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1.1 Absorption spectroscopy 

Absorption spectroscopy is based on principle that the absorption of radiation by a 

quantum system (atom, molecule etc.) is connected with transition of the quantum system 

between two discrete energy levels. In the following paragraphs, basic equations for absorption 

spectroscopy will be listed with short introduction to the topic, followed by sections on 

absorption line broadenings, ion number density determination from measured absorption and 

cavity ring-down spectroscopy. 

1.1.1 Introduction to absorption spectroscopy 

Monochromatic light of initial intensity I0 passing through homogenous absorbing 

medium losses its intensity according to the Lambert-Beer law [Beer, 1852]: 
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where I(x, ν) is the intensity of the light of frequency ν at position x from the beginning of the 

absorbing medium and α(ν) is the absorption coefficient. If α(ν) is independent on x then the 

solution of equation (1.1) is: 
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where L is the distance traveled in the absorbing medium. The spectral line is characterized by its 

cross-section of photo-absorption: 
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where N(x) is the number density of the absorbing particles at position x. The shape of the 

absorption line is characterized by the line-shape function g(ν) defined as: 

 )()(  Sg , (1.4)    

 

 



where S is the integral absorption coefficients (spectral line intensity) giving the strength of the 

absorption line. The line-shape function is normalized to unity: 
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The Absorbance is defined as: 

 













)(

)(
ln)(

0 




I

I
A . (1.6)    

Caution has to be exercised because it is sometimes defined with decimal logarithm. 

Taking into account the solution of the Lambert-Beer law (1.2), equation (1.6) can be rewritten 

as: 
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If the absorbing medium is not homogenous and contains more absorbing species the 

absorbance can be expressed as: 
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where the sum is over all absorbing species present, σj is the cross section of photo-

absorption of specie with concentration Nj(x). 

1.1.2 Broadenings of spectral lines 

During the evaluation of the number density from the absorption lines one has to take 

into account the proper line-shape. In afterglow plasma, several processes (broadenings) can 

change the line-shape of the measured absorption line. The three most important are: the lifetime 

broadening, collisional broadening and Doppler broadening. 

The lifetime broadening is a result of finite lifetime of the quantum states involved in the 

transition (the lifetime is the inverse value of the rate at which the energy level is depopulated to 

other states). The resulting line-shape is a Lorentzian function [Bernath, 2005]: 
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where νnm = (En – Em)/h is the frequency of the transitions (lifetime broadening is symmetrical 

around this transitions), En and Em are energy of the upper and lower state, h is Planck constant 

and 
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where τn and τm are lifetimes of upper and lower state. In plasmatic experiments, this type of 

broadening can be usually neglected in comparison with other ones. 

The collisions of observed particles also cause broadening of the spectral line. If the 

collision is inelastic, the observed particle is excited/deexcited to other energy level leading to 

change in the lifetime of participating energy levels (see above). The elastic collisions lead to a 

random change of the wave function phase and the resulting line-shape of the absorption line is 

again Lorentzian function with half-width:  
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where fcol is the collision frequency. At low pressures (few hundreds Pa) this type of broadening 

is negligible in comparison with Doppler broadening. Typical values of pressure broadenings are 

10 MHz per 100 Pa [Bernath, 2005]. At higher pressures (above 1000 Pa) the collisional 

bradening starts to play a role and has to be taken into account. 

The movement of the observed particles with respect to the light source (detector) results 

in a shift in a frequency of the light absorbed (emitted) by the moving particle because of the 

Doppler effect. The observed line-shape is a result of an average of line-shape functions of all 

particles. Assuming Maxwell-Boltzman particle velocity distribution the resulting line-shape 

function is a Gaussian function: 
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where 
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where kB is the Boltzman constant, Tkin is the kinetic temperature of the particles, M is their mass 

and c is the speed of light. The full width at half maximum is obtained by multiplying σD with a 

factor of 2(2ln2)
1/2

 ≈ 2.35. From (1.13) the kinetic temperature can be computed as: 
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In some cases there could be collisional and Doppler broadening taking part at the same 

time. Then fitting of the Voight profile [Bernath, 2005] is used to obtain the contribution of 

Doppler and collisional broadening to the final line-shape.   

 

1.1.3 Determination of number density 

To measure the effective recombination rate coefficients, the knowledge of number 

density of recombining ions is desired. As in absorption spectroscopy the measured quantity is 

absorbance, some parameters connecting it with number density of absorbing species has to be 

known - integral absorption coefficient S or other quantity associated with it (e.g. Einstein 

coefficient of spontaneous emission Anm). Following the derivation in ref. [Rothman et al., 1998] 

the absorption coefficient can be written as: 
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where g(ν) is again the line-shape function, Nn and Nm are population of the upper and lower 

state respectively, gn and gm are their statistical weights, Anm is Einstein coefficient of 

spontaneous emission. Under assumption that the upper state is not populated, the absorption 

coefficient at the center of the absorption line will be:  
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Equation (1.16) gives the number density of one state only. Assuming Maxwell-

Boltzman distribution an integral absorption coefficient can be derived from equation (1.15): 
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where ng~  is the nuclear spin degeneracy factor of the upper state, Jn is the rotational quantum 

number of the upper state, Em and En are energies of the lower and upper state respectively, T is 

temperature and Q(T) is partition function. If transition frequency νnm is expressed in cm
-1

 then 

equation (1.17) changes to: 
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where C = 1/(8πc) = 1.3266×10
-12

 cm
-1

s and S has the dimension of [cm
-1

/(molecule×cm
-2

)] 

(commonly referred to as HITRAN unit [Rothman et al., 1998]).  

 

 

The partition function used in equations (1.17) and (1.18) corresponds to the internal state 

of the studied ionic specie at given temperature and is defined as:  
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where gk is the statistical weight of the state of energy Ek. To determine the partition function an 

accurate energy level list is necessary. At low temperature (such as in presented experiments) the 

number of levels needed for computation of Q(T) is limited and the energy levels of many 

quantum systems are known with sufficient precision. The partition functions are usually fitted 

by an analytical function such as: 
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where T is in Kelvins.  

The overall number density of the ionic specie probed N can then be computed from the 

measured absorbance A at the peak center of the Doppler broadened line by using equations 

(1.3), (1.4), (1.7) and (1.12): 
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where L is the distance the light traveled in the absorbing medium. 
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