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ABSTRACT

This paper presents an investigation of the stepwlse
ionization process** which occur during the interaction of laser
radiation with electronegative gases . Calculations arm carried
out Adopting a mortified version of the electron cascade model
previously developed by Evans and Gaiul.The modifications of the
model arm perforated for the case of molecular oxygen to account
for electron attachement tosses.Particular attention is devoted
to molecular oxygen at a pressure of 2.8 x iO*Tarr irradiated by
10 m pulse of NdtVAG laser (A- 1.064 ym) at a peak intensity
of 1.7K1C>"WCA~2 . The calculation* consider the effect of the
secondary ionization processes on the electron energy
distribution function and its parameters (evolution of the
density of the excited Molecules , electrons density as well »s
the electron mean eneroy during the laser flash ) . This analysis
shows how the remval of slow electrons by attachement to oxygen
molecule* creates a strong competition between the stepwiM
ionization processes. These processes ,n**ely photoionization
and collisional ionization deplete the electronic excited states
and contribute eventually to the ionization growth rate in laser
induced breakdown of electronegative gases.



1. Introduction

In a recent paper ,Gamal et al (1990) found that the
attachment losses play a significant role during the
Interaction of laser radiation with electronegative gases. In
their study they obtained a correlation between gas pressure and
attachment losses. This correlation shows that these losses are
more pronounced at high pressures . They also considered the
ionizatlon growth rate to be due to the electron impact

ionizatlon of the ground state molecules, as well as the combined
effect of the secondary ionization processes of the electronic
excited states , namely photoionization and electron impact
ionization.

The aim of this work is to examine the seperate
contributions of these secondary ionization processes on the
ionization growth rate in the high pressure region, where
attachment losses are found to be significant . In doing so
calculations »rm performed far the time evolution of the electron
energy distribution function (EEDF), adopting the same computing
procedure used in the recent paper of Gamal et al (1990). These
calculations are carried out using the experimental results of
Strieker and Parker (1982), where oxygen at a pressure of 2.8 x
10* Torr was irradiated by 10 n« pulses of NdiYAG laser radiation
of l.O6^im wavelength,and a peak intensity of 1.7 x 10*' W cm~4
This particular value of gas pressure has been deliberately
chosen as it is the value at which attachment losses show a
significant effect on the breakdown threshold intensity (Gamal el
al,1990).The computed EEDF is then used to determine the
following parameters,taking into account the separate
contributions of the two stepwise ionization processes
(Photoionization and collisional ionization) id) The evolution
of the density of each of the electronic excited states , (ii>
The growth of the total density of the excited molecules , (iii)
The evolution of electron density , and (iv) The variation of the
electron mean energy as a function of time.

2. Method of calculation

The details of the model have been described elsewhere
(Evans and Gamal 1980,1984 and Gamal et al 1967).Only an outline
of the main features la given here.The equation which represents
the rate of energy gain by free electrons from the laser field is
given by

n)
(1)

where n<£,t)d£ represents the number density of electrons with
energy between 6 and E + d£ ,£o is given by e*E

i/2n*» , represents
the oscillatory energy of an electron in the laser field with
electric field amplitude E and angular frequency *». V^£> is the
momentum transfer collision frequency between an electron and a
gas molecule.Oyis the rate of transfer of energy from an electron
of energy £ to vibrational levels.

Adopting the same assumption of the five level oxygen
molecule used in the recent work by (Gamal et al 1990 ) , \!ns
following set of inelastic collisional processes are considered
in the present calculations.

Electron impact excitation of O^J

e<£> + 0 2 — > 0* + e (£ - 4.5 eV) E > 4.5 eV

£ > 8.0 eVe<£> * 0 j — > 0** + e (£ - 8.0 eV)

e<€> + 0, i « * * + e (£ - 9.7 eV) £ > 9.7 eV

(3)

(4)

Election impact ionization of ground state O^.t

e(£) + 0, *• ot * e + e (£ - 12.O*. eV) £ > 12.06 eV (5)

Electron impact Ionization of the formed excited states t

0* * e<6> > 0* + e + e t£ - (12.0* - 4.5>J
1 A £ > ( 12.06 - 4.3 > eV

(6)

] * * + et£> > tit + • • e t£ - (12.06 - 8.0)1
* 2 £ > ( 12.06 - 8.0 ) eV

(7)

D**» + •*(£) »- ot + e • e [£ - (12.06 - 9.7)3
2 E > ( 12.06 - 9.7 ) eV

(8)

TWD bocy and three body electron attachment

*- 0 + 0

e(£* + 0 ^ + 0 ^ 9- 0^ +

t > 3.7 eV

t < 3.0 eV

(9)

Photoionization of the formed excited states I

7hV — + e

4hV > 0T. + e

+ 3hV —

(11)

(12)

(13)

The sources of the rate constants of these inelastic processes
represented by equations (2-5) *rm taken from Kroll and Watson
(1972).The ionization rate constants of the electron impact
ionization of the three excited states (equations 6-B) »rm used
as in Gamal et al (1990). The two and three body attachment
rates for processes (9) and (10) *rm taken from Kroll and Watson
(1972).These are plotted as a function of the electron energy in
figure 1 a and b respectively. The photoionization rates for the
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three electronic excited state* (process** 11-13) are estimated
from the measurements of L'Huiller et al (19B4>, and arc given in
table <1>.

3. Results and discussion*

The results are presented as a set of plots of the EEDF and
Its parameter* for oxygen at a pressure of 2.8 x 10^Torr,
irradiated by 10 na pulses of NdtVAG laser ( X • 1.044 urn > <*t a
peat intensity of 1.7 x io" W cm'* . The calculations are
performed for two cases. Firstly when photaionization is
considered as the only effective secondary lonization process;and
secondly when the electron impact ionization is taken as the only
active process. These processes hereafter are referred to as
process I and process II respectively.

The computed EEDF for these two cases are presented In
figure 2 a,b at the peak and the end of the laser flash
respectively. In figure 2a ,we compare the calculated EEDF for
the two processes 1 <solid curve) , and It (dashed curve) at the
peak of the laser flash. From this figure it can be seen that the
values of the EEDF obtained for the two processes follow the same
variation with the electron energy. Her* we can also observe the
insignificant difference between their values for processes I
<sol id curvet and II (dashed curve). This result is confirmed
when the EEDF's for the two processes are plotted at the end of
the laser flash as shown in figure 2b. It can also be seen that
the values of the EEDF's are nearly the same for both processes
having the same trend over the whole range of the electron
energy. The result obtained from this figure shows that the two
secondary ionization processes have almost the same effect on the
EEDF.

For a deeper insight into the depopulation of the electronic
excited states by the stepwlse ionixation processes, figure 3
illustrates the variation of the density of each excited state
(of energies 4,3, S.O and 9.7 eV) with time. These are plotted
for the separate contributions of processes I (solid curve) and
II (dashed curve) shown in figure 3 a,b and c respectively.
Figure 3a shows that the excited state density obtained for both
processes are almost coincident over the whole pulse duration.
This can be interpreted on one hand by the weak contribution of
the photoionization of this state (process I), since seven
photons are necessary to cause its lonization (see table 1) . On
the other hand process II requires electrons of at least 8.0 eV
to take place. Electrons possessing these energies have greater
probability in exciting the fl *£ u state (with excitation energy
of 8.0 eV ) during the early stages of the laser pulse. Fallowing
this Interpretation, it seems that processes I and II have weak
contributions to ionizing this electronic excited state.

In figure 3b,although the values of the population densities
obtained for the two processes mrm almost coinciding up to 6 ns ,

there is a noticeable difference in their values up to the end of
the laser flash. This nay be due to the pronounced effect of the
collision*) ionization process during the later stages of the
laser flash (Evans and Gamal I960 ). This in turn results in a
decrease of the population density for this process compared to
that of process I as shown by the dashed curve in this figure .
The high ionization rate of this state by process II may be
attributed firstly to the high electronic excitation cross-
section of this state (Kroll and Watson 1972) , which
consequently results in the increase in its population density.
Secondly this energy state requires electrons having energies > 3
eV to be ionized by this process. From figure 2b it is obvious
that electrons having this energy are abundant during the
second half of the laser pulse,which favours the occurrence of
process II. It is also clear from figure 3b that , whereas the
photoioniztion (process I) does not play any significant role in
depleting this excited state , process II however shows a
noticeable contribution to its lonization .

Stronger evidence of process II is shown in figure 3c,
where the values of the excited state density for this process
(dashed curve) mrm shown to be lower than those for process I
over the second half of the laser flash . Around the peak of the
laser pulse however , the values of the excited state density
obtained for process I (solid curve) show a slight decrease
compared to those obtained for process II (dashed curve).This
indicate* that photoionization of this state I E X » , 9.7 eVJ also
has • pronounced contribution to the ionization growth.An
explanation of these results may be based on the fact that
electrons having energies of about 3 *V are required to ionize
this state by process II. Despite that , electrons with these
energies arm likely to b* removed due to the three body
attachment process (effective in the energy range 0 - 3 eV, see
figure 1b), their concentration remains high around the peak of
the laser flash as shown in figure 2a . Under these
circumstances, process II possesses a great probability of
occurrence. Also to ionize this state by process I, three photons

required to be absorbed from the laser field. This can have a

k t h h l d i t i t y at this
Arm required to be absorbed from the laser field. This can have a
great probability since the breakdown threshold intensity at this
gas pressure is considerably high U.7 x 1011 H cm** ). Moreover
since the excitation energy of this level is 9.7 eV,therefore
electrons having energies above this value will have a great
tendency for exciting neutral molecules .Those electrons mr»
capable of overcoming the barrier caused by the two body
attachment (peaks at 6.7 eV, figure la). Their concentration
reaches a considerable value during the first part of the laser
flash , (see figure 2«) . Accordingly, .one expects process I to
be effective in depopulating this electronic excited state around
the peak of the laser flash.

Me may conclude at this point that both processes
contribute almost equally to the ionization growth rate during
the interaction of the laser radiation with molecular oxygen.

To further confirm this result,the total density of the
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electronic excited *tatem lm plotted am a function of time as
shown in figure 4 . Here it im evident that the two depletion
procesM* have almost equal contributions towards the depletion
of the electronic excited state* over the whole duration of the
laser pulse . Whereas process I dominate* around the peak of the
laser flash, process II however shows a pronounced contribution
beyond 6 ns. Therefore both processes deplete the electronic
excited states almost equally. An additional proof of this
result Is shown In figure 5 . This figure illustrates the
electron density as a function of time for both processes 1 and
II. Here the electron density obtained far both processes are
coincident over the whole duration of the laser pulse. This
result gives an evidence for the ctrong competition between the
two processes in depleting the electronic excited states.

Another evidence of this result is shown in figure 6. Thi«
figure displays the behaviour of the electron aein energy as a
function of time for the separate contributions of processes I
and II. It can be seen that the electron M a n energy obtained for
both processes is also coincident over the whole duration of the
laser flash. This indicates that both processes have equal
rates of producing newly born electrons, which can be considered
as a further confirmation of the result shown in figures 4 and 5.

4. Conclusion

In thl* work a Modified electron cascade model was used to
examine the separate contributions of the secondary ionization
processes, namely the photoionization and the collisional
ionization of the electronic excited states of molecular oxygen.
The model. considered the case of oxygen at a pressure of
2.B x 10* Torr irradiated by 10 ns NdtYAG laser pulses. The
calculations of the EEDF, the population density of each of the
excited states, the total excited state* and electron densities
as wall as the electron mean energy showed that the removal of
electrons by attachment to the oxygen molecules creates a strong
competition between the two secondary ionization processes in
depleting the electronic excited states. Each of these two
processes may have equal contributions to the Ionization growth
rate in laser induced breakdown in electronegative gases.
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TABLE 1

Tab It? #rm figure caption*

Table 1. The estimated values of the photo-ionizatiort
coefficients for the three electronic excited states of oxygen
with the corresponding photon number required for each state.
Given also the. ionization energy for each of the excited states.

Figure 1. Electron attachment rates in sec'^/Torr as a
of electron energy for two body <a> and three body (b).

function

Figure 2. Electron energy distribution function plotted tor the
two secondary ioniration processes: photoionization (solid curve)
and electron impact ionization <da*hed curve) at the peak (a) and
the end <b> of the laser flash.

Figure 3. The calculated values of the excited state* density
as a function of time for the tno cases considered!
photoionization (solid curve) add electron-impact ionization
(dashed curve) for each of the electronic excited states with
excitation energies 4.3 eV <«> , 8.0 eV (t>) and 9.7 eV <c>.

Figure 4. The time evolution of the total excited state density
for the separate contributions of the phatDlomzation (solid
curve) and electron impact ionization (dashed Curve).

Figure 3. The variation of the electron density with time for
the separate contribution* of the two secondary ionization
processesi photoionization (solid curve) and electron-impact
ionization (dashed curve).
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Figure 6. Electron mean energy plotted against time for the two
secondary ionization processes; photoionization (solid curve) and
electron-impact ionization (dashed curve).
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