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Abstract. In this theoretical work a 0-D model for a self- 
sustained X-ray preionized XeCl-laser discharge is pre- 
sented. The model is self-consistent in the sense that it 
simultaneously solves, contrarily to the usual decoupling 
procedure, the Boltzmann equation for electrons, the ki- 
netic equations for excited and ionic species, the equations 
for the electrical circuit and the laser photon density. It 
includes a rather complete kinetics of HCI(v) vibrational 
excitation, dissociation and dissociative attachment. The 
influence of electron collisions with excited species and of 
e-e Coulomb collisions on the plasma parameters and 
transport coefficients is discussed. Some evidence of the 
non-stationary equilibrium between the electron distribu- 
tion and the reduced electric field E/N is given. Results of 
the model are compared with experimental ones corre- 
sponding to a XeCMaser discharge driven by a L-C inver- 
sion circuit. The model predicts well the main trends for 
the variation of the laser energy in a large range of experi- 
mental conditions. The discrepancy between experiment 
and model for absolute values of the laser energy is 
discussed. 

PACS: 42.55.G, 52.25, 82.20 

A large amount of theoretical works has already been 
devoted to the modelling of xenon chloride lasers either 
excited by e-beams [1-4] or by preionized electrical dis- 
charges [5-10]. Some early works on the modelling of 
excimer lasers were done within the assumption of a 
Maxwellian electron energy distribution function (eedf) 
[1]. It is now clear that this assumption is not realistic, it 
overestimates the influence of excited and ionized species 
of the lightest rare gas. So, it implies that, in some manner, 
the non-Maxwellian eedf calculation has to be included in 
the model. 

We generally want to couple the microscopic behaviour 
of the discharge to the macroscopic parameters of the 
electrical circuit, including the laser cavity itself, and we 
need to know the transport parameters of the plasma 
(electron drift velocity and mobility or equivalent plasma 

resistance). These parameters must also be deduced from 
the knowledge of the eedf. 

Furthermore, the situation is not well established about 
the different species and channel reactions which are to be 
included in a laser model. For instance, to what detail 
the excited states of rare gas atoms must be described? 
Hammer and B6tticher [11], in connection with absorp- 
tion spectroscopy measurements, considered two xenon 
excited states and discussed the role of these states and 
the effect of transitions between them. In recent papers, 
Kannari et al. [4] and Johnson et al. [3] proposed to take 
account of three effective excited levels for the xenon atom. 

In the very recent literature, one of the major points 
on which attention was focused is the influence of the 
HCI(X, v) vibrational distribution. It is well known that, 
in attaching gases, the process of dissociative attachment 
is strongly dependent on the vibrational excitation of the 
molecule. Until recently, this problem had not received 
great attention and the number of vibrational levels 
HCI(X, v) which were included in the models were limited: 
two levels by Levin et al. [1] and Hokazono et al. [6], three 
by Gorse [12], and four by Demyanov et al. [10], and by 
Hammer and B6tticher [11] . A recent paper by Gorse 
et al. [13] considered in itself, for conditions typical of 
discharge-pumped XeC1 lasers, the complete kinetics of the 
vibrational distribution of HCl(X, v) including competit- 
ing direct dissociation of HC1 by electron impact, V-V 
exchanges, V-T deactivating processes. This paper con- 
cluded on the need to include a larger number of vibra- 
tional HCI(v) levels in XeC1 laser models and to consider 
processes which are usually neglected. Preliminary results 
for such a model were given by Capitelli et al. [14]. An- 
other point about HC1 influence was discussed by Lando 
et al. [15]; they studied the temporal evolution of the 
electron density in an electron-beam excited Ar/HC1 dis- 
charge, in order to improve the agreement between results 
for experiment and modelling, suggested to include the 
effect of non-equilibrium rotational distribution of HC1. 

Furthermore, some other processes such as electron- 
electron Coulomb collisions which greatly increase the 
CPU time, are often not considered in the calculation of 
the eedf. 
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The model that we develop in this paper is first charac- 
terized by its self-consistency: rather than solving the Boltz- 
mann equation separately on different time scales for the 
eedf, the kinetic equations for excited and ionized species 
and the electrical equations for the circuit, we simultane- 
ously solve these three sets of time-differential equations. 
This point can be important due to the fact that during its 
history the discharge presents fast variations of parame- 
ters, for instance of the reduced electric field E/N, and the 
usual assumption of a quasi-stationary equilibrium of the 
eedf with E/N can be questionable. This point was already 
discussed in detail in a recent paper of Winkler and Wuttke 
[16]. These authors showed that the validity of this 
assumption depends mainly of the respective values of 
frequencies associated to the electric field evolution and 
inelastic collisions. 

Second, on the basis of the previous work of Gorse et 
al. [13] and in parallel with a recently published work of 
Longo et al. [17], we developed a rather complete kinetics 
of HCI(X, v). As in this last work, we have included seven 
vibrational levels of HCI(X) to be sure to obtain, at each 
time of the discharge, the convergence of the effective 
dissociative attachment towards its limit and a good repre- 
sentation of the HC1 kinetics. 

We first describe the numerical code including some 
details about the self-consistent treatment. This code is 
used for a typical electrical circuit used by SOPRA [18]. 
The results that we present are sufficiently general to be 
of interest for other conditions. Finally, we compare the 
results of the model with available experimental data and 
we discuss these results. 

1 Description of the Model 

Any model for a pulsed laser discharge must include the 
coupling between the electrical circuit which provides the 
energy, the plasma electrons to which a part of the energy 
stored in the electrical circuit is transferred and the excited 
and ionic species which are created by electron collisions. 
In addition, we must take into account the initial condi- 
tions of the system yielded by the actual preionization. The 
main assumption of the model that we present here, is that 
the active medium is assumed to be homogeneous. We first 
describe the main levels which are accounted for, the main 
reactions that we include. As a guidance for the effective 
levels that we consider, we have tried to connect these 
levels with the possibility of detecting, either by emission 
or absorption spectroscopy, transitions between these ef- 
fective levels. This model can be used for any experimental 
device. We present its description and results for the 
SOPRA laser [18-20]. The active medium is excited by an 
X-ray preionized transverse-electric discharge driven by 
a LC-inversion circuit. The laser mixture is typically of 
about 99% of neon, 1% of xenon and 0.1% of HC1. 

1.1 Species, Levels and Processes Included in the Model 

In order to study the influence of excited states for various 
gas compositions, including Ne/HC1 and Ne/Xe mixtures, 
we have included in our model a rather detailed descrip- 
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Fig. 1. Neon and xenon levels included in kinetic reactions 

tion of neon and xenon excited states. The schematic 
diagram for the effective levels of the two rare gases is 
represented in Fig. 1. The kinetic equations include the 
temporal evolution of 38 species. 

For neon we have considered the ground state Ne(2p), 
four atomic excited levels [Ne(3s), Ne(3p), Ne(3d, 4s), and 
Ne(4p)], two molecular levels [Ne2(3X) and Ne2(IZ')], 
and Ne + and Ne~ ions. 

For xenon we have included the Xe(5p) ground state, 
six excited atomic levels [Xe(6s), Xe(6s'), Xe(6p), Xe(6p'), 
Xe(5d), and an effective level which groups the 7s, 7p, 6d, 
and 4f  configurations], two molecular levels [Xe 2 (3-r) and 
Xe2(1X)], the Xe + atomic ion, and the Xe~- molecular ion. 

We have taken account of the three heteronuclear mole- 
cules NeXe*, NeXe**, NeXe +. We will discuss the influ- 
ence of the NeXe + ion. As previously mentioned, we have 
considered for HC1 seven vibrational levels HCI(X, v), 
v = 0 to v = 6, and the species involving dissociated 
products of the HC1 molecule. 

Finally, as exciplex molecules we have considered one 
dimer molecule XeCI*, which corresponds to the molecu- 
lar state XeCI(B2Z'), the slightly bound state XeCI(X), and 
the trimer molecule Xe2CI*. 

Returning to the problem of HCI(X, v) vibrational dis- 
tribution, we have included the same processes and used 
the same formalism as in the paper of Gorse et al. [13] for 
the vibrational master equations. This means, that in addi- 
tion to vibrational exchange by electron collision (inelastic 
and superelastic e -V processes) and dissociative attach- 
ment leading to C1- formation, which are included in all 
the models, we consider additional processes such as redis- 
tribution of vibrational quanta by vibration-vibration 
exchanges (V-V processes), deactivation of vibrational 



Modelling of X-Ray Preionized 

excited states by vibration-translation exchanges ( V - T  
processes), direct dissociation of HC1 by electron impact, 
associative detachment, three-body recombination of H 
and C1 and radiative de-excitation of HCI(v). 

The data which are needed for the modelling of the HC1 
kinetics were in general taken from the Bari group [21]. 
Cross-sections for dissociative attachment were taken 
from Teillet-Billy and Gauyacq [-22]. We included in these 
data the effect of the rotational distribution corresponding 
to the room gas temperature T o = 300 K [-23]. 

The physical processes accounted in the model include 
elastic, inelastic, superelastic and ionization electron colli- 
sions, Penning ionization, dissociative recombination, 
dissociative attachment on HCI(v), absorption of laser 
photons by kinetic species leading either to photodisso- 
ciation or photoionization, and classical two and three-body 
collision between kinetic species. All the kinetic processes 
involving electrons are included in the Boltzmann equation. 

Data corresponding to two-and three-body collision 
rates between heavy particles were mainly taken from the 
recent paper of Kannari et al. [4]. About 450 kinetic 
reactions were included in the model. Among them a non- 
negligible part is connected with the HCI(v) kinetics. All 
these kinetics reactions are ordered by process category, 
i.e., for instance, inelastic and superelastic electron colli- 
sions, ionization, radiative transitions, etc. They are intro- 
duced through an input data file in which we define the 
species which are considered, give the kinetic reactions and 
code them. A compilation of these data is given in [20], as 
well as the description of the semi-automatic manner in 
which they are accounted for in the numerical code. 

The evolution equation of laser photon density in the 
optical cavity was treated as in [5]. This equation was 
considered as a kinetic equation. 
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attachment, Kr~c molecular ion dissociative recombina- 
tion, and S(e, t) is a source term due to the X-ray preioniza- 
tion. Explicit expressions for the various terms of the right- 
hand side of (1) can be found in previous papers [-24-26]. 

We must mention some particular points relevant to 
processes included in the Boltzmann equation: 
- For electron collisions involving the Ne and Xe ground 
states we used the cross-section data proposed by Puech 
and Mizzi [27]. The set of corresponding semi-empirical 
cross-sections was tested against transport coefficients ob- 
tained from swarm experiments. 
- For inelastic and superelastic transitions between effec- 
tive excited states by electron impact, we only considered 
those which correspond to optically allowed transitions. 
The corresponding cross-sections have been taken to be 
given by 

au(e ) = 4na2o(Ry/E~j)2f~j(1 - 1/Uu)ln(1.25 Uu)/U~j, (2) 

in which e is the energy of incident electrons, a o the Bohr 
radius, Ry the Rydberg constant, E~j the energy difference 
between levels i and j, f0 the oscillator strength for the i - j  
transition, and U u the reduced energy U u = E/E u. fq values 
have been deduced from transition probabilities mainly 
taken from Wiese et al. [28] for neon and from Aymar and 
Coulombe [29] for xenon. Average values obtained for 
transitions between effective excited states are reported in 
[203. 
-Al l  ionization processes are considered with non-zero 
energy for emitted electrons. This means that we need 
approximations for the energy differential cross-sections 
which were taken from Puech and Mizzi [27] for ioniza- 
tion of Ne and Xe ground states and from Bretagne et al. 
[25] for ionization of excited states. 
- F o r  Penning processes and photoionization, issuing 
electrons are introduced as source terms at finite energies 
according to energy conservation in the collision. 

1.2 Bohzmann Equation 

The electron energy distribution function (eedf) is deter- 
mined from the time dependent Boltzmann equation with- 
in the two-term expansion approximation and which is 
numerically solved through the formalism used in previous 
papers [25, 26]. This equation is written as 

On(e, t) C~JF(~ ) C3Jel(e)le_ = cGJ~,(,~) I~_ e 
- + + 

& & & de 

+ Kion + Ki,el + Ksup + Kaa + Krec + S(e, t), 
(1) 

where n(e, t) represents the electron number density in the 
energy range [e, e + de] at time t. The right-hand side 
expression includes the electric field heating and all colli- 
sional processes in whic.h the plasma electrons are in- 
volved. The J terms correspond to fluxes of electrons in 
the energy space driven respectively by the applied electric 
field [Jr(0] the elastic electron-heavy species (Jol(0le-,) 
and the e-e Coulomb collisions (Jel(e) le--e)" Kio. corre- 
sponds to ionization by electron collision as well as Pen- 
ning ionization or photoionization, Kinel to inelastic colli- 
sions, Ksu p to superelastic collisions, Ka, to dissociative 

1.3 Coupling Between Electric Circuit and Plasma 

The coupling of the plasma with the electrical circuit was 
introduced through the power density P injected in the 
discharge and was calculated at each time step. 

From a microscopic aspect, P was obtained from the 
Boltzmann equation as being: 

= j]o Jv(e)d~, (3) P 

where JF(O is the electron energy flux in the energy space 
driven by the electric field heating. It is written as 

Jr(e) = 5 me N \ ~ )  ~ t,, c~ 2e ,,]" (4) 

In this equation, Ve,(e ) = ~ j  (NJN)v%,,j(O is the frequency 
for total cross-sections in electron-atom and electron- 
molecule collisions summed over the contributions of thej 
species with densities Nj, N the total density of atoms and 
molecules and E/N  the reduced electric field. Instead of the 
integral of the right-hand side of (3), we introduced the 
reduced flux JE which was expressed as: 
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2e2 f o  e (Sn(e,t) n(e,t)~ 
- 3 m ~ N  v~,(8\  & 2e ]de"  (5) 

J~/N depends only on the eedf n(e, 0 and its first derivative 
&(~, 0/&. 

From a macroscopic aspect (Ohm's law), we wrote: 

P = IaE/A, (6) 

where I d is the discharge current and A the discharge area. 
The current density l~d/A was obtained from (3, 5, 6) and 
written as 

Ia/A = (E/N)(JE/N) . (7) 

J~/N is the reduced energy flux driven along the energy 
axis corresponding to one atom or molecule. As explicited 
later, this term was numerically expressed in terms of 
the eedf n(e, t) from integral (5) written in discrete form. If 
we consider I~ as an independent variable, then E/N is a 
secondary variable which is obtained at each time from (7). 

The drift velocity (Wd) is obtained from relation (7) and 
from its expression in terms of the discharge current den- 
sity I~d and the electron number density n¢ and is written: 

Isd : ene Wd • 
Then 

1 E Jr 
wd- 

ene X 2 • 

W d is an important parameter for testing the influence 
of various parameters, cross-section data and assumptions 
used in the model. 

1.4 Electric Circuit 

The scheme of the electric circuit of the SOPRA laser [18] 
is shown in Fig. 2. Electric energy is stored in two capacitor 
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banks C1 and C2. First, the capacitors are charged to a 
given charging voltage V c (up to 50 kV), C 2 is charged 
through the inductance coil L 3 to - V c. When, the thyra- 
tron is switched on, the voltage of C 1 capacitor bank starts 
to reverse and so the discharge voltage increases slowly. 

The following system of equations, included in the 
model, describes the temporal evolution of electric param- 
eters of the equivalent circuit: 

dld _ ( dI 3 ) 1  
dt L3 ~ -- V~ L~2 , (8) 

dVc, 1 
- (Ia + I3 - I 1 ) ~ ,  (9) 

dt 

d213 [ I 1 dVcl 
d t ~ - = L ( - - I a - - 3 ) ~ +  d ~  

[dI3 d Ia~  l 
-- (R1 + R 2 ) ~  + dt / t j  L3 '  (10) 

dI~ 1 
- ( - - ( R  1 + R T ) I  1 - -  V c l ) ~ ,  (11) 

dt 

where Vcl is the voltage of C~ capacitor bank, Id is the 
discharge current, I1 is the thyratron current and/3 is the 
current of the self-induction coil L3, Vd is the discharge 
voltage across laser electrodes. 

Vd is expressed as V~(t) = dE(t) = ld(t)Rp(t), where Rp is 
the time-dependent plasma resistance and d the inter- 
electrode distance. Vd(t) is then a secondary variable and 
is determined by the plasma state at time t. The third 
differential equation was transformed into two first order 
ones. So five differential equations must be solved. 

The X-ray temporal and spectral distribution were cal- 
culated from experimental results of the X-ray generator: 
voltage and current of the cathode. X-ray absorption by 
materials separating the active medium from the X-ray 
generator was taken into account. The absorption of X- 
rays by xenon and neon resulted in a source term of free 
electrons and kinetic species [30]. 

Vc 

C2 

R T ~  I1 ~' 

C1 

L1 

I J 
I Vc~ I L2 

( ) 
~1 i i l i i i  

Vcl I I 

I ~ La 
(- 

Fig. 2. L-C inversion electrical pumping circuit. Typical circuit 
parameters are the following: C 1 = C z = 143 nF; L 1 = 175 nil; 
L 2= 22nH; L  3=28gH;R 1 = R  2=0.01~;R T=0.0lD.Piare 
for current probes 

1.5 Numerical Treatment 

The method used for solving the time-dependant Bolt- 
zmann equation was already presented elsewhere [24, 25]. 
The eedf n(e, t) is discretized by a set of N variables repre- 
senting n(e, t) in the energy intervals [el - wj2, ei + wj2] 
with increasing width wv The number K of energy bins is 
of the order of 100. 

In the kinetic equations, all the terms connected to 
electron collisions are evaluated at each time step. The 
three sets of equations corresponding respectively to the 
eedf, the kinetic species and the electric circuit are grouped 
in a unique set of differential equations and then solved 
without decoupling of the three sets. Each process being 
labeled, as well as each category of the processes, the 
numerical code runs over the entire set of processes. For 
those involving electrons, their contribution to the time 
derivatives of the kinetic equations and of the electron 
distribution equations are calculated simultaneously. In- 
ternal tests verify that the particle density balances are 
identical for the eedf and kinetic equations. 



Modelling of X-Ray Preionized 

Concerning the self-consistent integration of the system 
of differential equations, a key point is the coupling of the 
eedf set with electric equations, n(ei, t) and I d being consid- 
ered as independent variables, at each time step, E l f  is 
evaluated from (7) in which JE is expressed in terms of the 
n(e~, t) with help of relation (5) by using the finite difference 
method: 

K - 1  

J E  = ~ ( e i + l  -- c i ) [ J + ( b i )  - -  J - ( b i ) ] ,  ( 1 2 )  

in which J+(bi) and J-(b~) correspond respectively to the 
classical writing of the upstream and downstream fluxes 
of electrons in the energy space due to the electric field 
heating evaluated at b~ = e~ + w~/2. This last equation re- 
sults from the discretization of relation (5) with J+(bi) and 
J-(bl) respectively expressed as: 

J+(bl) = Ain(el, t), (13) 

J -  (b,) = Bin(e,+ ~, t) , (14) 

in which 

2 e 2 1 / bi 1 ) 
A i = - - - N - -  - -  + 

3 m c Ven(bi)  ~ s i + l  - ~i ~ / ~ 1 , 1 /  , ( 1 5 )  

2 e 2 1 (  bi 1 ) 
= - - N - -  (16) B~ 5too v..(b~) ai+_z~,  ~,~+~ , 

and #1,i = (ei+l - bi)/(~i+l - el), and #2.i+t = (hi - el)/ 
(e~+~ - el). In the expressions of A~ and B~ we neglect the 
influence of  excited states on v~,(b~), and A i and B~ are 
considered as being constant. From (12-16) we see that J~ 
can be linearized on the basis of the n(e~, t) with constant 
coefficients which are calculated at the beginning of the 
code run. Therefore, we get a fast evaluation of E l f  versus 
Ia and the n(ei, t). Then E/N  is inserted in the Boltzmann 
equation (1) and Va = E(t)d in (8) for the discharge current. 
Note that this procedure can be used for any electrical 
circuit. For  another device, we have just to change the 
corresponding electric equations. 

For  the integration we used the LSODA solver which 
is well-suited for the resolution of stiff equations [31]. Its 
interest lies, in our case, in the fact that we deal with 
differential equations having very different characteristic 
evolution frequencies, the eedf evolving faster than species 
densities. It starts with the Adams-Moulton Predictor- 
Corrector method and automatically switches to the Gear 
ones. This second method was proved to be very efficient 
in terms of CPU time when we provided an explicit Jacobian 
of the system of equations. The Jacobian is more easily 
expressed by keeping the explicit dependences on the inde- 
pendant variables particularly for the crossed terms, for 
instance for the partial derivatives of dn(a~, t)/& with re- 
spect to the species density Nj, or for the partial derivatives 
of dNj/dt with respect to the n(ei,t). Due to the semi- 
automatic writing of the Boltzmann and kinetic equations, 
the generation of the Jacobian is done at the same time as 
the calculation of the differential equations. Let us men- 
tion, that the introduction of e -e  Coulomb collisions 
needs some caution due to the quadratic dependences of 
the corresponding terms in the Boltzmann equation. 

The resulting numerical code was implemented on a 
486-33 MHz microcomputer, a typical run needs a CPU 
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time of about one hour in order to describe the discharge 
until a few inversions of the discharge current. 

2 Results 

The main results which are given here correspond to the 
following standard conditions: Discharge volume is about 
0.81 (4.5 x 4 x 40 cm3), charging voltage of 20 kV, total 
capacitance 286 nF and interelectrode distance of 4.5 cm 
in mixture containing 30 mbar of Xe, 3 mbar of HC1 and 
4000 mbar of Ne. 

2.1 Discharge and Plasma Parameters 

Figure 3 presents the temporal behaviour of the electrical 
parameters and of the laser power. Discharge breakdown 
appears before the total voltage inversion of Ca capacitor 
bank, the maximum value of the discharge voltage reaches 
30 kV, the corresponding value of the reduced electric field 
is about 7 Td. Then there is a fast increase of the discharge 
current followed by the starting of the laser power. A 
plateau in the discharge voltage is then established until 
the inversion of the discharge current. 

Typical evolutions of species densities included in the 
kinetic reactions are given in Figs. 4, 5. The temporal 
evolution of ions is represented in Fig. 4. During the dis- 
charge, the density ofXe ÷ ions which is the dominant ionic 
species leads the electron number density which reaches 
1015 cm -3. Let us mention that, in contrast Longo et al. 
[8], the NeXe + ion density is much lower than Xe + one; 
the difference probably lies, in addition to different electric 
circuits, in the three-body rate constants for the respective 
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Fig. 3. Typical evolution of electrical parameters and laser power 
for a capacitor charging voltage V c = 20 kV. The total presure 
is P = 4 bars with xenon and HC1 partial pressures of respec- 
tively 30 and 3 mbars 
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formation ofNeXe + and Xe~ but other factors as the treat- 
ment of the stepwise ionization cannot be disregarded. 

The populations of xenon excited states are given in Fig. 
5. The main excited state of xenon is the Xe(6s). Mean- 
while, the density of Xe(5d) is quite large and plays an 
important  role in the ionization process as an intermediate 
state. During the voltage plateau, the ionization is domi- 
nantly yielded by the highest xenon excited states. 

The population densities of neon excited and ionic 
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Fig. 6. Reduced eedf at different time in the discharge. Same 
conditions as for Fig. 3. The curves are labeled by figures corre- 
sponding to times indicated in the insert (see text) 

states remains low (two orders of magnitude lower than 
the first excited level of xenon). So, it is not necessary to 
include more than one excited level of neon to model 
excimer lasers excited by transverse-electric discharges. 
The main role of neon is then to define the eedf through 
elastic e lect ron-atom collisions, in addition to the role 
played in two- and three-body collisions between heavy 
species. 

The evolution of the reduced electron energy distribu- 
tion function n(e, t)/nex/ee is represented in Fig. 6 at differ- 
ent times of the discharge development corresponding to 
Fig. 3. These times have been chosen in order to show the 
eedffirst, during the electron heating by electric field as the 
voltage increases, second, during the discharge plateau 
(the time of 410 ns corresponds to a local minimum of the 
discharge voltage, and the time 430 ns to a local maximum) 
and, finally, during the discharge voltage inversion. As the 
discharge voltage and the excited species density increase, 
the effect of superelastic collisions begins to appear yield- 
ing shoulders in the eedf between 10 and 15 eV. These 
shoulders are due to superelastic collisions involving the 
main excited states, i.e., the xenon ones. 

Note also that the absolute value of the reduced electric 
field is slightly higher for the time 501 ns (E/N = --0.12 
Td) than for the dashed curve corresponding to 500 ns 
(E/N = 0.10 Td). These results illustrate that, for fast 
changes of E/N, the eedf cannot be strictly considered 
as being in stationary equilibrium with E/N. We discuss 
again this point later. 

The influence of the internal energy stored on excited 
states is illustrated in Fig. 7 which gives, during the dis- 
charge history, the dependence of the drift velocity Wd and 
of the mean electron energy Ur, versus E/N. The sense of 
increasing times is indicated by arrows. The two pathways 
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forth and back can be explained by the evolution of den- 
sities of excited states. Starting from low E/N values, the 
electron and excited state densities increase, the discharge 
establishes in a weakly excited and ionized gas. For  elec- 
tron density n e and discharge current Id becoming high, 
excited state densities achieve also high values (see Fig. 5), 
and the electron collision processes involving these excited 
states influence the transport parameters. Inelastic colli- 
sions and ionization processes tend to reduce the energy 
of electrons; during a first stage (E/N > 2 Td) the effect of 
superelastic collisions and Penning ionizations is insuffi- 
cient to compensate this cooling of electrons. When the 
reduced electric field becomes lower (E/N < 2 Td), the 
reverse is observed: the heating effect of superelastic colli- 
sions and Penning ionization dominates. This produces a 
stabilization of U m to rather high values (Urn > 2 eV). 

The effect of high excited state densities is also observed 
for reaction rates corresponding to excitation and ioniza- 
tion by electron impact as shown in Fig. 8 which represents 
the dependence, versus E/N, of rates for direct ionization 
of Xe and excitation towards Xe(6s) and Xe(6p) states. 
During the voltage plateau, the rates corresponding to the 
formation of Xe(6p) and Xe + states are much greater than 
those obtained for the same voltage values during the early 
stage of the discharge development while that one corre- 
sponding to Xe(6s) is nearly unchanged. These effects still 
result from the competition between inelastic collisions on 
excited states and superelastic collisions. 

Concerning these effects of excited states on the eedf, on 
plasma parameters and on transport coefficients, we must 
emphasize that they have to be included carefully in the 
laser model. If we consider the total electric energy de- 
livered to the laser medium untill the voltage inversion, the 
fraction of the energy deposited before the establishing 

of the voltage plateau represents no more than 10%. 
During the initial stage of the avalanche development the 
discharge medium can be considered as weakly ionized. 
But in a second stage, when the discharge current increases 
and the voltage drops, new conditions for the discharge 
medium are achieved. In this situation, it is necessary to 
take account of the detailed repartition of the energy which 
is stored in the various excited and ionic states. 

In connection with Figs. 7, 8, the particular behaviour 
of parameters reported in these figures near E/N = 2 Td 
at the end of the E/N fall following the breakdown needs 
to be discussed. The large changes of these parameters at 
quasi constant E/N can result from various effects: the 
increasing influence of e -e  collisions as the electron den- 
sity rises, the influence of superelastic collisions on the 
eedf and the non-stationarity of the eedfjust  at the end 
of the voltage fall. It is in fact difficult to discriminate the 
respective influence of these effects due to their coupling. 
However, from Fig. 5 we observe that during the voltage 
plateau the densities of main excited states are nearly 
constant, so, the effect of superelastic collisions cannot 
explain in itself this behaviour. Calculations done without 
e-e  Coulomb collisions showed that in this case this be- 
haviour is still amplified. Therefore, we can conclude that 
there is certainly an important effect of non-stationarity. 
The present results confirm the conclusions drawn by 
Winkler and Wuttke [16] that the possibility of observing 
non-stationarity between the eedf and E/N is more impor- 
tant at relatively low E/N values. 

2.2 HC1 Kinetics and Excimer Formation 

Let us now present the results obtained for the influence 
of the vibrational distribution of HC1. The temporal evolu- 
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tion of the vibrational populations N v of HCI(v) and the H 
and C1- densities is reported in Fig. 9. Up to the formation 
of the discharge voltage plateau, populations of vibra- 
tionally excited states remain low. They increase fastly 
before the voltage plateau and then decrease slowly in the 
relaxation phase. In this last phase, the vibrational deacti- 
vation is mainly due to V- T processes by collision with H 
atoms which achieve densities of about 30~ of the initial 
HC1 density. Then, we can conclude that V-T and V-V 
processes mainly act during the post-discharge and their 
effect is probably of minor importance during the active 
phase of the discharge. These results are in qualitative 
agreement with those obtained by Longo et al. [17]. 

The influence of vibrational excitation on dissociative 
attachment coefficients is illustrated in Fig. 10, as a func- 
tion of time. We have represented in this figure the contri- 
bution of the ground level and the partial sums of dissocia- 
tive attachment coefficients for v = 0, 1; v = 0, 1, 2 , . . . ,  and, 
finally, the sum over the seven vibrational levels included 
in the model. We observe, as a function of time, a fast 
increase of the dissociative attachment total frequency and 
of contributions of vibrationally excited levels during the 
voltage plateau. This increase of the dissociative attach- 
ment rate must be attributed partly to the change of the 
eedf during this phase (electron mean energy is decreased) 
and mainly to the fast increase of the populations of vibra- 
tionally excited states. It is connected to the fast increase 
of the dissociative attachment cross-section from v = 0 to 
v = 1 and from v = 1 to v = 2. The total dissociative at- 
tachment coefficient is by two orders of magnitude higher 
than the contribution of the v -- 0 vibrational level. 

Regarding the problem of the number of HCI(v) vibra- 
tional states that we have to include in the model, we 
observe that the contribution to the dissociative attach- 
ment frequency of levels v = 0 to v = 4 is nearly the same 
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tional states HCI(v) to dissociative attachment and of direct 
dissociation. Same conditions as for Fig. 3. For the different 
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as the total frequency. So, for a good approximation of the 
total dissociative attachment, at least four HC1 excited 
vibrational levels have to considered in models. 

We have also reported in Fig. 10 the evolution of the 
direct dissociation coefficient Ka. Up to the voltage pla- 
teau K d is by about two orders of magnitude greater than 
the effective dissociative attachment coefficient Ka,. Dur- 
ing the voltage plateau it becomes lower than Kda but 
remains non negligible except for the late phase of the 
discharge. 

In Fig. 11 we give the relative contributions of neutral 
and ionic channels to the formation of excimer molecule 
XeCI*. For the neutral channel, we have distinguished 
the channel involving HCI(v = 0): 

HCI(v = 0) + Xe** ~ XeCI* + H ,  

where Xe** stands for xenon excited states higher than 
Xe(6s), from the channel involving vibrationally excited 
states: 

HCI(v > 0) + Xe* ~ XeCI* + H ,  

where Xe* corresponds to any excited xenon state. The 
ionic channel is dominant during the laser pulse but 
the total contribution of the neutral channel cannot be 
neglected. 

The repartition of the power density dissipated by elec- 
trons in various processes is given in Fig. 12 as a function 
of the reduced electric field E/N. Here again, this figure 
represents the history of the discharge in the sense that the 
results are influenced by the excited state densities. We first 
observe that, due to the effect of superelastic collisions the 
net energy involved in inelastic and superelastic collisions 
is lower during the voltage plateau. Second, the energy 
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dissipated in dissociative attachment is non-negligible 
particularly during this plateau when HCI(v) excited vibra- 
tional states are highly populated. Third, in the high elec- 
tron density phase, the energy involved in ionization 
processes is important and very different from that carte- 
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sponding to the avalanche development phase. This is the 
the result of both effects of the modification of the eedf by 
superelastic collisions (see Fig. 6) and of the ionization of 
excited states. Finally, we observe that the energy yielded 
to electrons by Penning processes remains small except 
during the early stage of the avalanche development and 
during the voltage inversion when the electric field heating 
is low. 

2.3 Influence of Electron-Electron Coulomb Collisions 

Due to the limitation of the electron density by dissociative 
attachment of electrons on HCI, the influence of e -e  Cou- 
lomb collisions on the results of the modelling is generally 
thought as being of minor importance. We must recall that 
the electron density achieves values of the order of l0 ss 
cm -3 and, so, for typical pressures of a few atmospheres, 
the ionization degree achieves values of the order of 10 -s, 
which is sufficient to observe some effect. 

This effect on the eedfis illustrated in Fig. 13 which gives 
the reduced eedf for E/N values which correspond to the 
voltage plateau (E/N < 2 Td). Large differences between 
solid lines (electron-electron Coulomb collision included) 
and dotted or dashed lines (e-e collisions excluded) is ob- 
served. In the energy range 12-20 eV, the eedfis by far less 
populated when we do not consider e -e  collisions. As a 
consequence, the collision rates corresponding to inelastic 
collisions having energy thresholds higher than about 10 
eV are significantly reduced. This is particularly the case 
for direct ionization of xenon atoms; in effect, without e-e  
collisions, we observed a reduction of the corresponding 
rate by an order of magnitude or more during the voltage 
plateau with respect to values obtained with e -e  collisions. 
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Results for Xe* excited states depend of the levels that we 
consider: for Xe(6s) states the excitation rate is nearly 
unchanged while, for Xe(6p) ones, it is noticeably reduced. 

We also observe large differences in the low-energy 
range of the eedf, for relatively low E/N values. This is a 
well known result: e - e  collisions are also important in the 
low-energy range, they smooth the structures in the eedf 
which appear in connection with peaks in the inelastic 
cross-sections. As a consequence, dissociative attachment 
coefficients suffer important modifications. This effect is 
illustrated in Fig. 14 which gives the temporal evolution 
of dissociative attachment coefficients on HCI(v) for v = 0 
to v = 2 and the dissociative attachment coefficient Kd 
averaged over the vibrational distribution. We observe, 
during the voltage plateau, that when we consider e -e  
collisions these coefficients are increased by a factor of 
about 1.5 with respect to values obtained without e -e  
collisions. On the contrary, the direct dissociation coeffi- 
cient is decreased by about the same factor. At the same 
time, the HCI(v) vibrational distribution is nearly un- 
changed, the net result is that the C1- density is also 
increased by a factor of about 1.5. 

We have found a small increase of the electron density 
when we do not consider e -e  collisions: the maximum 
electron density for our standard experimental conditions 
was found to be 1.55 x 1015 cm -3 without Coulomb colli- 
sions, while it was 1.37 x 1015 cm -3 when e -e  collisions 
are considered. If we keep in mind that the dominant ion 
species is Xe + and that the main channel for XeCI* forma- 
tion is the C I - - X e  + recombination, the final result is that 
the XeCI* density and therefore the predicted laser power 
and energy are slighly reduced, by about 20%, when we 
neglect Coulomb collisions in the model. 

E. Estocq et al. 

Thus, including or not e -e  collisions changes appre- 
ciatly the results of the model. These results are similar to 
those given by Longo et al. I-8-1 despite the fact that these 
authors considered only the vibrational levels v = 0 and 
v = ] .  

3 Comparison with Experimental Results and Discussion 

The validation of any laser model would require, in addi- 
tion to common diagnostics of the electrical parameters 
and of the laser power and energy, a number of experimen- 
tal diagnostics in order to check the importance of key 
species of the kinetic model. In particular, it appears that 
diagnostics of Xe* excited state densities [11, 32] are very 
useful as well as those which could be undertaken on 
HCI(v) populations and derived species 1-33]. 

In the case of the present experimental device, we had 
only the possibility to compare electrical parameters and 
laser output. Thyratron and discharge currents obtained 
in the experiment and predicted by the model are com- 
pared in Fig. 15 for a capacitor charging voltage of 20 kV, 
a total pressure of 4 bars with 30 mbars of xenon and 
3 mbars of HC1. Current waveforms are well predicted by 
the model but the value of the discharge current is too 
high. 

Disregarding problems connected with experimental 
measurements of high pulsed discharge currents, we h a v e  
tried to test the influence of both ionization processes 
and dissociative attachment on the discharge current given 
by the model. Except for the case in which we completely 
neglected the ionization of excited states, when we changed 
the number of xenon excited levels considered for stepwise 
excitation, we did not find significant modifications of the 
results for the discharge current peak. The influence of 
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dissociative attachment was tested by suppressing the con- 
tribution of the highest HCI(v) vibrational states. The effect 
on the maximum of the discharge current was still limited 
but we observed that the negative alternance of the current 
and later oscillations were better predicted by the model. 
In effect, with the seven vibrational levels included, the 
discharge current predicted by the model vanishes quite 
completely after the voltage inversion while in the experi- 
ment it continues to oscillate during a few periods. 

A method to test the validity of the model for the 
avalanche development phase is to compare the delay time 
beetween the preionization and the formation of the dis- 
charge plateau [-343. This permits to check, for various 
discharge conditions and gas mixture compositions, the 
discharge transport coefficients (electron drift velocity, 
electron mobility, ionization ratee, etc.). We give in Fig. 16, 
for our experimental device, a comparison between experi- 
mental and theoretical results for the dependence of this 
delay time upon the charging voltage. We observe a rela- 
tively good agreement between these results. Nevertheless, 
delay times obtained from the model are slightly lower. 
This result is similar to that one obtained by BStticher et 
al. [33]. We cannot exclude the explanation given by these 
authors based on the existence of the voltage cathode 
fall [35] which is not accounted for in 0-D positive column 
discharge models and which, in fact, reduces the E/N 
effective values. In the present experiment, the gas mixture 
contains also helium which is used as a buffer gas for HCI. 
We tested a possible influence of helium on the transport 
coefficients by introducing it as a fourth gas and consider- 
ing elastic electron-helium atom collisions, we found a very 
low effect. 

We did extensive comparisons for the laser energy ob- 
tained in the experiment and yielded by the model. We 
report in Fig. 17 the dependences of the laser energy versus 
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tively 30 and 3 mbars. Dotted lines: experiment; full lines: results 
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the charging voltage for two values of the total pressure. 
We must mention that for this comparison, when we ob- 
tained from the model multiple laser pulses, we only took 
into account the first one; this situation was particularly 
encountered for high charging voltages. We notice that the 
trends for experimental and theoretical results are very 
similar but predicted values are by a factor of about 1.5 
higher. Comparisons done for the influence of other pa- 
rameters such as total capacitance values, interelectrode 
distance, etc., also led to a good agreement for the varia- 
tions of the laser energy despite the systematic factor of 1.5 
between experiment and model. 

It is well known that many possibilities exist to fit 
theoretical results with those of a particular experiment by 
adjusting critical data of a model. Among these data we 
can mention the stimulated emission cross-section O-st , the 
quenching coefficients of XeCI* by electrons and heavy 
particles, the existence of the slightly bouned XeCI(X) 
excimer ground state, and the choice of the quenching 
rates for this state, etc. We systematically studied the influ- 
ence of some of these data on the results of the model. For  
the influence of %, we indeed get some effect but its influ- 
ence on the laser output energy was too low to explain the 
factor of 1.5 that we found without being out of the range 
of admitted values for %, i.e., between about 2 and 5 x 
10 -16 cm 2. The same negative result was obtained for the 
quenching of XeCI* which was already discussed by John- 
son et al. [3]. The most sensitive parameter was found to 
be the dissociation rate of XeCI(X) by heavy particles: as 
the dissociation rate of XeCI(X) was decreased, the laser 
energy output was also significantly decreased and a possi- 
ble fit of experimental and theoretical results was possible. 
But due to the uncertainties on the previously mentioned 
parameters the choice for this last parameter is not un- 
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ambigous. For  the main results given here we used for 
as~ a value of 4 × 1 0  - 1 6  c m  2 and a dissociation rate of 
XeCI(X) by neon atoms (dominant quenching species) of 
4 × 10 -12cm 3s -1. 

Another point which merits some attention is that one 
of the existence and the influence of high-lying vibra- 
tionnally HCI(v) excited states• We have previously men- 
tioned the effect of the limitation of the vibrational exci- 
tation on the discharge current particularly after the 
discharge voltage and current inversions. This problem of 
the vibrational excitation has been already discussed in 
the literature. Johnson et al. [3] reduced the vibrational 
excitation coefficients by a factor of about 10 in order to fit 
theoretical results with experimental ones obtained by 
Center et al. [36] for the vibrational distribution in an 
electron-beam-pumped XeC1 laser• This limitation of the 
vibrational excitation was also proved by Longo et al. 
[8] to be very efficient to reduce the XeCl*density in 
discharge-sustained laser. However, this limitation seems 
arbitrary and does not agree with experimental data for 
vibrational excitation cross-sections [37,38]. The be- 
haviour of the discharge current after the voltage inver- 
sion as well as the reduction of the C1- density and, as a 
consequence, a decrease of the laser energy could be ex- 
plained by the HC1 depletion. In fact, as mentioned pre- 
viously, the dissociation of HC1 is not negligible for our 
conditions. We already mentioned an HC1 dissociation of 
about 30%, but much higher values were found, particu- 
larly for low partial HC1 pressures• 

We give in Fig. 18 a comparison of the laser energy 
predicted by the model and obtained in the experiment as 
a function of the HC1 partial pressure• The total pressure 
was kept constant to 5.65 bars as well as a ratio of 5 for 
the xenon partial pressure to the HCI one. The results of 
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the model have still be divided by a factor of 1.5. We 
observe similar trends for the two curves but the experi- 
mental one presents a maximum for a lower value of the 
HC1 pressure and decreases more rapidly. For  an HC1 
partial pressure of 2 mbars, the HC1 dissociation degree 
achieves a value of 50% at the end of the laser pulse• It 
decreases as the HC1 pressure increases, it is of 26% for 
PHcl = 15 mbars. The analysis of the results of the model 
indicates that the HC1 depletion plays some role for the 
lowest HC1 partial pressures but this role is probably 
minor for the highest ones. Let us recall that the main 
channel for the HC1 depletion is the dissociative attach- 
ment and so, results depend strongly, from one model to 
another, on the manner in which the vibrational excitation 
and the dissociative attachment are treated. We must add 
that, for the highest HC1 partial pressure that we consider 
here, the laser discharge was found experimentally as very 
unstable and the laser energy varied in a large range from 
one shot to another• These instabilities which are well- 
known for high HC1 partial pressures [39,40] could ex- 
plain the differences observed for the two curves of Fig. 18. 
Indeed, they cannot be accounted for in our model, their 
study needs the use of 1-D or 2-D numerical models• 

4 Conclusion 

The model that we present here for XeC1 laser discharge 
permits to treat self-consistently the coupling between the 
non-equilibrium and non-stationary aspects of the eedf 
and kinetic species densities• We have emphasized the role 
of excited states on the modification of the transport and 
plasma parameters (electron drift velocity and mean en- 
ergy, excitation and ionization coefficients)• This role is 
particularly important for the discharge voltage plateau 
during which the major part of the electrical energy is 
transferred to the laser medium. We have shown that, 
despite the attaching effect of HC1, e-e Coulomb collisions 
modify significantly the discharge parameters, the electron 
collision rates and the extracted laser energy• 

Concerning the HCI(v) vibrational kinetics and its con- 
sequences on the dissociative attachment, our results indi- 
cate that with actual data about HC1 we must take account 
of vibrational levels till, at least, v = 4. With the data that 
we used, we have found that the HC1 depletion is not 
negligible, particularly for low HC1 partial pressures. 

The results of the model have been compared with some 
experimental results for a X-ray preionized laser discharge 
working with a L C  inversion electrical pumping circuit. 
Despite a factor of about 1.5 between the laser energies 
given by the model and obtained in the experiment, we 
found similar trends for their variations versus various dis- 
charge conditions. This systematic factor can be modified 
by adjusting some key rate constants, but this choice does 
not appear as unique. Further experimental and theoreti- 
cal investigations are still necessary to determine more 
precisely these constants and, also, to get a better under- 
standing of the HC1 kinetics. 
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