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ABSTRACT 

Water breakdown studies by Nd-YAG laser pulses of duration 100 fs, 30 ps and 6 ns at wavelength 1064 nm are pre- 
formed to investigate the physical mechanisms which couple the laser energy into the medium. Calculations are carried 
out applying a modified kinetic model of water breakdown previously developed by Kennedy (1995) to investigate the 
correlation between threshold intensity of breakdown and laser pulse length. The modifications considered the introduc-
tion of diffusion and recombination loss processes which might take place under the experimental conditions applied in 
these calculations. The validity of the model is tested by comparing the calculated threshold intensities and the experi-
mentally measured ones where good agreement is shown. The study of the time evolution of the electron density clari-
fies the correlation between the pulse length and dominant ionization mechanism. The analysis of the spatial distribu-
tion of the electron density along the radial and axial distances of the focal spot showed that the size of the formed 
plasma increases with the increase of the pulse length. On the other hand, studies of self-focusing effect illustrated that 
under the investigated experimental conditions the effect of this process has an effective contribution only at laser 
pulses of the order of femtosecond scale when the laser beam is focused by a lens of a focal length ≥8.0 cm. This result 
in turns assures that using femtosecond pulses in ophthalmic microsurgery could be a safe tool from the retinal damage. 
 
Keywords: Laser Induced Breakdown; Water Breakdown; Electron Density; Self Focusing; Modeling of Plasma  

Formation; Laser Medicine 

1. Introduction 

Laser induced optical breakdown in aqueous media re- 
presents a challenging topic in applied physics. It re- 
ceived considerable attention for many years because it 
has various applications in medicine and biolog as well 
as it plays significant rules in the mechanism of plasma 
mediated ablation and photo-disruption. These represent 
the most important interactions between short laser pul- 
ses and tissue. Accordingly, it has great interest in medi- 
cal applications especially in ophthalmic microsurgery 
and laser lithotripsy [1].  

Although this phenomenon is extensively investigated 
both experimentally and theoretically [2-8], the mecha- 
nisms responsible for the threshold dependence on laser 
duration are still an open question. Experimental studies 
of this phenomenon revealed that, there are two main 
mechanisms that can lead to ionization and plasma for- 
mation namely; cascade ionization and multiphoton 
ionization [9,10]. Cascade or sometimes called avalanche  

Ionization occurs with long pulse durations (~nanosec- 
onds) and requires an initial quasi-free seed electron in 
the focal volume. This process tends to be impurity de- 
pendent and requires a quite condensed medium to allow 
many collisions within the long pulse duration. With ul- 
tra short pulse duration (picoseconds or femtoseconds) 
pure multiphoton ionization of the medium occurs where 
each molecule is independently ionized by the electric 
field, without the need of particle-particle interaction or 
seed electrons. This breakdown is thus independent of 
impurities in the medium and can be applied consistently 
to a variety of tissues. Moreover, the breakdown pheno- 
menon is found to be more stable with the ultra short 
pulses while it is unstable with the nanosecond laser 
pulse scales [11]. Several theoretical models have been 
proposed to explain the physical phenomenon involved 
in the breakdown of a medium. These models describe 
the breakdown threshold intensity which determines the 
onsite of ionization and plasma formation considering  
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these two mentioned mechanisms. Although these mod- 
els could reasonably investigate the experimental meas- 
urements that carried out on gases and solids in aqueous 
media [12,13], however, these models still did not give 
well understanding about the breakdown phenomenon. 

Accordingly, in the present work a modified model 
previously developed by [4] based on the solution of a 
rate equation is proposed to investigate the plasma for- 
mation mechanism in distilled water induced by laser 
pulses of duration 100 fs, 30 ps and 6 ns at wavelength 
1064 nm [14]. The model takes into account the genera- 
tion of electrons due to the combined effect of both multi- 
photon ionization and cascade ionization processes. 
Moreover, loss processes due to electron diffusion and 
recombination are also considered in this analysis.  

 As a part of our study is the understanding and mo- 
deling the eye damage produced by exposure to laser 
pulses with different lenses. The aim of this study is to 
model the breakdown and plasma formation caused by 
different pulse duration in the area from the cornea to the 
retina. The result gained from this analysis is to find out 
the effect of self focusing which occurs during the inter- 
action and propagation of the laser pulses. Measurements 
of the nonlinear effect and laser induced breakdown thre- 
shold for water indicate that water is a reasonable stimu- 
lant for the vitreous humor of the eye. In addition, water 
displays a nonlinear Kerr effect and self-focusing can 
occur at megawatt peak input powers. Indeed, these self- 
focusing leads to water breakdown which could explain 
the anomaly of the retinal damage caused by femtosec- 
ond pulses in the ophthalmic microsurgery [15]. There- 
fore, in this analysis we also present an investigation of 
the nonlinear effect associated with the propagation of 
laser radiation in a distilled water.  

2. Theoretical Formulations 

2.1. Basic Equation 

In the present model the breakdown threshold is firstly 
considered to be independent of the laser beam diameter, 
i.e. the plasma formation is only time-dependent. Accor- 
dingly for a Gaussian laser pulse the temporal variation 
of the laser intensity is written as:  
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where A (A = 4.5208) and B (B = 0.7788) are constants, 
I(0) is the laser peak intensity and (2τ) is the laser pulse 
width (FWHM). 

Secondly, in studying plasma propagation along the 
axial distance of the focal volume, the variation of the 
laser intensity is taken as a function of both space z and 
time t and is written as: 
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where Pmax is the maximum laser power and w(z) is the 
beam radius at any position z, which is given by  
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The focal volume is determined using the geometric 

optics consideration and has a cylindrical shape given by 

 
2

2
0

π
2 1

2

d
V f D              (4)  

where d is the beam spot size, f is the focal length of the 
focusing lens, θ is the beam divergence and D0 is the 
unfocused beam diameter. The breakdown criterion is 
taken to be the attainment of a critical electron density of 
1019 - 1020 cm−3 which agrees quite well with the ex-
perimental measurements given in [7]. 

Following to these parameters, the general form of the 
rate equation that describes the variation of electrons 
density under the combined effect of both multi-photon 
ionization and cascade ionization mechanisms in laser 
induced breakdown of water is written as: 

2d d

d d mpa cas D R
t t

                (5) 

where   is the free electron density, cas , D and R 
represents the ionization, diffusion and recombination 
rates respectively. The first two terms on the right hand 
side of this equation represent electron generation through  

multiphoton absorption 
d

d mpat

  and cascade ionization   
 

( cas 
d

). The remaining terms account for electron diffu- 
sion out of the focal volume (  ) and the recombina- 
tion loss (−Rρ2). For accurate computation in this model 
we take into account the depletion of water molecular 
due to ionization by subtracting the generated electron 
density from the molecular density. The water data re- 
quired to solve Equation (5) is given in the following 
section.  

2.2. Water Data 

2.2.1. Multiphoton Ionization Rate 
Following to [3] and other authors [4,14], in this model 
the water is treated as an amorphous semiconductor with 
a band gap energy (equivalent to the ionization energy 
ΔE = 6.5 eV) [16]. To ionize a water molecule K photons 
are required, where K is the smallest integer greater than 
the ratio ΔE/h and sometimes called the degree of non- 
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linearity of multiphoton ionization, h is Plank’s constant 
and  denoting the laser frequency. Consequently, the 
approximate expression for the multiphoton ionization 
rate in condensed media given by [17] is written as: 
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In this equation ω is the angular frequency of laser 
light, I represents the laser intensity,  

e h e h  is the reduced exciton mass, e is 
the electron charge, n is the refractive index of water, c is 
the velocity of light, ε0 is permittivity of free space and 
ΔE is the ionization potential of water.  

m m m m m 

2.2.2. Cascade Ionization Rate 
The assumed existing free electrons which are generated 
by multiphoton ionization can gain energy from the laser 
field through inverse Bremesstruhling absorption (IBA) 
in colliding with the water molecules. After several IBA 
events, the kinetic energy of the free electrons could ex- 
ceed the ionization energy ΔE. Then these electrons can 
collide and ionize another molecule creating new low 
energy free electrons. Following [4], the cascade ioniza- 
tion rate per electron is given by: 
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where τm is the mean free time between electron-heavy 
particle collisions, M is the mass of a medium molecule, 
(for water M = 3.0 × 10−26 Kg), m is the electron mass. 
The first term of this equation is related to the energy 
gain by electrons from the laser electric field where as 
the second term describes the energy transfer from electrons 
to water molecules during elastic collisions. For water the 
mean free time between momentum transfer collisions 
(τm) has not yet been measured, therefore we adopted the 
estimated value used in [4,14] which is taken as 1 fs.  

2.2.3. Diffusion Loss 
The expression of diffusion rate per electron which de- 
scribes the decrease of the electron density along the ra-
dial and axial distances of the cylindrical volume with 
radius w0 and length zR is given by [4,14]: 
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From this relation it is clear that the smaller the spot 
size the higher rate of diffusion loss. This in turn results 
in a higher breakdown threshold when the laser pulse 
exceeds the diffusion time. For pulse duration less than 
nanosecond diffusion time is greater than the laser pulse 
causing diffusion losses to be less probable. 

2.2.4. Recombination Rate Coefficient  
The recombination rate coefficient R is taken as the em- 
pirical value obtained by [2] through measurement of the 
decay plasma luminescence to be 2 × 10−9 cm3·s−1. For 
nanosecond pulses recombination losses during the laser 
pulse are quite important, while their effect might be 
negligible for shorter pulses. 

2.3. Method of Calculations 

Considering these rates, Equation (1) is solved numeri- 
cally to obtain the threshold irradiance required to pro- 
duce breakdown in water for a given pulse duration, us- 
ing a Runge-Kutta fourth order technique with adaptive 
time step. Optical breakdown is assumed to occur when 
the free electron density obtained during the laser pulse 
exceeds the given critical value (1019 - 1020 cm−3). The 
solution procedure for the plasma formation in water in- 
duced by laser pulses in each time step can be summa- 
rized as: 
 The free electron density is obtained first at the center 

of the focal volume; 
 The spatial distribution of the free electron density is 

identified as non-breakdown and breakdown regions. 
Then the corresponding plasma length is determined. 

2.4. Nonlinear Effect  

For completeness a study is carried out to investigate the 
effect of self-focusing on the breakdown of water under 
the experimental conditions considered in this analysis. 
This study has an important application in ophthalmo- 
logic microsurgery of a human eye. Accordingly, the di- 
mensions of the focal spot are adjusted to fit the human 
eye configuration. The critical power for self focusing 
collapse in the absence of plasma generated is calculated 
using the formula [18]. 

2
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where n2 is the nonlinear refractive index of water and is 
given by 2 03 2n B  , B0 is the Kerr constant. n2 is 
found to be 8.334 × 10−16 cm2/W when the B0 = 4.7 × 107, 
at laser wavelength 1064 nm and n0 is the linear refrac- 
tive index (for water its value is 1.33) [19]. 

Computations are performed to determine the laser 
power required for breakdown as a function of both laser 
pulse length and focal length (input spot radius w0). Its 
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value is then compared with the obtained critical power 
value using the Equation (9).  

results in an observable deviation between the calculated 
and measured threshold intensity in particular at the lon- 
ger laser pulse as shown by curve (2). Diffusion losses 
seems to have a negligible contribution to the threshold 
intensity since, its absence did not show any variation on 
the threshold intensity as illustrated by curve (3). This 
result revealed that over the laser pulse length examined 
experimentally, recombination losses have significant 
contribution only at 6 ns scale. The slow variation of the 
threshold intensity observed over the pulse duration 
range ≤500 ps indicates that breakdown takes place 
mainly by multiphoton ionization process. While the pro- 
nounced dependence of the threshold intensities at pulse 
duration ≥500 ps, confirms the domination of collisional 
ionization process over the longer pulse duration. 

3. Results and Discussion 

Equation (1) is solved numerically under the experiment- 
tal conditions given in [14] to investigate the breakdown 
of distilled water by Nd-YAG laser of wavelength 1064 
nm at different pulse duration. Adopting the breakdown 
criterion which requires the attainment of an electron 
density of the order of 1019 - 1020 cm−3 at the end of the 
laser pulse, a computer program is under taken to calcu- 
late the effect of: 1) laser pulse duration on the threshold 
intensity; 2) ionization mechanisms; 3) self focusing, as 
well as 4) the spatial distribution of the electron density 
along the radial and axial distances of the focal spot i.e. 
plasma propagation. 

3.1. Effect of Pulse Duration 

Computations are carried out to investigate the meas- 
urements of the breakdown threshold of distilled water as 
a function of pulse duration [14]. In doing so, Equation 
(5) was iteratively solved for different threshold inten- 
sities until the maximum electron density during the laser 
pulse equaled the critical electron density for optical 
breakdown. To examine the effect of loss processes on 
the threshold intensity, calculations are preformed in the 
presence and absence of each loss process. Figure 1 
represents this relation where curve (1) refers to all proc- 
esses, while curves (2) and (3) stand for the absence of 
recombination and diffusion respectively. For an easy 
comparison the experimentally measured values of [14] 
are also presented on the same figure (solid squares). It is 
clear from this figure that, there is a reasonable agree- 
ment between the calculated and measured threshold 
intensities (Ith) over the whole range of pulse duration 
considered in this analysis when losses are taken into 
account (curve 1). Omission of recombination losses  
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Figure 1. Comparison between calculated and measured 
threshold intensities as a function of pulse duration for dis-
tilled water. 

3.1.1. Effect of Ionization Mechanisms 
In the present work, studying the time evolution of the 
free electron density characterizes the interplay of multi- 
photon ionization in the presence of recombination losses 
during the breakdown process. Figure 2 represents this 
relation during the laser pulse under the combined con- 
tribution of multiphoton ionization and cascade ioniza- 
tion processes as well as the individual effect of mul- 
tiphoton ionization calculated at the central point of the 
focal volume (z0, r0). These are referred as curves (1) and 
(2) respectively in this figure for the laser pulses a) 6 ns, 
b) 30 ps, and c) 100 fs. 

From Figure 2(a) it is observed that the electron den- 
sity starts to grow after a period of 0.2 ns with an elec- 
tron density not exceeding 10 cm−3 as shown by curves 
(1) and (2). Beyond this time, curve (1) suffers a sudden 
increase reaching a value of 1020 cm−3 at a time of 0.3 ns. 
Then its value remains almost constant up to 5.5 ns 
where it shows a slight decrease. While curve (2) (no 
cascade ionization) showed a gradual increase reaching 
to a value of 107 cm−3 at the peak of the laser pulse, then 
it continue with this value up to its end. This behavior 
suggests that for nanosecond pulses at infra red wave- 
lengths, the breakdown threshold in distilled water are 
determined by the intensity required to producing the 
first free electrons by multiphoton absorption.  

At that intensity the rate of cascade ionization is so 
high that the breakdown proceeds almost instantaneously 
to the critical electron density (1020 cm−3). This explains 
the sudden increase of the electron density during the 
early stages of the laser pulse shown by curve (1) in this 
figure.  

In Figure 2(b) (30 ps), however, the electron density 
during the early stages of the laser pulse showed similar 
behavior where it started with an electron density of one 
electron per cm−3 at about 2 ps for both curves (1) and (2), 
then curve (1) showed a gradual increase up to the end of 
the laser pulse, while curve (2) started with a slower in 
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Figure 2. Evolution of free electron density, (i) combined 
effect of MPI and CI, (ii) MPI alone. 
 
crease followed by an almost constant value at about 107 
cm−3 up to its end. From this figure it is clear that cas- 
cade-ionization contributes effectively to the breakdown 
of distilled water at this laser pulse length. This gradual 
increase of the electron density indicates the slow rate of 
cascade ionization during the first half of the laser pulse. 
This may be attributed to the competition between the 

two ionization mechanisms during this time which hin- 
ders the electron density growth. The increase shown by 
curve (1) during the second half of the laser pulse gives 
an evidence for the contribution of cascade ionization. 
On the other hand, in Figure 2(c) for the femtosecond 
laser pulse, curves (1) and (2) showed different behavior 
where they start with high values during the early stages 
of the laser pulse (108 cm−3) followed by a constant value 
up to their end. The omission of cascade ionization 
(curve 2) showed only a slight decrease of the electron 
density during the second half of the laser pulse. This 
result supports the important role played by multiphoton 
ionization process to the breakdown of distilled water at 
the ultra short laser pulse (100 fs). This figure clarifies 
the important role played by the cascade ionization proc- 
ess in enhancing the electron density to reach the break- 
down limits. Moreover, it showed also that for infra red 
wavelengths most free electrons are produced by cascade 
ionization even for the short pulse duration. Recombina- 
tion losses occur near the end of the laser pulse (where a 
high electron density is achieved) as shown by the slow 
drop of the electron density illustrated by curve (1) Fig- 
ure 2(a) for nanosecond pulses. Its influence becomes 
negligible for the ultra short pulses Figures 2(b) and (c) 
since its rate becomes slower compared to the laser pulse 
length. 

3.1.2. Spatial Distribution of the Electron Density  
along the Radial and Axial Distances of the  
Focal Spot: Plasma Length 

Taking the spatial distribution of the laser intensity as a 
Gaussian shape, calculations are preformed to obtain the 
distribution of the electron density in the cylindrical focal 
volume with axial distance zR and radial distance w0. The 
aim of this analysis is to determine the actual size of the 
breakdown region (plasma length) as a function of the 
laser pulse length. The calculations are carried out at the 
threshold intensity for breakdown at three values along 
the axial distance namely; z1, z2 and z3. At each value of z 
the electron density is determined at three values along 
the radial axis of the focal volume (r1, r2 and r3) for the 
three laser pulses. Figures 3-5 represent this relation for 
6 ns, 30 ps, and 100 fs respectively. In these figures a, b, 
and c correspond to the values for the axial distances z1, 
z2 and z3 at which the electrons density are calculated.  

From Figure 3 (6 ns), it is clear that the evolution of 
electron density along the axial distance (z1, z2 and z3) 
takes the same trend during the laser pulse, where it 
shows a fast increase at the early stages followed by an 
almost constant value with a slight decrease at its end. 
Moreover, the values of the electron density at the end of 
the pulse undergo slow gradient along both the axial and 
radial distances. Table 1 shows these values together 
with the electron density calculated at the central focal 
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(c) 

Figure 3. Spatial distribution of the electron density for 
laser pulse of 6 ns at three different locations along the axial 
distance (a) z1 cm, (b) z2 cm and (c) z3 cm. 
 
point (z0, r0). This result reveals that the breakdown re- 
gion almost cover the focal volume. At 30 ps pulse (Fig- 
ure 4) different behavior is shown where the electron 
density along both the axial and radial distances showed 
a noticeable cut off resulting in a very small breakdown 
region just surrounding the center of the focal volume (z0, 
r0). The calculated electron density along the axial dis- 
tance (from z0 to z3) and radial values (from r0 to r3) are 
illustrated in Table 2. At the shorter pulse length (100 fs)  

Table 1. Electron density at the end of the pulse along both 
the axial and radial distances (z0, r0) at 6 ns. 

Electron density (cm−3) 

z3 z2 z1 z0 R 

7.64 × 10171.53 × 1018 2.16 × 1020 2.40 × 1020r0 

6.50 × 10171.35 × 1018 1.93 × 1020 2.16 × 1020r1 

1.19 × 10173.78 × 1017 6.50 × 1017 7.64 × 1017r2 

2.34 × 10131.18 × 1015 6.24 × 1015 1.00 × 1016r3 
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Figure 4. The same relation but for laser pulse of 30 ps. 
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Figure 5 presents the time history of the electron density 
at the different locations along the axial and radial dis- 
tances. 

From this figure it is clear that the electron density is 
almost homogenously distributed in a volume surround- 
ing the central region of the focal volume. The calculated 
electron densities at the different locations along the ax- 
ial and radial distances are given in Table 3. Figures 3-5 
depicted precisely the spatial distribution of the peak free 
electron density for the three laser pulses. It appears 
 

 
(a) 

 
(b) 

 
(c) 

Figure 5. The same relation but for laser pulse of 100 fs. 

Table 2. Electron density at the end of the pulse along both 
the axial and radial distances (z0, r0) at 30 ps. 

Electron density (cm−3)  

z3 z2 z1 z0 R 

1.42 × 103 6.52 × 1010 1.41 × 1017 1.13 × 1020 r0 

1.18 × 103 4.28 × 1010 7.30 × 1016 5.05 × 1019 r1 

3.94 × 100 5.47 × 105 1.87 × 109 6.52 × 1010 r2 

7.03 × 10-43.94 × 100 2.85 × 102 1.42 × 103 r3 

 
Table 3. Electron density at the end of the pulse along both 
the axial and radial distances (z0, r0) at 100 fs. 

Electron density (cm−3)  

z3 z2 z1 z0 R 

5.50 × 10131.99 × 1017 8.71 × 1018 3.34 × 1019 r0 

4.86 × 10131.74 × 1017 7.52 × 1018 2.87 × 1019 r1 

6.64 × 10131.83 × 1015 6.00 × 1016 1.99 × 1017 r2 

2.87 × 108 6.64 × 1011 1.81 × 1013 5.50 × 1013 r3 

 
that the maximum value of the peak free electron density 
occurs at the focus point. At a glance the results shown in 
these figures can be used for predicting the maximum 
plasma length. Moreover, the obtained results may clar-
ify that once optical breakdown occurs the focal volume 
will be divided into a breakdown and non-breakdown 
regions as shown in Figure 6. This figure represents the 
contour distribution of the electron density in the area 
surrounding the central focal point. Due to the symmet-
rical shape of the cylindrical focal volume, the contours 
are taken for just a quarter. 

It is shown that at 6 ns the breakdown region extended 
beyond the central point along both axial and radial dis- 
tances producing comparatively sizable plasma. For 30 
ps, however, the breakdown region is confined to a very 
small size exactly at the central focal point surrounded 
with non breakdown region. At the shorter pulse length 
(100 fs) different behavior is shown where the formed 
plasma is elongated on the axial distance producing a 
pipe shape breakdown region surrounded by non break- 
down zone. 

3.2. Effect of Self Focusing 

To test roughly the effect of self-focusing which is likely 
takes place during the interaction of high power laser 
with liquids, computation are carried out to investigate 
the experimental measurements given in [14]. In doing so, 
the threshold power is calculated in terms of the given 
spot size diameter (2w0 = 5.0 μm) and the calculated 
threshold intensity for the three laser pulses examined  
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(a) 

 
(b) 

 
(c) 

Figure 6. Contour representation for the electron density 
along the axial and radial distances of the focal volume for 
(a) 6 ns; (b) 30 ps and (c) 100 fs. 
 
experimentally. Estimating the critical power for self fo- 
cusing using Equation (9), it is found to be 1.53 MW.  

Table 4 illustrates the calculated threshold power (Pth) 
at the three laser pulse lengths. From this table it is clear 
that these powers are much lower than the critical power 
for self focusing. Therefore, this phenomenon is unlikely 
to occur under the give experimental conditions. This 
might be attributed to the small spot size which corre-  

Table 4. Threshold power versus pulse duration, for fo-
cused spot radius 2.5 × 10−4 cm. 

Laser pulse length 100 fs 30 ps 6 ns 

Calculated threshold power (MW) 0.44 0.03 0.007

 
sponds to short focal length of the focusing lens (~4.0 
cm).  

An attempt is made to check the exact dependence of 
the focal length of the focusing lens on the threshold 
power for each laser pulse length. Knowing the beam 
divergence of the laser source (θ =1.148 × 10−4 rad.), it 
was possible to determine the threshold power corre- 
sponding to focusing lens with focal lengths vary be- 
tween 1 - 10 cm. Figure 7 presents a relation between 
the estimated values of the threshold power as a function 
of the focal length at 6 ns (curve 1), 30 ps (curve 2), and 
100 fs (curve 3). Curves (1 and 2) showed very low val- 
ues for the threshold power over the whole focal length 
range. For the ultra short laser pulse (curve 3) different 
behavior is shown, where the value of the threshold 
power showed a slight increase up to 5.0 cm followed by 
a faster increase reaching a high value exceeding the 
critical power for self focusing (1.53 MW) at 10.0 cm. In 
this study the critical power corresponds to a focal length 
of 8.0 cm as indicated in this figure. This result confirms 
the negligible contribution of the self focusing at the 
three laser pulses considered in this analysis when the 
laser beam is focused with a lens of focal length not ex- 
ceeding 8.0 cm.  

4. Conclusion 

In this study a modified numerical model based on a rate 
equation is applied to investigate the transit evolution of 
plasma in distilled water generated by focused short laser 
pulses. The study takes into account first, a Gaussian 
shape for the temporal distribution of the laser intensity 
and hence the electron density in the cylindrical focal 
volume. The rate equation is solved numerically using a 
fourth order Runge-Kutta method with adaptive time step 
control. The threshold intensities of the various laser 
pulses which are tested experimentally by Noack and 
Vogel [14] are computed and compared with the experi- 
mentally measured ones. Good agreement is obtained 
which confirms the validity of the modified model. Cal- 
culations are also preformed to simulate the start up and 
growth of the electron density. This was carried out for 
nano, pico and femto laser pulses. The results illustrated 
the effect of ionization mechanisms. It is also found that 
recombination losses act pronouncedly at the nanosecond 
domain. Secondly, the rate equation is solved numeri- 
cally taking into account a Gaussian shape for the tem- 
poral and spatial distribution of the laser intensity in the  
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