of contact. The beam heats the edges 

of the two plates to their melting points and causes them to fuse together. CO2 laser is used 

in automobile industry for computer-controlled welding. 

 

Drilling: Using laser, one can drill the hole of diameter 10 µm. The laser supplies the energy 

in such a way that rapid evaporation of material takes place without significant radial 

diffusion of heat into the work piece. Pulsed ruby and neodymium lasers are used for drilling 

holes. 

 

Hardening: Heat treatment is common to harden the material in tooling and automotive 

industry. CO2 laser is used for heat treatment. Laser processing is advantageous as it can 

provide selective treatment of the desirable areas.   

 

Material preparation: Laser beams are used to melt materials of very high melting point. 

They are used in producing alloys, intermetallic. They are also used to change the optical 

properties of materials 

 

Electronic industry: Lasers are used in the manufacture of electronic components and 

integrated circuits. They are also used for the isolation of faulty components in large 

integrated circuits.  

 

Ultraviolet lasers are used in the semiconductor industries for photolithography. 

Photolithography is the method used for manufacturing printed circuit board (PCB) and 

microprocessor by using ultraviolet light. 

 

Cutting:  Laser cutting is the most common industrial application of lasers. The advantages 

of using lasers are that these can cut faster and with a higher quality as compared to other  

methods. The cut can have a very narrow kerf width (width of the cut opening) resulting in 

substantial saving of material. The cut edges can be smooth and clean thus do not need any 

further treatment. 

 

Laser also finds certain very special applications like clearing of space debris, laser 

balancing, remote decontamination and decommissioning of components of unused nuclear 

installations. 

 

Laser light is used to collect the information about the prefixed prices of various products in 

shops and business establishments from the bar code printed on the product. 


