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Abstract. A comprehensive kinetic model forXeCl lasers ex-
cited by microwave discharge is formulated. In the model, the
rate equations of reaction kinetics are solved self-consistently
with the Boltzmann equation for electrons and the radiation
transfer equation. The effective electric field strength needed
in the solution of the Boltzmann equation is determined, by
the energy balance argument, in terms of the microwave en-
ergy dissipated in theXeCl laser plasmas. The accuracy of the
model is checked by comparing calculations with the experi-
mental results reported by Christensen et al. in Optics Letters,
12, 169 (1987). Reasonably good agreements in the peak out-
put power and laser efficiency have been achieved. Model
calculations also predict that an efficiency as high as2.7% can
be obtained once the conditions of the above-mentioned ex-
periments have been optimized. From the consideration that
the skin depth effectively limits the absorption length of the
microwave pumping and hence the excitable volume, it is
concluded that high input power densities (≥ 2 MW/cm3)
and higher gas pressures (between3 and 10 atm) are the
preferable conditions to achieve higher efficiency. Prelimi-
nary calculations onCCl4 containingXeCl gas mixtures show
that improvement in laser efficiency by several folds may be
achieved as a result of the higher intrinsic efficiency of ex-
cimer formation.

PACS: 42.55; 52.80

XeCl lasers excited by pulsed discharge have been shown to
have an efficiency of5% at a per-pulse output energy of about
1 J [1]. This experimental result compares reasonably well
with the theoretically predicted efficiency of6% [2]. Uniform
and stable discharge was assumed in the model calculations
in [2]. The efficiency of scaled-upXeCl lasers with per pulse
output of the order of10 J ranges from1% to 2% [3–5],
which is much lower than the predicted value. The cause of
the reduction of efficiency was attributed to discharge non-
uniformity induced by inhomogeneity in preionization and
in the discharge electrodes [6, 7], or by micro-instability fol-
lowed by the formation of hot spots or hot filaments on the
electrodes [8–13].

The electrodeless radiofrequency (RF) and microwave
(MF) discharges of rare-gas halide excimer laser gas mixtures
are more stable than those of dc pulsed discharges [14–24].
In particular, experiments on microwave-pumpedXeCl lasers
have so far demonstrated laser efficiencies of6% [15], pulse
repetition rates up to8 kHz [16], and laser pulse durations of
6 ms[17]. Fluorescence pulse durations of8 msand efficien-
cies of12.1% were also achieved for a microwave-pumped
KrF lamp [18]. In spite of the promises of long pulse duration
and higher efficiency in microwave-pumped excimer lasers,
there has been few detailed parametric studies by theoretical
modeling of microwave-pumped excimer lasers [29].

We have previously developed a fully comprehensive ki-
netic model for dc-pulsed discharge-pumpedXeCl lasers [2,
25, 26]. This model is modified for microwave discharges as
the effective electric fieldEeff is used in the calculation of
the electron energy distribution function (EEDF). Detail of
the determination ofEeff is given in the next section. Detailed
calculations were carried out to study the parameter space of
interest for efficiency optimization. The results of the calcu-
lations indicate that because of the presence of a skin depth
that practically limits the excitable volume, a high efficiency
(≥ 2.7%) can be achieved in conditions of high input power
density (≥ 2 MW/cm3) and higher gas pressures (between3
and10 atm).

1 Model description

The kinetic model used in the calculations is essentially the
same one described fully in [2, 25, 26]. The model consists of
a reaction kinetic module for the charged or neutral species
of interest in theXeCl laser plasmas, a Boltzmann equation
module for the calculations of the EEDF and the reaction
rate constants, and the radiation transfer equation module that
predicts the output emission for a particular resonator cavi-
ty arrangement. In the solution of the Boltzmann equation,
the electron–electron collisions and the superelastic collisions
(collisions with excited species) are taken into account so that
the model is fully self-consistent.
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Fig. 1. Dependency of inelastic collisions frequencyνU [s−1] on gas
pressuresp [atm] for various input power densities:solid line Win =
0.1 MW/cm3; dotted line Win = 0.77 MW/cm3; dashed line Win =
10 MW/cm3

In the case of the dc-pulsed discharge-pumped excimer
lasers, the electron energy transfer (inelastic collisions) fre-
quencyνU is much larger (νU ≈ 109 s−1) than the oscillation
frequency of the applied electric field. Hence, the solution
of time-dependent Boltzmann equation is not necessary and
a quasi-steady description of the EEDF is considered ade-
quate. For most of the microwave-pumped excimer laser ex-
periments reported in the literature [1, 4–22], the electric field
frequency ranges from1 to 3 GHz, which is of the same order
of magnitude asνU at higher pressures. (See Fig. 1 which
shows the variations ofνU at different input power densities
and gas pressure for a mixture ratio ofHe : Xe : HCl = 1000:
10 : 1.) Hence, the quasi-steady description of the EEDF may
not be entirely appropriate.

In the case whenνU � ω � νm, whereω is the angu-
lar frequency of the microwave field andνm is the mo-
mentum relaxation frequency, the time-averaged solution of
the Boltzmann equation closely approximates that of the
steady-state defined by the reduced electric field strength
E/N = E0/N

√
2, where E0 is the amplitude of the mi-

crowave field [24, 27, 28]. The rate constants needed for re-
action kinetic calculations can then be determined by solving
the steady-state Boltzmann equation for an effective elec-
tric field Eeff = E = E0/

√
2. Based on energy-balance argu-

ments, the effective electric fieldEeff is calculated from the
experimentally measured absorbed pump powerW(t), i.e. by
equatingW(t) to eE2

effµene, wheree is the electronic charge,
µe is the electron mobility, andne is the electron number den-
sity. This approach was adopted in [29] in the modeling of
microwave-pumpedXeCl lasers, and we call this the time-
averaged approach in this paper. ForXeCl laser mixtures at
higher pressures,νUis of the same order asω (Fig. 1). Again,
the use of the time-averaged approach may also be problem-
atical.

The variation of the EEDF and the relevant reaction rate
constants at different applied electric field frequencies (ω)
were studied in detail forNe : Xe : HCl gas mixtures [27] and
for pureHe andN2 gases [28]. Calculations were performed
for predetermined degrees of ionization and excitation, while
requiring a balance of electron loss and production rates [27].

The results so obtained indicate that forνU ≤ ω, the variation
of EEDF, and hence also the mean electron energy and mobil-
ity, with the applied field frequency is not significant [27]. It is
the reaction rates of the high-threshold processes (ionization
and excitation of electronic levels) that are most sensitive to
the change in the frequency of the applied field. Even so, for
νuω, the variation of these rates are no more than20%. There-
fore, an EEDF of reasonable accuracy can be obtained from
the time-averaged solution to the Boltzmann equation for the
experimental conditions given in [14–22].

Typically, our model calculations proceed as follows. In
the initial time step, the number densities of the electron and
plasma species (from preionization or otherwise), and the
effective electric fieldEeff (determined from the time histo-
ry of the absorbed microwave power, which is known from
experiments [29]) are taken as given. The EEDF is then de-
termined from the time-averaged solution of the Boltzmann
equation. Reaction rate constants and the electron mobility
are calculated. These rate constants are used in the reaction
kinetics module for the prediction of time-evolution of plas-
ma species. The system of equations are solved by the Gear
method [25]. The time step was adjusted to make sure that the
variation inEeff between time steps is small.

2 Comparison with experiments

To verify the accuracy of the model, comparison with ex-
periments is necessary. A fairly complete set of experimen-
tal parameters are given in [16]. In the experiments,XeCl
laser mixtures ofHe : Xe : HCl = 1000: 10 : 1 at a pressure
of 3.5 atmwas housed in a20-cm sapphire tube with inner
diameter of0.5 mm. The gain length is15 cm. A concave to-
tal reflector (radius of curvature at5 m) and a80%-reflectance
output mirror make up the resonator cavity. The round-trip
optical loss is about50% as a result of the poor quality of
the sapphire tube. The time histories of both the microwave
power and theXeCl laser pulse were measured. The frequen-
cy of the microwave is915 MHz[16].

The results of our calculations are presented in Figs. 2–5.
The time history of the microwave radiation absorbed in the
active volume is shown in Fig. 2a (100% absorption). Both
100% absorption and80% absorption were reported [16, 29].
A peak input power density of0.77 MW/cm3 is estimated
from the dimensions of the sapphire tube described in [16].
Figure 2b shows the time history ofXeCl laser at100% and
80% absorption. Compared with the100% case, the onset of
lasing is late by50 nsand the peak power is halved in the
80% case. But the peak power at about100 W in the 80%
case is in fairly good agreement with the experimental value
of 80 W [16]. Time histories of various plasma species are
shown in Fig. 3. It is seen that the maximum electron num-
ber density is about7×1014 cm−3. At the end of the pump
pulse the ground-state number density ofHCl is about one
tenth of that at the beginning, which results in the early ter-
mination of the laser pulse. The electron energy branching at
different channels as a function of time is shown in Fig. 4.
It is observed from Fig. 4 that most of the electron energy is
expended in elastic and excitation collisions withXe. 200 ns
into the pump pulse, almost all vibrational levels ofHCl are
accessed. This energy stored in the vibrational levels ofHCl
is later released to heat up the electrons.
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Fig. 2. aThe time history of microwave radiation absorbed in theXeCl laser
gas mixture.b XeCl laser output power for100% absorption (solid line) and
80% absorption (dotted line)

Ishihara and Lin [29] have modeled the experiments re-
ported in [16]. Their calculations ofXeCl laser output power
overestimated the measured values by 2.5 times. Our results
(Fig. 2b) seem to better agree with the measurements. Upon
close analysis of our model, it is observed that the accura-
cy of the EEDF affects the shape of theXeCl laser pulse.
For the results presented here, the maximum difference of the
EEDF between two time steps is set at 10−5. As for the re-
action kinetics, our model incorporate superelastic collisions
of electrons withXe∗ and vibrationally excitedHCl [26]. The
inclusion of these two processes reduces the number densi-
ties of Xe∗ andHCl (v) and thus effectively slows the reac-
tion rates of ionization and attachment. The formation rate
of XeCl (B) is also decreased as a result. Also, mixing of B
and C states ofXeCl molecules as well as the vibrational-
translational relaxation ofXeCl (B) state have been accounted
for. These two processes serve to slow the formation rate of
XeCl [B(v = 0)]. We believe that the more elaborate descrip-
tion of collisional mixing of B and C states, the inclusion of

Fig. 3a,b. Time histories of several species in theXeCl laser plasma:
a Electron,XeCl∗, XeCl (ground state);b HCl (v = 0), HCl (v = 1), Xe∗,
Xe+, Cl−

superelastic collisions, and the more recent data of electron-
quenching rate constants together contribute to the better fit
with experimental results. Their relative contributions can be
ascertained by relaxing the accuracy of the EEDF calculation
between time steps and/or the elimination of one or more of
the above reactions.

The skin depthL is calculated according to the formula

L = C

ωκ
, (1)

whereω is the angular frequency of the microwave field,κ is
the extinction coefficient given as

κ =
− ε

2
+

[( ε

2

)2 +
(

2πσ

ω

)2
] 1

2


1
2

. (2)

Hereε andσ are the dielectric constant and the conductivi-
ty of the plasma [29]. In Fig. 5 we show the time history of
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Fig. 4. The time variation of the electron energy branching via different
channels: a –Xe+e→ Xe∗ +e; b – HCl (v) +e− > HCl (v+1)+e; c –
Xe+e→ Xe+ +2e; d – Xe∗ +e→ Xe+ +2e; e –HCl (v)+e→ H+Cl−

the skin depth. When Fig. 5 is compared with Fig. 3a, the skin
depth is seen to be largely influenced by the electron num-
ber density. The minimum skin depth at5 mm corresponds
in time to the maximum of the electron number density. In
the experiments with microwave-pumpedXeCl lasers [16],
up to 100% absorption of the microwave power is reported
for a sapphire tube with an inner diameter of0.5 mm. Given
that the minimum skin depth is5 mm, one can safely as-
sume that the gas mixture in the tube is uniformly excited.
Deviation of the skin depth from5 mm could adversely af-
fect the laser efficiency because at too large a skin depth, part
of the microwave pump pulse will transmit through the laser
plasma, resulting in poor coupling efficiency, whereas at too
small a skin depth, only the outer space of the gas mixture

Fig. 5. The time histories for skin depth [cm] in gas mixturesHe:Xe:HCl =
1000: 10 : 1 for various input power densities and gas pressure:dot-
ted line Win = 0.1 MW/cm3, p = 10 atm; solid line Win = 0.77 MW/cm3,
p= 3.5 atm; dashed lineWin = 10 MW/cm3, p = 3.4 atm

is effectively excited, leading to inhomogeneity in the active
volume. Taking the ratio of the skin depth to the inner tube
diameter to be optimal at 10 (recall that the absorption of mi-
crowave power is reported to be100% [16]), one may be able
to choose the gas pressure and pump power density in order
to maximize the laser efficiency for a given sapphire tube
and a given gas-mixture ratio. The time histories of the skin
depth at a gas pressure of10 atmand pump power densities
of 0.1 MW/cm3 and10 MW/cm3 are also shown in Fig. 5.
The skin depth grows with pressure and diminishes with input
power density.

3 Parametric study and efficiency optimization

Since microwave discharges of rare-gas halide laser mix-
tures have been recognized as more stable than dc-pulsed
discharges, it is of interest to explore the optimum output
performance of the microwave-pumped excimer lasers. With
conditions typical of experiments (input power density,Win =
0.77 MW/cm3; pressurep = 3.5 atm; microwave frequency
at 915 MHz; active medium lengthL = 15 cm) the laser effi-
ciency is calculated as a function of theXe content (YXe) at
three different reflectances (R) of the output mirror (Fig. 6).
Figure 7 shows the results of the calculation of the laser ef-
ficiency as a function ofR at three differentHCl contents
(YHCl). Figure 8 shows the laser efficiency for the cases with
and without50% optical loss. The optimum mixture ratio of
He : Xe : HCl = 100: 1 : 0.1 as observed from Figs. 6 and 7
corresponds to the experimental value in [16]. The optimum
reflectance atR= 80% is also that used in [16]. Finally, the
calculated efficiency of0.6% for the case with50% optical
loss agrees well with the experimental result of0.36% [16].
Note that an efficiency of2.7% for the experimental condi-
tions in [16] is predicted by our model (Fig. 8). This should be
achievable if the poor-quality sapphire tube that contributes to
the50% optical loss is replaced.

Fig. 6. Dependency of the laser efficiency [%] onXe content (YXe) in gas
mixture He : Xe : HCl = 100: YXe : 0.1 for various reflectances (R) of the
output mirror:solid line R= 80%; dotted lineR= 60%; dashed lineR=
90%
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Fig. 7. Dependency of the laser efficiency [%] on the reflectances (R) of
the output mirror for variousHCl contents (YHCl) in gas mixtureHe : Xe :
HCl = 100: 1 : YHCl for: solid line YHCl = 0.1; dotted lineYHCl = 0.05;
dashed lineYHCl = 0.2

Fig. 8. Dependency of the laser efficiency [%] onHCl content (YHCl) in
gas mixture ratioHe : Xe : HCl = 100: 1 : YHCl for cavities with or without
50% optical loss:solid line R= 80%, no optical loss;dotted lineR= 80%,
optical loss is50%

Efficiency as high as5%− 6% has been demonstrated
for dc-pulsed dischargeXeCl lasers [1, 2]. One may want to
improve on the efficiency of the microwave pumped lasers,
which is 2.7% according to our model calculations. In gen-
eral, laser efficiency can be represented as the product of
the kinetic efficiency (approximately the ratio of the excimer
formation rate versus the ionization rate) and the resonator
cavity efficiency as estimated by the Rigrod relationship [30].
The determining parameter of the resonator cavity efficiency
is g0/α, whereg0 is the small signal gain coefficient andα
is the nonsaturable absorption coefficient. For the optimum

coupling loss,

Γop = (g0α)
1
2 −α = 1

2L
ln

1

R
, (3)

the resonator cavity efficiency is equal to

ηcav =
[
(g0/α)

1
2 −1

]2

g0/α
. (4)

For typical conditions in microwave pumping,g0/α is large
enough (≈ 20 according to Fig. 9) forηcav to be about the
same as in the case of dc-pulsed discharge pumping [2].
Hence, the lower laser efficiency in the microwave-pump
XeCl laser must be attributable to kinetic reasons. In our view,
the increased fraction of electron energy loss to elastic col-
lisions with He as compared to theNe-buffered gas mixes
used in [1, 2] as well as the less than optimum input power
density used at the experimental pressure of3.5 atmare the
main causes. We also calculate the variation of the skin depth
as functions ofYXe and YHCl (Fig. 10). The strong depen-
dence of the skin depth on theHCl content is the result of the
decrease in the electron number density caused by the accel-
erated attachment process.

To clarify the reasons for lower efficiency in microwave
pumping, we calculate the laser efficiency as a function of
pressurep at three different input power densitiesWin. For
Win = 0.77 MW/cm3, the maximum laser efficiency occurs
at p = 1 atm, where the excimers are quenched equally ef-
fectively by electrons and neutral species [25, 26]. We note,
however, that a pressure of3.5 atmwas used in [16]. At in-
creasedWin, the maximum laser efficiency occurs at higher
p. Indeed forWin = 10 MW/cm3, a laser efficiency as high as
0.45% is obtained atp= 10 atm(Fig. 11).

By contrast, the skin depth diminishes quickly withWin.
In Fig. 12, the minimum skin depth is depicted as a func-
tion of p for three values ofWin. For Win = 0.77 MW/cm3

the skin depth is about1 mm at p = 1 atm. This represents

Fig. 9. Dependency of the ratio of the small-signal gain coefficientg0 to
the absorption coefficientα, and of the optimum reflectance of the output
mirror on HCl content (YHCl) in gas mixtureHe : Xe : HCl = 100: 1 : YHCl
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Fig. 10. Dependency of the skin depth (cm) onHCl content (YHCl) in gas
mixture He : Xe : HCl = 100: 1 : YHCl (solid line) and onXe content (YXe)
in gas mixtureHe : Xe : HCl = 100: YHCl : 0.1 (dashed line)

Fig. 11. Dependency of laser efficiency in gas mixtureHe : Xe : HCl =
1000: 10 : 1 on gas pressure [atm] for various input power densities: solid
line Win = 0.1 MW/cm3; dotted line Win = 0.77 MW/cm3; dashed line
Win = 10 MW/cm3

a ratio of skin depth to inner tube diameter of 2, which is
far smaller than the optimum ratio of 10 considered to be
necessary for efficient ultilization of the microwave pump
power (see Sect. 2 of this paper). With the optimum ratio of
10 taken as a rough guide and the assumption that the inner
tube diameter is not smaller than0.5 mm (from a literature
survey on experimental work, the0.5 mm diameter appears
to be the smallest used in experiments), experimental con-
ditions must be chosen so that a skin depth≥ 3–4 mm can
result. If this premise is agreed upon, one may opt to oper-
ate the microwave lasers at higher pressures in order to obtain
higher efficiency (see Fig. 11). At such high pressures, high
input power (≥ 2 MW/cm3) must also be employed since las-
ing is not possible at higherp when pumping is delivered at
low input power density (see Fig. 11). It is then safe to con-

Fig. 12. Dependency of skin depth [cm] in gas mixtureHe : Xe : HCl =
1000: 10 : 1 on gas pressure [atm] for various input power densities: solid
line Win = 0.1 MW/cm3; dotted line Win = 0.77 MW/cm3; dashed line
Win = 10 MW/cm3

Fig. 13. Dependency of the ratio of the skin depth toc/νm, where c is
the speed of light in vacuum andνm is the momentum relaxation fre-
quency, on the normalized electron number densityne/n∗

e, where n∗
e =[

me

(
4πe2

)]
(ω2+ν2

m) is the critical electron number density

clude that laser efficiency of the order of3% can be obtained
with an input power density in the range2–10 MW/cm3 and
p between3 and10 atmfor a microwave frequencyω/2π of
915 MHz. This skin depth, of course, behaves differently at
differentω/2π. Such behavior is shown in Fig. 13.

4 Microwave pumpedXeCl lasers usingCCl4 as halogen
donor

We have performed a detailed model study of microwave
pumpedXeCl lasers inHe: Xe : HCl mixtures. From previous
work on dc-pulsed discharge-pumpedXeCl lasers, it is known
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that a higher performance can be obtained inNe-buffered
XeCl gas mixtures [1, 2].Ne-buffered gas mixtures have
indeed been used in experiments with microwave-pumped
XeCl lasers [17, 22]. Operation at pressures as high as17 atm
was achieved [17]. However, experimental data and condi-
tions as given in [17, 22] are not detailed enough for a model
study.

An efficiency as high as6% has been reported for
a microwave pumpedXeCl laser with CCl4 as the halo-
gen donor [15]. The halogen content in the mixture ratio
of Ne : Xe : CCl4 = 300: 60 : 1 is higher than that used in
dc-pulsed discharge [1–5]. a more detailed account of mi-
crowave experiments onCCl4-containingXeCl laser mix-
tures can be found in [20], where a mixture ratio ofNe : Xe :
CCl4 = 95 : 18 : 1 was used. We have made a preliminary
model study of microwave-pumpedXeCl laser experiments
in [20]. Laser efficiency as high as28% is predicted by our
model. Such a high efficiency is possible because80% of
the electron energy loss results in the excitation ofXe and
CCl4, both of which are precursors ofXeCl (B), leading to
a kinetic efficiency of46%. This coupled with the resonator
cavity efficiency of60% (typical of a highg0/α value at 25)
could imply a potential laser efficiency of28%. Other inter-
esting features of microwave-pumpedCCl4-containing laser
mixtures are the high electron temperature (≈ 6 eV) and the
low electron number density (less than that ofCl−). Both
of these are the result of large attachment cross sections of
CCl4 at low electron energy. We did not pursue the study
of microwave-pumpedXeCl lasers withCCl4 as the halo-
gen donor further because of insufficient knowledge of the
relevant cross-sectional areas of certain key kinetic reactions.

5 Conclusion

We have modeled microwave-pumpedXeCl lasers withHe :
Xe : HCl mixtures using the time-averaged approach for the
solution of the Boltzmann equation. Good agreement with ex-
periments is obtained. Parametric studies show that efficiency
of the order of2.7% can be obtained for conditions typi-
cal of [16]. The prefered experimental conditions for higher
efficiency are higher pressures (between3 and10 atm) and
high input power densities (≥ 2 MW/cm3) based on skin-
depth considerations. Our preliminary study also indicates
that higher efficiencies may be possible in gas mixtures with
CCl4 as the halogen donor.

Finally, we note that the skin depth expression used in the
calculations in this work is an approximate one that assumes
uniform plane waves impinging on some homogeneous plas-
ma. This picture is, of course, far from accurate as the mi-
crowave is continuously attenuated during its propagation
in the plasma, leading to a reduction in the power absorp-
tion and electron number density. The spatial inhomogeneity
of the laser–plasma interactions must be treated by multi-

dimensional (or at least one-dimensional) modeling, which,
however, lies outside the scope of this work.
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