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XeCl*-laser discharge instabilities at high gas pressures

Z. Harrache, A. Alia, A. Belasri

Abstract. We discuss new features of the XeCl*-laser kinetics by
using a detailed analysis of the results of complex computer models.
In particular, we consider the development of a high scale instabil-
ity in a XeCl*-laser discharge. The emphasis is made on fundamen-
tal problems, mainly on the limitation of the macroscopic approach
to the study of such strongly nonequilibrium systems. The results
obtained indicate especially the discharge proprieties at the plasma
centre.
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1. Introduction

In the last few years it has been established that the limitation
of the pulse duration in discharge-pumped XeCl* lasers is
caused by the development of microstreamer instabilities in
the bulk of the discharge, which are due, in turn, to chemical
induced plasma instabilities. This view of the XeCl* discharge
is very characteristic, because the usual processes claimed to
generate microinstabilities in discharge plasmas are generally
of physical nature (e.g., ion-acoustic instabilities, electrode
effects, thermal instabilities) [1]. In the case of a XeCl* dis-
charge, the discharge instability seems presently to be due to
so-called halogen depletion instability (HDI) [2—6].

This instability mechanism is assumed to result from
the following circumstances: (i) electrons in the discharge
are mainly destroyed due to dissociative attachment to HCI;
(ii) in the XeCl*-laser kinetics there is no mechanism capable of
restoring, during laser generation, the HCI molecules destroyed
by the dissociative attachment; (iii) the external circuit drives
the gap voltage to a self-sustaining quasi-stationary value in
order to realise the global balance between the electron density
gain and loss in the whole reactor. It follows from statements
(1), (ii), and (iii) that the XeCl*-laser discharge is unstable, even
with a flat electrode and uniform electric field, with respect to
any perturbation of the electron density in a plane normal to
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the applied electric field. It is very interesting to observe the
local nature of this instability: no instability process seems
to take place when estimating only space-averaged quantities,
such as the discharge current and voltage. The pioneering
work in this field was the one by Coutts and Webb [7], in
which the effect of halogen depletion on the local stability of
the XeCl" plasma was demonstrated by using a macroscopic
approach based on balance equations for HCI concentration.
This paper put everything into place, but at the same time it
gave rise to a problem of testing the proposed mechanism in
the frame of a chemical kinetics scheme that is more realistic
than the highly simplified scheme used by Coutts and Webb.
For example, the authors of [7] considered only one vibra-
tionally excited level of HCI and ignored many alternative
mechanism of HCI destruction in the discharge, such as direct
dissociation by impact with electrons or excited Xe atoms. In
our previous paper [3], we have shown the importance of
upper vibrational levels of HCI for a XeCl*-laser kinetics.
Many research works can be found in the literature, concern-
ing the chemical kinetics for the XeCl pumped lasers [§—12].

The present work is a logical continuation of our previ-
ously published papers [3—6,8] in which the chemical kinetics
scheme was already developed and confirmed by the results of
theoretical and experimental work of Riva et al. [9]. The goal
of the present paper is a detailed study, under inhomogeneous
conditions, of the volume instabilities at the discharge centre
for which the existence of these instabilities has been already
demonstrated [5].

2. Model description and Kinetic equations

The main purpose of the model is to describe the discharge
nonuniformities which are responsible for some limitations
of the excimer laser efficiency [13, 14]. Obviously, a uniform
discharge (or zero dimensional) model cannot be used to pre-
dict the spatial nonuniformities in the excimer active medium.
The representation by a resistance network in parallel [15] is
required to study these nonunifrmiities on a high scale. In this
network, each of these resistances is described by using a zero
dimensional model [16—-20]. The network is in perpendicular
direction to the discharge axis and is in fact constituted by the
juxtaposition of a set of zero dimensional models [3, 5].

In this model, the surface of the discharge is divided ideally
into a resistances network in parallel, characterised, as in the
case of the zero dimensional model [17], by independent chemi-
cal kinetics and a time dependent resistance. This resistance is
given by the formula:
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where S is the surface element (for simplicity, all resistances
are supposed to have equal surfaces); d is the gap distance;
u is the electron mobility; e is the electron charge; and #, is
the electron density. Thus, the plasma equivalent resistance
for a given time, used in the external circuit equations, has
the form

Rey=(7) g

The electron density in each element of plasma is cal-
culated, as in the zero dimensional model, by solving the
Boltzmann equation coupled to the heavy species kinetics
and electric circuit equations [4]. Electron—molecule reactions,
which have been taken into account, are presented in [3, §].

For each plasma element it is necessary to solve a set of
twenty-one kinetic equations for the discharge species: elec-
trons, NeXe*, Ne*, CI, Xej, Nej, Xe*, Ne*, Xe3, Nej, Cl3,
NeCl*, XCCI*, X62CI*, Clz, Hclo, HC]], HClz, HC13, /’lV308, hv.

The electron density in a plasma element is obtained by
solving the equation

dne(1)

== st - si, 3)

where S&(7) and S; (1) are the electron production term and
the electron loss term due to the dissociative attachment,
recombination and electron quenching, respectively. The expres-
sions for these terms have the form

S&(1) =[Xelnek; + [NelnCy + [Xe"neki + [Ne"n.Cy
+[Xe"][Xe"]C; + [Xez1[Xe3] Cy + [Ne*][Xe] Cs
+[CI][CI] Cg + [hvsos11[Xe* 1 C; + [Xe3] Cy

+[CI1Cy + [Xer,CI* 1 Cyp

S¢ (1) = n{[HClylkyo + [HC 1 kyy + [HCL ] kyp
+[HCLlky} + [NeXe™nry + [Xe3 ner,

+[Ne3 n.Cyy + ne{[CL]Cp, + [C13]1C3,

where k; and ki are, respectively, the ionisation rate of xenon
and metastable xenon atoms in collisions with an electron;
ka0, ka1, kao and k5 are the rates of dissociative attachment of an
electron to a molecule in the vibration state withv =0, 1, 2, 3,
respectively; r; and r, are the recombination rates between
electrons and NeXe* and between electrons and Xe?. These rates
were tabulated as a function of the electric reduced field E/N
using a numerical solution of the Boltzmann equation [21,22].
The values of constant rates C;_;3 are 9x107°, 1.3x 1078,
5%10719, 3.5% 10719, 1.8x 107!, 2x10°°, 1.8x107°, 4.2x107,
6x107,7.8x107,2.5x1078,1x10% and 3x 107 cm’ 5!, respec-
tively. We assume that all Xe* ions can be transformed imme-
diately into NeXe" [8]. It is worth noting that although the
electronic reaction rates found in the literature show that
most references are old, they are still widely used as a basis of
the set of models used for description of excimer lasers and
lamps [8,23-25] and plasma display panels [26].

3. Results and discussion

3.1. Model validity

In order to check the validity of the present model, we have
compared it with the theoretical work of Longo et al. [27],
using the same discharge parameters as those in Ref. [27] (see
Fig. 1). Figure 2 shows the comparison of our results with
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Figure 1. Scheme of the electrical pump circuit: V= 55kV, C, =640 nF,
C,=24nF, L,=63nH, L, =10 nH, R, = 38 mQ; the interelectrode
gap is d = 10 cm; the electrode area is 4 = 1000 cm?; the total pressure
is p = 3 atm (at 300 K); the gas mixture composition is Ne: Xe: HCI =
99.5:0.44:0.06%.
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Figure 2. Time dependences of the discharge current (a) and voltage
V4 (b) obtained in [27] (solid curves) and in the present work (dash-and-
dot curves) under the same consition as in Fig. I and at the initial electron

concentration ng(t=0) = 10 cm.
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those obtained by Longo et al. [27] using a more sophisticated
model, based on solving the Boltzmann equation coupled with
more complete chemical kinetics equations. One can see from
Fig. 2a that the waveforms and the magnitudes of the discharge
current are in agreement. The current peak obtained from our
numerical model is slightly higher than that presented in [27].
The temporal variation of the voltage pulse obtained from
our model is similar to that of paper [27]. The value of the
voltage in the plateau calculated by the model of Longo et al.
[27] is close to that of our calculus (Fig. 2b). Figure 3 presents
the time evolutions of the concentrations of HCl(v = 0, 1),
electrons and metastable xenon for both models. One can see
an agreement in the order of magnitudes and their profiles.
However, these comparison results can be interpreted only
from a qualitative point of view. For quantitative compari-
sons, the cross sections and the rates must be defined correctly
as function of the experimental conditions.
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Figure 3. Time dependences of the discharge species concentrations
obtained in [27] and in the present work under the same conditions as
in Fig. 1 and at ny(t=0) = 10'° cm=.

3.2. Some characteristics of chemical instability

We discuss in this section some discharge parameters under
inhomogeneous preionisation conditions. The spatial nonuni-
formities of a high-pressure electrical discharge in a Ne—Xe—HCl
excimer gas mixture are presented in Refs [3,4]. The assumed
scheme for the electrical pump circuit is shown in Fig. 4. For
the phototriggered laser, at a time ¢, the capacitor is supposed
to be charged, and the discharge is assumed to be instanta-
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Figure 4. Scheme of the electrical pump circuit used in the present work
( is the transverse distance from the centre to the plasma element). The
electrical parameters are given in the text.

neously phototriggered. The parameters of the electrical dis-
charge circuit are as follows: capcity, C = 150 nF; inductance,
L = 5 nH. The electrodes are plane and rectangular, with
dimensions 3x 100 cm, and the distance between them is 3 cm.
The plasma is represented by some elements in parallel, spaced
by 3 cm from each other. The gas mixture composition is
Ne:Xe:HCl = 99.33:0.5:0.17%. The total pressure is 3 atm
and the applied voltage is 30 kV. Figure 5 presents the tempo-
ral variation of the global electrical behaviour of the discharge
(discharge current and voltage, voltage across the capacity).
This behaviour for uniform (for fluctuations n, < 10'° cm™)
and nonuniform preionisation is slightly affected by the large-
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Figure 5. Temporal variations of the discharge voltage Vy, discharge
current /, and voltage V, across the capacitor of the external circuit under
the same conditions as in Fig. 4 in the case of nonuniform (solid curves)
and uniform (dash-and-dot curves) preionisation density [n.(z=0) =
10 ecm™).




XeCl*-laser discharge instabilities at high gas pressures

307

[HC1)/
10" cm™?

10

0.60 cm, 0.45 cm,
0.30 cm, 0.15¢cm, 0

0 20 40 60 80 t/ns

Figure 6. (a) Spatiotemporal evolution of the electron density under the same conditions as in Fig. 4 and (b) temporal variation of the HCl(v =0)
concentration in each plasma element for a charging voltage of 30 kV and a gas pressure of 3 atm.

scale nonuniformities [5]. Figure 5 also clearly shows the local
nature of this instability that takes place in a XeCl excimer
laser discharge. In Fig. 6a, we plotted the variation of the
electron density as a function of time and transverse distance
(parallel to the electrode in the direction of the initial nonuni-
formity). This density is high in the plasma centre (about
1x10'° cm3). The decrease in the concentration of HCI mol-
ecules at the vibration level v = 0 in different plasma elements
is shown in Fig. 6b. The halogen concentration is minimal

in the plasma centre (decreases by about 88% at the pulse
end), where the electron density is the highest. The concentra-
tion decreases by 28 times passing during the time interval
0<t<106ns.

3.3. Parametric study

Let us now investigate the plasma centre proprieties using the
parallel resistor network model (PRN) including the instability.
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Figure 7. Time dependences of the electron density (a) and current density j (c) for different values of the applied voltage V| as well as the depen-
dences of the laser gain (b) and delay time before the breakdown #, (d). The gas mixture is Ne: Xe: HCl = 99.33:0.5:0.17% and the total pressure is

3 atm.
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Namely, we discuss the dependence of the plasma proprieties
at the centre on the amplitude of the applied voltage, the gas
mixture, and the total gas pressure.

We first investigate the effect of the applied voltage V;, on
the plasma properties and the photon emission in the excimer
discharge. It is known that increasing ¥}, increases light emis-
sion due to an increase in energy deposition. A higher fraction
of power deposition goes into producing excitation and ioni-
sation, when the applied voltage magnitude is increased. The
effect of the applied voltage on the electron density and the
laser gain, during the discharge pulse at the centre (y = 1.5 cm),
and in the case of a total gas pressure of 3 atm and a gas mix-
ture of Ne:Xe:HCI = 99.33:0.5:0.17% is plotted in Figs 7a
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Figure 8. Time dependences of the current density j (a) and reduced
electric field voltage E/N (c) for different concentrations of HCI in the
mxture as well as the dependence of the delay time before the break-
down 7, on the percentage of halogen in the Ne—Xe—HCI mixture (b).
The gas pressure is 3 atm and the applied voltage is 20 kV.

and b. One can see that the electron density and the laser gain
increase with increasing V. The dependence of the current
pulse on the value of the applied voltage in the plasma centre is
shown in Fig. 7c. We can clearly see an increase in the current
peak when the breakdown occurs on short times. Figure 7d
illustrates the delay time to breakdown as a function of the
applied voltage. One can see that the delay time decreases
with voltage [8, 17]. In this case, for V; = 10 kV the delay time
is in the order of ~350 ns, and at the highest applied voltage
it is about 10 ns.

It is known that the electron dissociative attachment to
halogen molecules is considered as the dominant electron loss
process in the Ne— Xe — HCl laser mixture. Therefore the halo-
gen concentration in the mixture influences strongly the bal-
ance between electron production and loss. The time depen-
dence of the current density at the plasma centre, and for the
different halogen concentration in the gas mixture (0.01%,
0.05%, 0.17%, and 0.5%) is demonstrated in Fig. 8a in the
case of a total gas pressure of 3 atm and an applied voltage of
20 kV. A current profile deformation is observed, with a strong
increase in the intensity at the pulse end for the high halogen
concentration [3,28,29]. For low HCI concentration (0.01%),
a decrease in attachment to HCI leads to an increase in the
electron density and, therefore, the breakdown occurs on
short times (see Fig. 8b). The growth of the HCI concentra-
tion at a fixed xenon concentration leads to the reduction of
the electron density due to the increase in the attachment to
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Figure 9. Time dependences of the current density j for different values
of the total gas pressure p (a) and the dependence of the laser gain & on the
mixture pressure (b). The gas mixture is Ne: Xe: HC1=99.33:0.5:0.17%
and the applied voltage is 30 kV.
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HCI and consequently to the increase in the electric field
(Fig. 8c).

By taking into consideration the order of the gas pressure’s
range used in some experimental works, we studied the effect
of the gas pressure growth on the discharge properties at the
centre, under the same conditions as those in Section 3.2. It is
instructive to note that the higher pressure increases the voltage
at which the discharge breakdown occurs, thereby increasing
the power deposited in the discharge. Figure 9a presents the
time variation, during the discharge pulse, of the discharge
current density at the centre. It shows a well-pronounced
dependence on the gas pressure. The current density at the
plasma centre increases with the gas pressure to reach a maxi-
mum value of 20.4 kA cm2 for a pressure p = 8 atm. The
variation of the laser gain against the gas pressure is plotted
in Fig. 9b. Passing from pressure 1 to 8 atm, the laser gain
increases by nearly three times.

4. Conclusions

This work presents an electric and kinetic approach to the
study of the development and amplification of the macro-
scopic instabilities in the Ne—Xe—HCI mixture. These insta-
bilities arise due to an inhomogeneous preionisation and are
amplified by the kinetics of the laser medium. The main atten-
tion is attracted to the plasma properties at its centre, which
can be caused by transition to the arc regime. The study was
performed by using a one-dimensional model based on the
parallel resistor network concept, consisting in dividing the
discharge volume into plasma elements which are connected
in no way but through their contribution to the total resis-
tance of the plasma, as seen by the pump circuit. The model,
including the plasma chemistry module, the circuit module
and the Boltzmann equation module, investigates the electri-
cal and physical characteristics of a high-pressure discharge.

The results predict that under the typical conditions of the
discharge at the plasma centre, the increase in the gas mixture
pressure and the applied voltage amplifies any nonunifor-
mity. Also, the halogen concentration plays an essential role
in the development of nonuniformities.

Finally, the model calculations have shown that the con-
cept of volume instability, with realistic chemical parameters
and initial electron density perturbations, is quantitatively
unable to explain the difference between theoretical and
experimental pulse lengths for large-volume devices, leaving
as the only explanation of the discrepancy, the development
of a microstreamer instability in the discharge plasma.
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