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Abstract 

 

 

 

This research presents a theoretical study of the phenomenon of laser 

induced  breakdown and plasma generation in argon at different values of 

the gas pressure .The breakdown is obtained using  a focused high 

intensity  laser beam of wavelength  532 nm , pulse duration 8 ns and 

maximum energy  500 mJ , to irradiate the argon gas  over a pressure 



range varies between 10-760 torr, which is equivalent to 0.013-1.0 atm   ( 

Bindhu  et al ; 2003). In doing so a modified electron cascade model 

(Gamal et al , 1999) in applied which depends on the numerical solution 

of the time dependent Boltzmann equation simultaneously  with a set of 

rate equations that describe the rate of change of the formed excited states 

density. Assuming the intensity  has a Gaussian shape that varies only in 

time, comparison of the calculated threshold intensity as a function of the 

gas pressure and the experimentally measured ones showed good 

agreement over the whole pressure range. This in turn validate the 

numerical model in investigating the breakdown  phenomenon of argon. 

In addition the study of the variation of the electron energy distribution 

function(EEDF) and its parameters during the laser pulse as a function of 

the gas pressure  demonstrated the correlation between the physical 

processes responsible for the gas breakdown and the gas pressure. The 

study takes also into account the effect of electron gain and loss processes 

at the different gas pressure values. To study the plasma propagation in 

the focal volume the model considered the temporal and spatial variation 

of the laser intensity in the focal volume, where the calculations are 

carried out at different values of the laser energy to clarify the relation 

between the density of the formed plasma and its rate of absorption for 

the input energy as well as its propagation rate in the focal volume as a 

function of the laser energy. The result of this study illustrated the 

increase rate of plasma propagation by increasing the input energy, where 

it is found that at input energy equals three and half time its threshold  

energy  value ,the plasma propagates to cover the whole Rayleigh range 

in the backward direction. On the other hand, the study of the effect of 

gas pressure on the plasma propagation in the focal volume for gas 

pressure of 1.0, 10.0 and 100.0 atm  showed that the most interesting 



propagation of the plasma occurs at the intermediate region of the gas 

pressure. 

Summary 

 

 
The phenomenon of laser induced breakdown and plasma generation in 

gases have been studied extensively both experimentally and theoretically 

during  the last five decades. Recently ,this phenomenon found a great 

importance for various applications, which include micro industries in 

electronics that use the plasma etching technique in the integrated circuits 

as well as in the environmental application for the measurement of 

pollution in air, water and soil and surface cleaning, in addition to its 

wide application in medicine and biology. The studies showed that these 

applications are mainly depend on the plasma formed in the breakdown 

region. The nature of the plasma is found to vary according to the laser 

characteristics and the type of the medium. 

One of the main features of the formed plasma is its propagation in the 

backward direction in the focal volume as the input laser energy exceeds 

the threshold energy for breakdown. Moreover as the gas pressure 

increases the rate of propagation increases and more absorption of the 

input energy occurs in the plasma causing less transmission in the 

forward direction. Therefore more interest is devoted to study the 

physical processes responsible for this propagation (Bindhu et al ,2003: 

Tsuda et al,1996;yamada et al, 1985;Yamada et al,1990;Mlejnek et 

al,1998). In these studies it was found that the physical processes which 

are associated with the interaction of the laser radiation with the gaseous 

targets depend on the parameters of the laser source as well as the nature 

of the irradiated gas. 



Accordingly in this  study we present an investigation to examine the 

breakdown of argon at pressures cover a range of 10-760 torr irradiated 

with the second harmonic of a Nd:YAG laser source operating at  532 nm 

with   FWHM of 8 ns and maximum input energy of 500 mJ. 

This gas has been chosen since it has examined experimentally by various 

authors see for example Bindhu et al ,2003: Tsuda et al,1996;yamada et 

al, 1985;Yamada et al,1990;Mlejnek et al,1998). Moreover this gas 

showed  a minimum Ramsuer, in the relation between the momentum 

transfer collision cross-section and the electron energy. This minimum 

might has a noticeable effect on rate of energy gain by electrons from the 

laser field during the Inverse Bremsstrahlung absorption process which 

plays an important role in the breakdown of argon.  

The calculations involved the breakdown threshold as a function of the 

gas pressure taking into account all the possible physical processes which 

might take place during the laser gas interaction. 

In doing so , a modified electron cascade model given previously by 

Gamal et al (1999)is applied to investigate the breakdown of argon under 

the experimental conditions of Bindhu et al (2003).The model based on 

the numerical solution of the time dependent of the Boltzmann equation 

solved for the EEDF and a set of rate equations that describe the rate of 

change of the formed excited states population. The model considered the 

gain of energy by electrons through the inverse  Bremsstrahlung 

absorption process followed by collisional ionization of gas atoms. In 

addition to that electrons may also be generated through multi-photon 

ionization of the excited states. Loss processes which might either deplete 

the density of the generated electrons or their energies are also considered 

in this analysis. 

 



For realistic results the computation cared for the exact correlation 

between the electron energy and cross-sections or rate coefficients of 

each physical process encountered in this model. 

       The equations are solved numerically using a finite difference 

technique for the first and second derivatives, while the linear part of the 

equation is solved by step-to-step integration. In doing so, two lengths of 

the time step are used in the calculations. The shorter time step is used 

when elastic collision takes place for the energy gain and loss terms, 

while the longer one is considered at the calculations of the inelastic 

collisional terms. In these calculations it is assumed that the interaction 

starts with one electron present at the focal volume before laser sets on. 

For continuation of the EEDF this electron is assumed to have a Gaussian 

distribution with its peak energy located at 4 eV (which equals about one 

fourth of the ionization potential of the gas). 

       The computer program was run under the experimental conditions of 

Bindhu et al (2003) to investigate threshold intensity of argon as a 

function of the gas pressure. These values are then compared with the 

experimentally measured ones. Agreement is obtained between the 

calculated and measured thresholds over the whole pressure range. This 

comparison assured the validity of the model to investigate the tested 

measurements.  

       To give a deep understanding of the exact contribution of the 

physical processes responsible for the breakdown phenomenon as a 

function of gas pressure,  calculation of the electron energy distribution 

function EEDF and its parameters (e.g. the Temporal variation of; 

electron density, ionization rate, electron mean energy …etc) are carried 

out at each values of the gas pressure.  

       This study indicated that ionization processes that lead to gas 

breakdown depend on photo-ionization at pressures less than100 torr, 



while at higher pressures collisional processes are dominant. This was 

confirmed by the relation obtained for the time evolution of the electron 

density  ,excited states density, ionization rate , excitation rate ,electron 

mean energy and EEDF. 

       To get a deeper insight into the important role played by ionization 

processes as well as loss processes during the laser pulse a study was 

carried out for the temporal variation of the electron density at  each 

value  of the gas pressure in the presence and absence of each process. 

This showed that at higher pressures >100 torr the electron density 

gradually increases. This assures that ionization proceeds with a high rate 

via collisional processes which act side by side with multi-photon 

ionization of the formed excited states. Recombination losses act to form 

neutral atoms at the highly excited states ,this in turn leads to fast 

ionization of these states. Thus, this process operates as a gain process 

rather than loss process. At the lower pressures the ionization rate is 

found to be very fast during the early stages of the laser pulse ,this 

confirms the domination of the MPI process on this pressure regime. In 

addition , electron diffusion, is found to be effective, since the early 

stages of the laser pulse at this pressure. 

 

To study the effect of gas pressure on the plasma propagation in the focal 

volume ,calculations are carried out to find out first a relation between the 

threshold intensity and gas pressure covering  a range 1-100 atm. This 

relation showed an observable increase in the threshold intensity at the 

highest pressure value. This was attributed to the effect of loss processes 

as well as the nonlinear physical processes which are ignored in the 

applied model. Moreover, the calculation of the electron density at the 

end of the laser pulse as a function of the axial distance zR  at two values  

of input laser powers namely 7 and 20 MW for each value of the gas 



pressure .These input powers are chosen deliberately  since they 

correspond to the values experimentally tested by Bindhu et al (2003). 

This results showed that as the gas pressure increases from 1.0 atm to 10 

atm the plasma length increases by a factor of 3.5.While further 

increasing the gas pressure  up to 100 atm showed a noticeable decrease 

of the plasma length. This was attributed to the effect of the high rate of 

loss processes at this pressure value which might explain the observed 

increase of the threshold intensity at this pressure. To confirm this result 

relations are obtained for the time evolution of the electron density at 

different axial positions for  each  the two input laser powers for the 

considered gas pressure values. This relations showed that at the low 

input power the growth rate of electrons showed different behaviors for 

the different pressure values. At the higher input power ,however, the 

growth rate of electrons along the axial distance showed a similar 

behavior over the whole pressure range and along the axial distance.  

 


