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Abstract. Results of kinetic modelling of an X-ray preionised,
discharge-pumped ArF excimer laser, operating with a spiker-
sustainer circuit are presented. The parallel-resistor model
includes the complete ArF laser kinetics and calculations of
the Boltzmann equation in each layer taking into account the
effects of electron–electron and super-elastic collisions. The
model further includes a detailed description of the electrical
circuit and the formation of filaments with a realistic elec-
trode profile. This model shows a good correspondence with
the experimental results in predicting laser energy and opti-
cal behaviour. Neglecting the formation of filaments and the
electron–electron and super-elastic collision processes yields
remarkably poorer results. Parametric studies on the elec-
trode profile, the formation of micro-arcs and on the electrical
circuit parameters were performed numerically.

PACS: 42.55.Lt; 52.65.-y; 52.80.Hc; 42.60.By

Recently, interest in the electric-discharge-excited ArF laser
(λ = 193 nm) has grown strongly, due to its application pos-
sibilities in medicine and lithography. The processes taking
place in the active medium of this laser were studied ex-
perimentally [1–9] and theoretically [10–13]. The number
densities of electrons, of negative fluorine ions and of several
excited species were measured in [1–3], respectively. The
optimisation of the gas mixture composition, the electrode
construction, the electrical circuit and the application of a gas
cleaning system yielded a laser efficiency of up to 2.1% [4],
laser pulse energies of up to 550 mJ [5], pulse lengths of up
to 120 ns [6] and increased gas-mixture life times of up to
109 pulses in one month [7–9].

Numerically, the upper energy limit for a typical ArF laser
pulse, as imposed by the development of micro-channels, was
evaluated in the frame of a zero-dimensional model and for an
idealised electric circuit [10]. A one-dimensional fluid model
was described in [11, 12], to study the formation of cath-
ode and anode layers and to investigate the effects of gas

∗Corresponding author.
(Fax: +31-53/489-1102, E-mail: p.j.m.peters@tn.utwente.nl)

photo-ionisation. The same authors have developed a two-
dimensional fluid model [13], which includes solving of the
continuity equations, the Poisson equation and the electric-
circuit equations. This model was applied for the study of
the formation of a micro-arc initiated by a protrusion on the
cathode surface or a non-uniform heating of the gas by a pre-
ceding discharge pulse. It was found that the level of preion-
isation electron density controls the evolution of micro-arcs,
even suppressing them at high electron densities. It should be
noted that almost all known mechanisms for plasma instabil-
ities are ignored in this model [13] due to a very simplified
ionisation balance description.

For a number of applications longer laser pulses are de-
sirable. However, the laser pulse length does not increase
beyond a certain value when the pumping pulse is extended,
e.g. by using a pulse-forming network. The discharge pulse
can get significantly longer than the laser pulse. A plau-
sible explanation is that micro-arcs, seen on photos of the
discharge, terminate lasing, because of spoiling the optical
quality of the medium [14] or because of an energy redistribu-
tion between the bulk of the plasma and the micro-arcs [15].
Both effects become important at a high electron number
density. However, the dependence of micro-arc-induced op-
tical losses on the filament parameters is not known. The
formation of filaments is controlled by plasma instabilities
and can be provoked by hot spots appearing at the electrode
surface [14]. Concerning the role of a precursor for a fila-
ment, one can argue that starting from a hot spot a streamer
will result in formation of the filament only when it prop-
agates in an unstable plasma. The development of instabil-
ities involves many processes that influence the ionisation
balance and therefore are very sensitive to the gas composi-
tion and plasma characteristics like the electron and excited
atoms number densities, which in turn depend on the local
electrical field and the electron energy distribution function
(EEDF). A numerical model that is able to predict an insta-
bility, should describe correctly the plasma background just
before the development of the instability. This is a reason why
the numerical model should be as complete as possible. On
the other side it is important, that the model includes spa-
tial non-uniformities of the plasma density and the electrical
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field strength. A simple way to describe spatial gradients in
a plasma associated with an initial non-uniform degree of ion-
isation or caused by a special shape of the electrodes is the
so-called parallel-resistor model (PRM) [16]. From the above
discussion it follows that combining the full kinetic model
with the PRM is the most reliable way to achieve an adequate
description of real experimental devices. One more important
issue is the necessity to describe correctly the electrical cir-
cuit employed in experiments. Formation of short electrical
pulses requires a particular care in preparation, the electri-
cal circuit resulting in a complex and not well characterised
structure. The authors are not aware of any theoretical model
for a discharge-pumped ArF laser satisfying the requirements
discussed above.

Some of the above-discussed problems were studied while
modelling XeCl and KrF excimer lasers [16–23]. In this pa-
per the achievements obtained in the previous papers are
taken into account in our formulation of the parallel-resistor
model which includes filaments. The resulting model is used
for the description of experiments on a discharge-pumped
ArF laser using a gas mixture of F2 : Ar : He = 0.06 : 5.00 :
94.94 at 5 bar total pressure. A description of the experimen-
tal setup and experimental results are presented in Sect. 1.
The numerical model and the simulation results together with
a comparison between the simulation results and the experi-
ments are described in Sects. 2 and 3. In Sect. 4 the influence
of a number of parameters on the calculated results is dis-
cussed, particularly the sensitivity of the laser pulse shape
and energy to variations in the electric circuit parameters, the
electrode shape and some kinetic processes. Conclusions are
summarised in Sect. 5.

1 Experimental set-up and results of measurements

The laser head is a rectangular stainless-steel vessel, see
Fig. 1, fitted with uncoated MgF2 windows. The resonator
mirrors, a 10-m concave-radius full reflector and a 70%
reflecting plane outcoupler, are placed outside the ves-
sel. The brass laser cathode is of Ernst’s uniform field
type, with k0 = 0.04 [24]. The nickel-plated aluminium an-
ode is flat. The total discharge volume is approximately
60 × 0.7 × 1.2 cm3 (l ×w× h). The peaking capacitors are
placed close to the laser electrodes, inside the laser ves-
sel, to minimise the self-inductance of the spiker circuit.

Fig. 2. Equivalent electrical circuit
of model and discharge geometry.
CPFN, pulse-forming network (PFN);
CP, peaking capacitor; HV, PFN
charging circuit. Prepulse: prepulse
generator. CPFN = 140 nF, CP =
4.6 nF, LPFN = 8 nH, LH = 15 nH,
LP = 2.4 nH, LEL = 1 nH

Fig. 1. The laser head with the X-ray source. The discharge volume is
preionised through the laser anode. The peaking capacitors are mounted
inside the laser vessel to minimise the self-inductance

To decrease the self-inductance of the main circuit, alu-
minum short-circuiting rods are placed in the laser vessel, as
well.

The discharge area is preionised with X-rays through the
1-mm-thick laser anode. The X-ray source uses a corona-
plasma cathode [25, 26], the anode is a 20-µm tungsten
coating on the 1-mm thick aluminium pressure window be-
tween the X-ray source and the laser vessel, see Fig. 1.
The X-ray pulse of 50 ns (FWHM) produces approximately
1.75 ×109 electrons/cm3 in the laser gas mixture. To meas-
ure the electron density we used the electrodes inside the
laser chamber as a charge collector. The laser electrodes are
incorporated in a current loop with a storage capacitor and
a measuring resistor [26].

The laser gas is electrically excited with a spiker-sustainer
circuit with a multi-channel rail gap (RG) separating the pulse
forming network (PFN) from the laser head and the peaking
capacitors CP, see Fig. 2. The electrical circuit operates in the
so-called swing mode [27, 28]. This means that a fast, high-
voltage prepulse of opposite polarity to the PFN voltage is
applied to the peaking capacitors at the moment the PFN ca-
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pacitor CPFN has been fully charged. The prepulse causes the
rail gap to break down, thus allowing a current to flow from
the large CPFN to the small peaking capacitors, resulting in
a high voltage overswing on the peaking capacitors. This volt-
age spike will start the laser discharge, which is subsequently
sustained by the current from the PFN.

The laser gas mixture composition is F2 : Ar : He =
0.06 : 5.00 : 94.94 at 5 bar total pressure. The capacitances
are: CPFN = 164 nF, CP = 4.6 nF and typical operating volt-
ages are VPP = 30 kV and VPFN = 32 kV. Typical values for
the optical pulse are EOUT = 90 mJ in a laser pulse of
25 ns (FWHM).

The temporal behaviour of the voltage and the current are
measured outside the laser vessel with resistive probes (the
points where the current JPFN and voltage VP were meas-
ured are indicated in Fig. 2). Thus the actual discharge voltage
and current are not measured. The optical pulse is monitored
by a filtered photodiode and the output energy is measured
with a GenTec pyroelectric energy meter. The beam size is
determined by its imprint on thermofax paper and is equal
to 0.7×1.2 cm2.

2 Theoretical model

The theoretical model developed describes large spatial-scale
non-uniformities (LSSN) (as introduced by Kushner [17]) in
the layers of the parallel-resistor model (PRM), and small-
scale non-uniformities (filaments) induced by local electric
field disturbances in a fixed total area. The full kinetic model
includes solving of the electron Boltzmann equation in par-
allel with the kinetic equations for a large number of neutral
and charged species in each layer. Electron–electron colli-
sions and second-kind collisions are properly accounted for
when calculating the EEDF. A short-pulse electric circuit was
modelled and incorporated in the model.

2.1 Parallel-resistor model (PRM)

Since the field inhomogeneities caused by the profiling of the
electrode are typically of ∼ 1 cm scale, at high gas pressure of
a few bar, diffusion fluxes can be neglected. The plasma vol-
ume between the electrodes was sectioned into layers, parallel
to the optical axis and electrical current. All plasma param-
eters were assumed to be uniform within every layer, and
exchange of particles and energy between the layers was neg-
lected. On the other hand a LSSN, induced by the electrode
profile is described correctly when the number of layers is
high enough. In our calculations the number of layers was
taken to be 20. Special test simulations with an increased
number of layers demonstrated minor changes in the final re-
sults. The preionisation electron density profile can be varied
as well. The applied voltage and the electrode profile de-
fine the electric field strength in each layer. The electric field
decreases from the axis to the edges of the electrodes, corres-
ponding to the increase of the inter-electrode distance from
the axis outward (see also Fig. 2). The total discharge cur-
rent, which is used to calculate the discharge voltage from
the electrical circuit equations, is the sum of all electrical cur-
rents in each layer. The electrical field strength E/N which is
used in the Boltzmann solver, in each discharge layer is deter-
mined by the discharge voltage and the electrode separation,

where as usual for high-pressure discharges the cathode fall
has been neglected. Using the terminology of Kushner [17],
the approach described above is appropriate for the analysis
of the dynamics of the LSSN. This was used in [18–22] to
study the dynamics of the transverse plasma profile in a XeCl
laser and in [17] to evaluate the effect of the misalignment
of plane electrodes in a KrF laser. In contrast to [17], both
the parallel-resistor model and the real shape of the electrode
profiles as used in the experiments were taken into account
in this work. The results of our simulations, reported below,
demonstrate the importance of the correct description of this
property.

2.2 Filament formation

As discussed in the introduction, the most probable mechan-
ism for the early termination of the laser pulse is the forma-
tion of micro-arcs or filaments (see also a detailed discussion
of this mechanism for a KrF laser in [17]). To evaluate this
effect we introduced in the model an additional layer lo-
cated along the discharge axis, where the electrical field has
a maximum (see Fig. 2). In this layer the same set of equa-
tions, except the photon equation, was also solved as in the
other layers. The area of this layer is formed by the total
cross-section of all micro-arcs. In our simulations the total
area of all filaments was estimated by taking the number
of filaments from the experiment (the observed period be-
tween the filaments was 1–2 mm) and the estimated filament
diameter was 100–200 µm using the results of 2-D simula-
tions of micro-arcs in an ArF laser [13]. Despite some dif-
ferences in the composition of the laser gas mixture (in [13]
it was F2 : Ar : He = 0.24 : 7.89 : 91.87 at a total pressure of
2.53 bar), one may hope that this estimate is correct with re-
spect to the order of magnitude. As a result, the value of the
total filament area was taken to be 1.1 cm2 in our simula-
tions. This corresponds to ∼ 2.6% of the total discharge area.
The total current in the electric circuit was composed of the
currents through all layers and through the filament area. It
should be noted that laser gain is produced only in the layers.

It was shown [21] that the development of micro-arcs is
much more sensitive to a perturbation of the electrical field
than to a fluctuation of the preionisation level. Taking into
account that in the experiment X-ray preionisation was used
providing a quite good plasma homogeneity, it was assumed
that the electric field strength in the filament is proportional to
the electric field at the centre of the plasma layer, with a pro-
portionality factor which is varied in the calculations. In other
words, |E0 − Ef| = κE0, where the magnitude of κ is esti-
mated to reflect the appearance of hot spots at the cathode.
Evidently, this is an assumption. The second physically rea-
sonable option is to assume that an increment of electric field
in the filament may be found from the discharge voltage ac-
counting for a lower cathode fall at this place. (It should be
recalled that the cathode fall is usually neglected in numeri-
cal simulations.) Test calculations demonstrated that between
results obtained for both options the difference is not signifi-
cant. The disturbance of the electric field within the filament
κ, was estimated from a decrement of the cathode voltage fall
of 70 V which is a reasonable value for the cathode voltage
reduction produced by hot spot formation.

This approach is a simplified version of Kushner’s more
rigorous filament treatment in [17]. In particular, we replace
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the realistic profile of the parameters within a filament by
a stepwise one and we neglect the effects of the gas-dynamic
expansion. Nevertheless we use a rather complete kinetic de-
scription with real electrode profiles and study the effect of
a local voltage disturbance.

2.3 The electric circuit

A correct simulation of the electric circuit used in the experi-
ments is not a trivial problem. A rigorous simulation of the
PFN would require the use of a model with distributed pa-
rameters. In Fig. 2, a simplified model of the used electrical
circuit is given. Keeping essential features of the circuit, we
have replaced the PFN by a self-inductance LPFN and cap-
acitance CPFN with appropriate values. It should be noticed
that the laser-head stray inductance makes this approxima-
tion more applicable by smoothing the pumping pulse. The
calculations start at the moment the voltage at the peaking
capacitor is at its maximum value but at opposite polarity
to the voltage on the PFN. In the experiments (see above)

Reaction Rate (10X) cm3/s, cm6/s, s−1 Reference

Ar+ e → Ar+ + e+ e Boltzmann equation (BE)
Ar+ e → Ar∗ + e BE
Ar+ e → Ar∗∗ + e BE
Ar∗ + e → Ar∗∗ + e BE
Ar∗ + e → Ar+ + e+ e BE
Ar∗∗ + e → Ar+ + e+ e BE
Ar+2 + e → Ar∗∗ +Ar BE
F2 + e → F− +F BE
F2(Vib)+ e → F− +F BE
F2 + e → F2(Vib)+ e BE
He+ e → He+ + e+ e BE
He+ e → He∗ + e BE
He+ e → He∗∗ + e BE
He∗ + e → He∗∗ + e BE
He∗ + e → He+ + e+ e BE
He∗∗ + e → He+ + e+ e BE
He+

2 + e → He∗∗ +He BE
He+ +He+He → He+

2 +He 1.0(−31) [28]
Ar+ +Ar +Ar → Ar+2 +Ar 2.5(−31) [29]
Ar+ +Ar +He → Ar+2 +He 1.0(−32) [30]
Ar∗ +F2 → ArF∗ +F 4.0(−10) [31]
Ar+ +F− → ArF∗ 9.1(−7) [32]
Ar+2 +F− → ArF∗ +Ar 9.26(−7) [32]
He+ +F− → F∗ +He 6.94(−6) [32]
He+

2 +F− → F∗ +He+He 5.08(−6) [32]
Ar∗∗ → Ar∗ +Phot 1.4(+7) [33]
He∗∗ → He∗ +Phot 1.0(+8) Estimate
ArF∗ → Ar+F+hν 2.38(+8) [34]
ArF∗ +Rad → Ar+F+Rad 2.7(−16) [34]
Ar∗∗ +Rad → Ar+ + e 3.0(−18) [2]
F2 +Rad → F+F 1.5(−21) [2]
F− +Rad → F+ e 9.7(−18) [10]
Ar2F∗ +Rad → ArF∗ +Ar 1.0(−18) [35]
Ar∗2 +Rad → Ar+2 + e 4.0(−18) [10]
ArF∗ + e → Ar +F+ e 2.0(−7) [10]
ArF∗ +F2 → Ar+F+F +F 1.900(−9) [10]
ArF∗ +Ar → Ar+Ar +F 9.000(−12) [10]
ArF∗ +He → He+Ar+F 1.000(−12) [35]
ArF∗ +He+Ar → Ar2F∗ +He 1.000(−31) [35]
Ar∗ +Ar∗ → Ar+ + e+Ar 5.000(−10) [10]
Ar2F∗ +He → Ar +Ar+F+He 1.000(−12) [10]
Ar∗ +Ar +Ar → Ar∗2 +Ar 2.500(−32) [36]
Ar∗ +Ar +He → Ar∗2 +He 8.000(−33) Estimate
Ar∗2 → Ar+Ar 2.380(+8) [36]
F∗ → F +Phot 2.700(+8) Estimate

Table 1. List of processes included in the
model

the voltage and the current are measured on top of the laser
vessel and not on the electrodes. For comparison with the
experimental results, the current from the PFN and the volt-
age were calculated at the point VP of the equivalent electric
circuit in Fig. 2. The equivalent circuit also includes the in-
ductance of the laser head LH, and the inductance of the
peaking capacitors and of the connectors LP. As can be seen
from Fig. 1, the peaking capacitors are connected to the up-
per part of the electrode. The area between the connection
point of the peaking capacitors and the plasma possesses
a small additional inductance LEL. None of the mentioned
inductances were measured and they served as fitting pa-
rameters to provide the best agreement between the calcu-
lated and measured waveforms of the PFN current and volt-
age VP.

2.4 Kinetic reactions and Boltzmann solver

The list of processes that are included in the kinetic model is
given in Table 1. Data for reaction rate coefficients are taken
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from [10, 29–36]. The electron scattering cross sections are
taken from [37–41]. The steady-state Boltzmann equation for
the electron energy distribution function (EEDF) was solved
in a two-term approximation; electron–electron collisions and
second-kind collisions were taken into account, as well. The
local field approximation for the Boltzmann equation used in
this model is valid when the voltage rise time is longer than
the electron energy relaxation time and when the thickness
or radius of a micro-arc is greater than the energy relaxation
length. For the considered experimental condition the energy
relaxation time and length are equal to about 0.5 ns and 5 µm,
respectively. It should be remembered that the kinetic equa-
tions and the Boltzmann equation were solved in parallel for
each layer as well as for the filament layer, while the laser
photon rate equation was not used in the filament layer.

3 Simulation results and comparison with experimental
data

Our final goal was to predict correctly the lasing dynamics
and the laser energy as a function of the physical parameters.
Therefore, it is very important to describe properly the optical
characteristics of the cavity. Care was taken to adequately de-
scribe the optical losses. The absorption and reflection from
the two MgF2 windows located inside the cavity were meas-
ured and the corresponding losses were used in the model. To
evaluate the role of unaccounted losses in the cavity, in Fig. 3
the dependence of the calculated laser energy on additional
losses in the optical cavity is shown for an Ernst-profiled
cathode for different disturbances of the electric field within
a filament (δE) (marked curves) with a total filament area (Sf)
of 1.1 cm2. It is seen that additional losses of a reasonable
value can not explain the difference between experimental
and computed laser energy.

Fig. 3. Calculated laser energy as a function
of the additional losses in the optical cavity
for profiled (Ernst) and flat (Flat) cathodes
for different values of the electric field dis-
turbance in a filament (δEF) and filament
cross-section areas (SF)

In Fig. 4a the measured current (JPFN(exp)) and voltage
(VP(exp)) waveforms are compared with calculated ones; in
Fig. 4c the measured and calculated laser pulse waveforms
are compared, too. The first peak in the experimentally ob-
served laser pulse is attributed to lasing of atomic fluorine
(λ = 713 nm). Because of the high intensity it was not com-
pletely filtered out. The gain kinetics for this transition was
ignored in the model because of the negligible role of this
process. Figure 4b presents the calculated discharge current
and voltage pulses. The presented results were calculated for
a radiation absorption and scattering loss in the windows of
20% per single pass. The outcoupling mirror has a reflectance
of 70%. The calculated laser energy is 158 mJ compared to
90 mJ measured in the experiment. Increasing the additional
losses in the calculation up to 40% per single pass resulted
in an output energy of 98 mJ, which is close to the experi-
mental value (see Fig. 3). But in this case the calculated form
of the laser pulse differs even more from the measured one.
In Fig. 4d the calculated evolution of the electron number
density and the F2 concentration within a filament are shown
relative to bulk density and to the initial value, respectively.
It can be seen that the growth of the electron density goes
ahead of the halogen depletion process. When the influence
of the micro-arcs on the lasing process is ignored, both the
calculated pulse length and pulse energy were higher than in
the experiments. This discrepancy can not be explained by
a reasonable increase of the radiation losses in the laser cav-
ity (see Fig. 3). However, inclusion of discharge filamentation
in the model yielded a reasonable agreement between experi-
ment and theory both in the shape of the laser pulse and in its
energy. As discussed above, the field disturbance (δE) in the
filaments was taken as equal to 0.7%. Our model also allows
us to calculate the spatial profiles of all physical quantities.
The calculated dynamics of the transverse spatial distribu-
tions for the same conditions as in Fig. 4 are illustrated in
Fig. 5. According to the electrode profile, a LSSN leads in the
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Fig. 4a–d. Time evolution of different characteristic
signals. (Filament area SF = 1.1 cm2; relative electric
field fluctuation inside a filament δEF = 0.7%, Ern-
st’s profile cathode.) a Measured current JPFN and
voltage VP (see Fig. 2) compared with calculated quan-
tities. b Calculated discharge voltage UD, total dis-
charge current JTotal and current in the bulk of the
plasma JBulk. c Calculated total power dissipated in
the discharge PD, in the bulk of the plasma PB, the
calculated optical output IOUT and the experimental
optical output IEXP. d The calculated electron concen-
tration in the filament relative to the bulk of the plasma
ne[ f ](t)/ne[b](t), and the fluorine density in the fila-
ment reduced to the initial value F2[ f ](t)/F2(t0)

centre of the discharge to an increase of the current, the input
power, the electron, F, F∗ concentrations and the photon dens-
ity. On the other side, due to depletion the F2 concentration
has a minimum and is very low at the end of the pulse here.
In contrast, the concentrations of F− and Ar∗ have plateaux
because of the balance of the rates for creation and destruc-
tion. The laser generation takes place only in the central part
of electrodes, therefore the excimer molecules have a hole
in their spatial distribution. The computed time dependencies
of the distribution widths for a number of physical quantities
are shown in Fig. 6. The oscillations in the discharge current,
theoretically predicted for these conditions (see Fig. 4), re-
sulted in a non-monotonous behaviour of the widths of the
distributions of the electric current, of the excited species
densities and of the laser power. The evolution of a LSSN
in the form of a constricted channel at the discharge axis
for the discharge current and laser energy is clearly seen

in Fig. 6a and c. It should be emphasised that the current
channel eventually constricts stronger than the laser beam, re-
sulting in a discharge width narrower than the laser beam.
This is explained by the saturated dependence of the excimer
molecule density on the electron number density. Note that
the calculated beam width for the laser energy of 0.6 cm (see
Figs. 5d and 6) agrees quite well with the experimental result
of 0.7 cm.

4 Numerical parametric studies of laser characteristics

A comparison of the simulation results with experimental
data carried out above shows the applicability of the model
formulated for a rather complicated experimental device. To
clarify the role played by different factors included in the
model some parametric studies were performed numerically.
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Fig. 5a–k. Temporal evolution of the spatial distribution of a the current, b the input power, c the output energy and d photon concentration and the densities
of e electron, f Ar∗, g ArF∗, h F2, i F−, j F and k F∗ for the same conditions as in Fig. 4
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Fig. 6. Time evolution of the full-width at half-amplitude (FWHA) of the
spatial distribution of different species and of the current, the input power
and the output energy for the same conditions as in Fig. 4

4.1 Electrode profile and micro-arcs formation

In the experiment the cathode surface was profiled according
to Ernst [24] to provide a uniform distribution of the initial
electric field over the discharge volume. To estimate the role
of the cathode profile a comparison was made with a cathode
with a flat part in the centre. Calculations were made for these
two systems. In the model the width of the flat parallel part of
the cathode was taken as equal to the experimentally observed
width of the laser beam of 0.7 cm. In fact, the model in this
case exactly coincides with the zero-dimensional model (0-D
model) in which filament formation is allowed. This model
is frequently used in the literature (e.g. see [10, 15, 16]). In
Fig. 3, it can be seen that for the actual cathode profile the
computed energy is lower than for the flat one, provided all
other conditions are kept the same. Note that the difference
in output energy is lower when the development of a fila-
ment is allowed. In Fig. 7 the calculated waveforms of the
total discharge power PD, the power dissipated in the bulk
of the plasma PB and the calculated optical output IOUT are
compared for various parameters of the electrical circuit, with
and without plasma filamentation and for different electrode
profiles. Comparing Figs.4c and 7a and looking at Fig. 3, the
conclusion can be drawn that the PRM with realistic electrode

profiles provides a better agreement with the experiment than
the 0-D model, both in the waveforms and in the laser en-
ergy. An increase of the electric field disturbance within the
filaments, or of the area occupied by them, results in a laser
energy getting closer to the experimental value for the flat
electrodes (see Fig. 3). Agreement is achieved for a perturba-
tion of the electrical field of 1.1% or with a micro-arc area
of 8.4 cm2. However, the calculated form of the laser pulse
with its energy close to the experimental value, differs even
more strongly from the measured one than those shown in
Figs.7e and f.

To illustrate the role of the micro-arcs, simulations were
made for the actual electrode profile while neglecting the for-
mation of filaments. While there is no strong difference in
the observed discharge current and voltage, the laser pulse is
remarkably higher and longer when the instabilities are ig-
nored (compare Figs.4 and 7b). The calculated laser pulse
energy in this case is 381 mJ with additional losses of 20%
(see Fig. 3).

4.2 Electrical circuit parameters

In the experimentally used electric circuit there exists a strong
difference between the capacitance of the PFN and the peak-
ing capacitor. As a result, the discharge current is modulated
by oscillations associated with the circuit involving the peak-
ing capacitor (see Fig. 4). The repetition frequency of oscil-
lations is governed by the value of the peaking capacitance
and the inductance of the local circuit, LP + LEl. Accord-
ing to the calculations, if no micro-arcs evolve, six electric-
discharge pulses would excite the active medium, and the
output would consist of four laser peaks (see Fig. 7b). The
development of micro-arcs limits lasing to two peaks (see
Fig. 4 and Fig. 7a). Decreasing the inductance of the peak-
ing capacitor should increase the discharge energy that is
consumed by the lasing process. In Fig. 7c the results are
presented for the ideal case of this inductance being zero.
The reduction of the period between the electric-discharge
pulses results in an increase of the input power, while the
stability time slightly increases. The output energy increases
up to 219 mJ (as compared to 158 mJ in Fig. 4). The laser
pulse starts earlier and decays more smoothly. For a further
illustration of the effect of a variation of the electric circuit
parameters, in Fig. 7d the results of numerical simulations are
shown for the same conditions as in Fig. 4 except for a doub-
ling of both the peaking capacitance CP and inductance LP.
In this case only the first current pulse of the pulse train re-
sults in a laser pulse. The predicted pulse energy becomes
115 mJ and the pulse shape is quite similar to the experimen-
tal waveform. However, the period of the voltage oscillations
at VP is twice as long as that of the experimentally measured
waveforms.

4.3 Effects of the EEDF

A specific feature of our model is that it involves the in-
tegration of the Boltzmann equation for each layer of the
plasma as well as for the filaments. In the PRM, two ap-
proaches used to be employed in the past for the treatment of
the electron energy distribution function (EEDF): in the first
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Fig. 7a–f. Calculated time evolution of total power dissipated in the discharge PD, in the bulk of the plasma PB and the optical output IOUT, for the same
conditions as in Fig. 4 except: a Ernst’s cathode replaced by a flat cathode; b without plasma filamentation; c with self-inductance LP = 0 nH; d with doubled
self-inductance and peaking capacitance; L ′

P = 2LP, C′
P = 2CP; e with δEF = 1.1%; f with Ernst’s cathode replaced with a flat cathode and SF = 8.4 cm2

one, the assumption was made that the EEDF is Maxwellian
and an equation for the evolution of the electron tempera-
ture was included. In the second approach, the EEDF and
all respective kinetic coefficients were calculated in advance
for the ’cold’ plasma, stored and then used in the calcu-
lation by interpolation of the values necessary for the in-
tegration of the kinetic equations system. As is seen from
Fig. 8, neither of these assumptions is valid for the situation
under consideration. The EEDF is shown calculated for three
different plasma layers, positioned at the axis (x = 0), at
x = 2.79 mm, and at x = 5.58 mm (close to the laser beam
boundary), and for the filament. In the shape of the EEDF,
strong deviations from the Maxwellian distribution having
a form of a straight line are clearly seen. The appearance of
a wavy structure, later in the discharge, can be explained by
the influence of super-elastic collisions in combination with
electron–electron (e–e) collisions. The discharge and laser
pulses calculated with a fixed electron concentration and neg-
lecting super-elastic collisions are remarkably longer than in

Fig. 4, and no micro-arc formation is seen. Figure 9 shows
a direct comparison of the laser pulse waveform for these
three cases (we include also the case when the electron num-
ber density is fixed at a level of 1.75 ×1012 cm−3), for clarity
the experimental waveform is shown, too. The strong differ-
ence between the calculated waveforms is evident, and it is
attributed completely to the development of instabilities as-
sociated with the deformation of the EEDF. It is seen also
that super-elastic collisions play an insignificant role in this
effect. It should be noted that the so-called mechanism of
halogen depletion instability, widely discussed in the litera-
ture (for example in [17]), is included in our model. However,
under our conditions it plays a minor role, if any. The most
striking illustration of the importance of a correct modelling
with respect to the e–e and super-elastic collisions is the fact
that in the case when the e–e and super-elastic collisions are
neglected in the calculations, the Boltzmann equation theory
predicts that at the applied voltage no high-current discharge
exists. For the given parameters of the specific electric cir-
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Fig. 8a–c. EEDF at several positions in the bulk plasma (x = 0; 0.279;
0.558 cm) and in the filament for time a 30 ns, b 40 ns and c 100 ns for the
same conditions as in Fig. 4

Fig. 9. Comparison between the experimental and the calculated laser
pulse waveforms for different approximations of the electron kinetics.
Dashed line: complete model for the situation in Fig. 4. Solid line: Boltz-
mann equation computed with a fixed electron concentration of ne =
1.75×1012 cm−3 and neglecting second-order collisions. Short-dashed
line: Boltzmann equation computed with a fixed electron concentration of
ne = 1.75×1012 cm−3. Solid line and symbol: experimental result

cuit and applied voltage, the discharge-current waveform ap-
pears to be rather sensitive to small variations in the shape
of the EEDF. Inclusion of the e–e collisions at an electron
concentration as low as 1.75 ×1012 cm−3 results in the de-

velopment of a high-current peak, while with no e–e col-
lisions the balance between the ionisation and attachment
processes became negative. For an electron concentration in
the plasma higher than 1015 cm−3, the role of e–e collisions
is much more important, resulting in a rapid development of
instabilities.

5 Conclusions

A rather good agreement is achieved between the discharge
and laser characteristics, predicted by a PRM including the
formation of filaments and the experimental results on a self-
sustained discharge-excited ArF laser. It is shown that the
inclusion in the model of the formation of micro-arcs, fol-
lowed by a redistribution of the current between the bulk of
the plasma and the filament array is of crucial importance to
the model. The assumption was made that the electric power
dissipated in the filaments was lost for the lasing process.
It is shown that it is important to properly include in the
model a description of the electrode profile and to calculate
the Boltzmann equation for the electron energy distribution
function for each layer as well as for the filaments. In par-
ticular, known mechanisms for discharge instabilities, such
as step-wise ionisation and halogen depletion, taken solely
cannot explain the observed stability time. It turned out that
only a combination of these mechanisms together with a de-
formation of the EEDF, induced by electron–electron and
second-kind collisions, can satisfactorily explain the experi-
mental data. A strong difference between the predictions by
a 0-D model and the present 1-D model is demonstrated.
The developed model describes the evolution of the trans-
verse profiles for the discharge current, the laser power and
the distributions of various species. A surprising result from
the model is that the spatial width of the calculated current
distribution is less than that of the optical beam. Modelling
showed the possibility of controlling the characteristics of the
laser by varying some parameters of the electric circuit. Rec-
ommendations are given for the electric circuit parameters.
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