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Abstract. An average power of2 kW with an efficiency of
4.3% was demonstrated in a discharge-pumpedXeCl laser
using a spiker/sustainer circuit and surface corona preion-
izer. Effective discharge volume is4 cm gap length,2.5 cm
discharge width and2 m effective discharge length. The be-
havior of the500 Wlaser developed in previous work was in-
vestigated by computer simulation. It was found that most of
the spiker energy is not deposited into the discharge volume
in the reverse voltage operating mode, though this operat-
ing mode is indispensable for high repetitive operation of the
spiker/sustainer circuit. Based on the simulation results, the
laser apparatus was redesigned and consequently a laser out-
put energy of2.5 J with a high efficiency of4.5% obtained.
In repetitive operation at800 Hz, the high performance men-
tioned above was attained.

PACS: 42.55

Excimer lasers are expected to serve as new manufactur-
ing tools in the next century, and industrial applications for
micro-lithography, micron-sized hole drilling, laser ablation,
and surface annealing are actually increasing. Under these
conditions, interest in the development of a high-power ex-
cimer laser has been increasing. In the middle of the 1980s,
two national projects were started concurrently in Europe and
Japan to spur innovation in processing technologies for the
next century. Technologies concerning the high-power ex-
cimer laser made remarkable progress in these projects. In the
European "EUREKA project", aXeCl excimer laser with an
average power of750 Wwas reported in 1990 [1] and an aver-
age power of1 kW at a repetition rate of100 Hzwas reported
using an X-ray preionizedXeCl excimer laser in 1993 [2]. In
1998, Timmermans reported an X-ray-preionized1 kW XeCl
laser for laser ablation processing [3].

In 1994, we also demonstrated a2 kW high-powerXeCl
laser under the Japanese “AMMTRA project” [4]. In this
laser, a new combination system of surface corona discharge
preionizer and spiker/sustainer excitation circuit was used.
The surface corona discharge preionizer had been developed

because of the following advantages. It easily provides
a larger discharge volume than a conventional arc discharge
preionizer. It is also more suitable for repetitive operation
near 1 kHz than an X-ray preionizer. The spiker/sustainer
excitation circuit was adopted in order to realize a high aver-
age power of2 kW with a high efficiency of near4%. The
spiker/sustainer circuit was first demonstrated by Long et
al. [5] and improved by Taylor et al. [6], Fisher et al. [7],
and Timmermans et al. [8]. The spiker circuit acts only to
initiate discharge and reduce the discharge impedance to
a quasisteady-state value. The main energy for excitation
is then delivered from the sustainer circuit to the discharge
volume under impedance-matching conditions. The efficient
energy delivery from the excitation circuit results in a high
efficiency of more than4% at a laser output of2–4 J [5–8].
However, these studies were done in a single-shot opera-
tion. It was found in our study that the conventional oper-
ating mode for the spiker/sustainer circuit was not suited
for high repetitive operation. We developed a new operating
mode (reverse voltage mode) and a technique for controlling
preionization timing to achieve high repetitive operation. As
a result,2 kW average power (2.6 J/pulse) was enabled at
a repetition rate of800 Hz. However, the total efficiency was
confined to a low value of2.8% [4].

In this study, the characteristics of this laser were investi-
gated by computer simulation and the laser was subsequently
redesigned based on simulation results. A high-efficiency and
high power excimer laser is reported as a result of these
improvements.

1 Experimental apparatus

1.1 Configuration ofXeCl laser

The electrode system is the same as reported in the pre-
vious paper [4]. The main electrodes consist of a Chang-
profile electrode and a perforated plate electrode. The perfo-
rated plate electrode is also used for surface corona discharge
preionization together with a dielectric (alumina ceramic



664

pipe) and an auxiliary electrode. The top surface of the alu-
mina pipe is flattened in order to contact the perforated plate
electrode. The auxiliary electrode has a semicylindrical shape
and is located inside the pipe. When a high voltage pulse is
applied between the perforated plate electrode and the aux-
iliary electrode, a corona discharge is formed in each per-
foration of the perforated plate electrode. Uniformity of the
corona discharge is maintained over the perforated plate elec-
trode by the capacitive ballast effect of the alumina ceramic.
The corona discharge seeds electrons ever the surface of the
perforated plate electrode. In the following stage, the seeded
electrons increase quickly by electron avalanche in the elec-
tric field between the main electrodes. When the density of
electrons increases enough to cause the gas breakdown, the
uniform main discharge is formed. The optimum area per-
centage for openings in the perforated electrode was deter-
mined to be40%–50% based on laser output performance
and discharge stability [4].

The excitation circuit is shown in Fig. 1. The spiker cir-
cuit is a conventional charge-transfer type. The capacitance
of primary and secondary capacitors are12 nFand9.7 nF, re-
spectively. A pulse-forming line was adopted as the sustainer
circuit, which consists of coaxial-type capacitors connected
two in series and eighteen in parallel. The total capacitance
is 520 nFand the structural inductance is about6 nH. The
charging voltage of the sustainer circuit was changed from
6 kV to 10 kV. The maximum charging voltage is limited to
10 kV by the self-breakdown between the main electrodes.
A racetrack-shaped magnetic switch is used to stop the cur-
rent flow from sustainer circuit to the main electrodes during
operation of the spiker circuit. The core of the switch is made
of a cobalt-based alloy. The maximum change of flux density,
path length, and total cross section of the magnetic switch are
1.1 T, 1.4 m, and15 cm2, respectively.

The operation mode of the circuit is the reverse voltage
mode [4]. First, the spiker circuit pulls the gap voltage (Vgap)
to the opposite side from sustainer voltage. The magnetic
switch is designed to saturate before the voltage,Vgap, reaches
the gas breakdown point. As soon as the magnetic switch
saturates, the charge on the large capacitor of the sustainer
circuit (Csus) is quickly transferred to the small capacitor of
the spiker circuit (C1,sp). This charge transfer reversesVgap

Fig. 1. Excitation circuit

and generates a quite steep voltage rise of nearly1000 kV/µs.
This rate is several times larger than that of conventional
charge-transfer circuits and it very effectively initiates homo-
geneous discharge. Gas breakdown starts just before the first
peak of the reverse voltage and spiker-discharge is formed.
Because the magnetic switch is already saturated, the current
starts to flow into the discharge region from the sustainer ca-
pacitor following the spiker discharge without any delay time.
A homogeneous and stable discharge is then maintained for
several hundred nanoseconds. In the usual operation mode,
the spiker circuit initiates gas breakdown, after which the
magnetic switch saturates. Because of the limited switching
time of the magnetic switch, a delay time is generated be-
tween spiker discharge and sustainer discharge. As a result,
the spiker discharge becomes inhomogeneous during this de-
lay time and a stable main discharge can no longer be formed,
especially in the case of high repetitive operation.

The laser gas composition isXe 0.24%/HCl 0.03%/Ne
buffer (total pressure is0.33 MPa).

These configurations are the same as that of the500 W
laser reported previously [9] (described as “500-W-type
laser” after this). In addition, the experimental apparatus was
modified as follows.

(i) The oil-cooling jacket of the thyratron switch was
changed to a cylindrical type so that the current loop
formed a coaxial line. This structure is very effective in
reducing the stray inductance.

(ii) The spiker circuit was redesigned to decrease stray in-
ductance as much as possible based on the static electri-
cal field analysis for dielectric breakdown.
As a result of modifications described in (i) and (ii), the
spiker inductance was reduced from750 nHto 250 nH.

(iii) Effective discharge length was extended up to2 m, while
the gap length and discharge width are40 mm and
20 mm, respectively. It was quite exacting to process the
2-m straight alumina ceramic pipe for the surface corona
preionizer. Then, two sets of electrodes with a discharge
length of1 m were installed in series in the laser vessel.
A distance of40 mmis necessary for insulation between
two sets of electrodes. This increases the resonator length
to 3.1 m.

(iv) The maximum gas velocity in the discharge zone was
increased from50 m/s to 80 m/s for high repetitive op-
eration. The clearance ratio is4–5.

1.2 Simulation program ofXeCl laser

Maeda et al. [10], Kannari et al. [11], and Hokazono et
al. [12] detailed the simulation code for a self-sustained dis-
charge excimer laser with a charge-transfer-type excitation
circuit. We extended this program to apply the code to a high-
powerXeCl laser with spiker/sustainer circuit [9]. The con-
figuration of simulation code described here is basically the
same as that reported before [9] except for the following mod-
ifications.
(i) The magnetic switch was treated as an ideal switch in

the previous program. In the new program, the nonlin-
ear inductance of the magnetic switch is described by an
empirical formula. Figure 2 shows the measured char-
acteristics of the high-frequency magnetic saturation and
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Fig. 2. Characteristics of high-frequency magnetic saturation of magnetic
switch

fitting curve. The tangent of the fitting curve corresponds
to the inductance of the magnetic switch. Increasing leak
current (= path length of magnetic switch× H) from
sustainer capacitor (Csus) to spiker capacitor (C1,sp), the
inductance of the magnetic switch is gradually reduced
during the spiker operation stage. When the leak current
reaches about1.4 kA, a rapid drop of inductance occurs,
that is, switching starts and the inductance quickly reaches
a minimum value of6.9 nH.

(ii) The photon density was assumed to be the same over the
whole optical path in the previous program. Our program
adopts equations for light propagation for the calculation
of laser power; the laser output energy is calculated by
solving three simultaneous equations comprised of the
rate equation forXeCl∗ and equations of light propagation
((1) and (2)).

∂N+ph

∂t
+ ∂N+ph

∂x
= cσmNmN+ph+α

Nm

τm
−
∑

cσ i
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nNi N
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Fig. 3. Equivalent circuit model in simulation
code

N+ph : photon density propagated to the partial reflector,

N−ph : photon density propagated to the total reflector,

σ i
n : cross section of photo-absorption by species “i”,
α : proportion of spontaneous emission that contributes

to laser power.

These modifications bring the simulation code close to mod-
eling the actual laser system.

The simulation code consists of a circuit equation,
a steady-state Boltzmann equation, and rate equations. Zero-
dimensional uniform discharge plasma without streamer,
arcing or uneven distribution of electrons is assumed. In
addition, cathode drop is disregarded because the voltage
between electrodes is quite large as compared with that of
cathode drop and also the length of the cathode sheath is neg-
ligibly small compared to gap length. Breakdown is assumed
to be caused only by self-avalanche electron multiplication.

The equivalent circuit model and circuit parameters
adopted in circuit equation are shown in Fig. 3 and Table 1,
respectively. Based on the measurement results, the resistance
of the thyratron switch is programmed to be changed from
0.5Ω to 2.5Ω for reversed current flow. This is because the
glow mode connection of the thyratron switch changes to the
arc mode for reverse current flow.

Table 1. Circuit parameters adopted in simulation program

C0,sp/C1,sp 12 nF/9.7 nF
Cp / Lp /Csus 104 nF/2.5 nH/104×5= 520 nF
L1 / L2+ Ld / Ls+ L t 250 nH/7.5 nH/45 nH
R1 / Rs 0.5(2.5)Ω /0.05Ω

Eighty reactions are taken into account for thirty-six
species in the rate equations. For example, the rate equations
for electron andXeCl∗ are as follows.

dNe

dt
=
∑

keiNi Ne+
∑

kpeNi Nj +
∑ Nj

τj
+
∑

cσj Nj Nph

−
∑

kaNj Ne . (3)

dNm

dt
=
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kjk Nj Nk+cσnNnNph−
∑

kj Nj Ne−
∑

kj Nj Nk

−
∑

kj Nj Nk Nl − Nm

τm
−cσmNphNm . (4)

Ne : electron density, Nph : photon density,
Ni , Nj , Nk, Nl : density of atom or molecule,
Nn : density ofXe2Cl∗ , Nm : density ofXeCl∗ ,
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kei : rate coefficient of ionization under electron impact,
kpe: rate coefficient of ionizing collision

(e.g. Penning ionization),
ka : rate coefficient of electron attachment

(e.g. dissociative attachment byHCl) ,
kjk : rate coefficient of exciting collision,
kj : rate coefficient of quenching reaction,
τj : lifetime for auto-ionization, τm : lifetime of XeCl∗ ,
c : speed of light,
σj : cross section of photoionization,
σn : cross section of photo-absorption byXe2Cl∗ ,
σm: cross section of induced emission.

The optimum values of rate constants [11] and cross section
of induced emission [12] are taken from among the various
reports.

The Boltzmann equation is solved numerically in the two-
term approximation to describe the electron collision process
in the discharge plasma. Superelastic collision is neglected
though it is considered in the rate equation. Electron–electron
collision is also excluded [13].

The circuit equation and the rate equation are solved
through step-by-step calculation and for every2% change in
the value ofE/N, the Boltzmann equation is used for recal-
culation of rate coefficients and electron mobility. The circuit
equation is connected to other equations by the term for resis-
tance in discharge region,Rd,

Rd= d

eNeSµe
. (5)

Rd : resistance in discharge region, d : gap length,
e : charge of electron, Ne : electron density,
S : cross section of discharge region, µe : electron mobility,

where the values ofNe andµe are calculated from the rate
equations and Boltzmann equation, respectively.

2 Experimental results

Figure 4 shows the laser output simulation results when the
effective discharge length for the500-W-type laser was ex-
tended to2 m. The actual and simulated results for a dis-
charge length of1 m are also plotted for reference. The
slope efficiency is about6.8% and is a fairly high value for
discharge excitationXeCl lasers. However, as the threshold
value increases to36 J, the total efficiency decreases. As a re-
sult, it is difficult to obtain a total efficiency of more than3%.

Energy allocation for the500-W-type laser was investi-
gated by simulation. The result is illustrated graphically in
Fig. 5, as reported before [14]. Eighty-nine percent of the
stored energy of the sustainer capacitor (Csus) is deposited
into the discharge volume. On the other hand, most of the
stored energy of the spiker capacitor (C0,sp) is not deposited
into the discharge volume. The figure indicates that the en-
ergy of spiker capacitor (C0,sp) is transferred to the spiker
inductance (L1) and then most of the energy swings back
to the spiker capacitor at a time of300 ns. In the next step,
the energy is transferred again to the spiker inductance. But,
the resistance of the thyratron switch changes from0.5Ω to
2.5Ω in response to current reversal after300 nsand con-
sumes the spiker energy rapidly, before spiker inductance.

Fig. 4. Laser output of500-W-type laser: (a) effective discharge length of
1 m, (b) effective discharge length of2 m

Fig. 5. Simulated energy allocation for500 W type laser

This energy loss is clearly the main factor of the high thresh-
old value.

From these results, the initial stored energy of the spiker
capacitor should be reduced as much as possible in order
to increase the total efficiency. For this purpose, the spiker
inductance of the experimental apparatus was reduced from
750 nHto 250 nHin the redesign of500-W-type laser. Fig-
ure 6 shows observed waveforms of voltage, current, and laser
pulse of the improved laser with the simulation results. The
computer simulation is also used to estimate those values that
can not be measured actually. The point “a” shows the start
of spiker circuit, “b” is the beginning point of gap-voltage re-
versal, and “c” is the gas breakdown point. As can be seen
from the figure, the simulated results are in good agreement
with the experimental results. The rise rate of reverse voltage,
the gap voltage (Vgap) in the “b” – “c” region, is increased
from 1020 kV/µs for the 500-W-type laser to1460 kV/µs,
while the spiker charging voltage can be reduced from42 kV
(500-W-type laser) to30 kV, as reported later. As described
in the previous section, the faster voltage rise rate is more ef-
fective to initiate the homogeneous and stable discharge. We
also found that the amount of filamentation during uniform
discharge is apparently decreased, compared with that of the
500-W-type laser. Gas breakdown occurred at a gap voltage
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Fig. 6a–d. Measured and simulated characteristics of temporal behavior of
improved laser:a spiker voltage;b sustainer voltage and gap voltage;
c current;d laser output energy

of 21.7 kV. The gap voltage quickly goes down and then os-
cillates, but an average value is maintained at about4 kV over
a period of about400 ns. The current characteristic shows that
the secondary capacitor (C1,sp) of the spiker circuit plays an
important role for energy deposition into the discharge vol-
ume. The spiker current of the secondary loop (Isp) accounts
for more than85% of discharge current (Igap) in the first
spike of discharge and about70% even in the second spike.
It means that a large portion of sustainer circuit energy does
not flow directly into the discharge volume, but first transfers
to the secondary spiker capacitor (C1,sp) and then flows into
discharge volume. It is worth noting that the spiker current in
primary loop (I0,sp) fairly decreases at a point corresponding
to the first discharge current spike. This means that a part of
the spiker current flows into the discharge plasma. Actually,
simulation of energy allocation for the improved laser indi-
cates that48% of spiker energy is deposited into the discharge
volume; the peak current of the first spike of discharge cur-
rent increases from24 kA (the case of500-W-type laser) to
30 kA. The first discharge spike is very effective in raising the
gain quickly, and laser oscillation of the improved laser starts
about50 nsearlier than that of the500-W-type laser after gas
breakdown.

The dependency of laser output energy on the charging
voltage of the spiker circuit is plotted in Fig. 7. Low charg-
ing voltage cannot drag the spiker voltage fully down to the
negative side and make the slope of the reverse voltage less
steep. On the other hand, a high charging voltage drags the
spiker voltage too much and gas breakdown starts in an early
stage of voltage reversal where sufficient overvoltage is not
supplied to the main electrodes. Thus, the maximum output
energy is obtained at a spiker voltage of30 kV, while an op-
timum value for initial spiker charging voltage was42 kV for
the500-W-type laser. This means that the spiker energy of the
improved laser can be reduced to51% (= (30/42)2) of that
for the500-W-type laser.

The dependency of laser output energy on reflectivity of
the partial reflector was measured. The optimum reflectivity
was found to be10% from the experimental result, whereas
the simulated result gives a value of25%. This shows that
the actual gain in the discharge volume must be higher than
the simulated result. The actual net gain was measured by
the amplifier method. The ratio of laser input energyEin to
saturation energyEs was plotted against the ratio of output
energyEout to saturation energyEs. The plot gives a value
of 3.16 as the straight-line intercept corresponding togL (g;
net gain,L; effective discharge length,2 m). The net gain
was calculated to be1.58%. On the other hand, the simu-
lated results indicate a small signal gain and absorption loss
of about1%/cm and0.07%/cm, respectively, slightly lower
than the above-measured value. The small signal gain and
absorption loss are significantly lower than for conventional
lasers with charge-transfer excitation circuits (for example
15% and0.5%/cm[12]). This is because the partial pressures
of Xe and HCl in the laser gas are about one order lower
than those of conventional lasers. On the other hand, however,
low partial pressure ofHCl effectively retards electron attach-
ment, the main process of discharge termination, and makes it
possible to realize a long laser-pulse duration.

Laser output energy of the improved laser is plotted in
Fig. 8 together with the simulated results. The simulation pre-
dicts that the threshold decreases by36 Jto 17 J, whereas the
experimental result gives a threshold value of28 J. The ex-
perimental result of the slope efficiency is9.6%; that is, about
1.7 times larger than the simulated value of5.7%. These dif-
ferences are caused from inaccuracy of rate constants of the
rate equations in the simulation program. However, the ex-
perimental results of laser output are roughly in accord with
expectations based on the simulation. The maximum output

Fig. 7. Dependency of laser output on spiker charging voltage
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Fig. 8. Laser output energy vs. input energy plot for improved laser

energy of2.5 J is obtained at an input energy of55 J. A total
efficiency of4.5% is the highest result yet, as compared with
previous reports [5–8]. The output energy decreases at an in-
put energy of more than60 J. The cause of this has not been
elucidated yet, but it is not due to the instability of discharge
because the input energy density corresponds to an input en-
ergy of30 Jin the500-W-type laser (discharge length= 1 m),
in which case the laser output energy still increased beyond
such an input energy density.

In the next step, high repetitive operation was tried. An
average power of2 kW was planned to be attained at a repe-
tition rate of800 Hzwith an output energy of2.5 J. However,
a rapid decrease of laser power was observed. This is due to
the deterioration of the laser gas; only by replacing laser gas
can the output energy be restored. The average power meter
has a time constant of about 2 or3 sand it can not trace the
average power at the early stage of high repetitive operation.
Therefore, the laser output energy was monitored shot by shot
using a phototube. The reduced average power vs. shot num-
ber plot is shown in Fig. 9. The shot-by-shot oscillogram is
also shown. Though in a burst mode (less than 10 shots), an
average power of2 kW was obtained with an output energy of
2.5 Jat a repetition rate of800 Hz. At this time, the total in-

Fig. 9. Dependency of laser output energy on shot number

put energy was slightly increased to57.5 J to cover the laser
power decrease. The total efficiency is4.3%.

3 Discussion

Another means of reducing the spiker energy is reducing
the capacitance of spiker capacitors. The laser characteris-
tics were simulated for a case in which the capacitance of
primary and secondary spiker capacitor are reduced from
12 nF/9.7 nFto 6 nF/4.8 nF, respectively. The simulation re-
sult shows that a sufficient rise rate for reverse voltage of
1400 kV/µs is obtained at an initial spiker charging voltage
of 30 kV. As a result, about75% of spiker energy can be
eliminated. However, the laser output characteristic is not im-
proved, as shown in Fig. 10. The threshold is somewhat large
than in the case of reducing inductance. The slope efficiency
is decreased and the laser output energy at an input energy
of more than55 J is predicted to be lower than that of the
case where the discharge length of the500-W-type laser is
extended to2 m. These results are caused by reduction of en-
ergy from the secondary capacitor to the discharge volume in
the initial stage of discharge. The waveforms for discharge
energy and laser pulse are shown in Fig. 11 for each case of
reducing inductance and reducing capacitance. As reported in
Fig. 6c, the discharge current from the secondary capacitor
contributed largely to the first and second spike of discharge
current and these spikes are important in raising the gain
quickly in the initial stage of laser oscillation. In the case of
reducing capacitance, the energy of the first and second spikes
is apparently lower than in the reduced inductance case. As
a result, laser oscillation starts about140 nslater from the first
peak of discharge energy, whereas it is only74 nsfor the re-
duced inductance case. Thus, reducing the spiker capacitance
is not effective in improving the laser efficiency.

We also tried to improve the total efficiency by increas-
ing the input energy. The initial charging voltage of the sus-
tainer capacitor is limited by the self-breakdown between the
main electrodes, as mentioned before. The capacitance of the
sustainer capacitor was increased to increase the input en-
ergy. As a result, the plot of laser output energy vs. input
energy shifts toward a high threshold value, while the slope
efficiency is almost same. The laser output energy slightly in-

Fig. 10. Simulated laser output for the case of reducing spiker capacitances
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Fig. 11. Waveforms of discharge energy and laser pulse

creased but the total efficiency is not improved. The reason
is as follows: the larger the sustainer capacitance becomes,
the lower the charging voltage needed to attain the same in-
put energy. The sustainer charging voltage strongly affects
the breakdown voltage in the voltage reversal process, and
a low sustainer charging voltage reduces the breakdown volt-
age. Then, the impedance of the discharge volume decreases
more slowly after gas breakdown. This effect results in a de-
lay of the beginning of laser oscillation and, consequently,
in an increase of the threshold in the laser output vs. input
energy plot.

4 Conclusion

The discharge behavior of a prototype500 W laser was in-
vestigated analytically, the results showing that most of the
spiker energy is not used for discharge, but is consumed by
the resistance of the spiker loop between primary and sec-
ondary capacitors. This phenomenon is peculiar to the reverse
voltage mode. The reverse voltage mode possesses superior-
ity for stability and homogeneity of discharge; however, on
the other hand, it has the disadvantage of wasting spiker en-
ergy. The initial stored energy of the spiker capacitor should
therefore be reduced as much as possible in order to increase
the total efficiency.

It is found from the simulation results that the most ef-
fective means of cutting down this energy loss is to reduce
the spiker inductance. A decrease of the spiker capacitance
or increase of the input energy from the sustainer capacitor

is not effective in improving the total efficiency. On the basis
of these estimations, the spiker inductance of the experimen-
tal apparatus was reduced from750 nH to 250 nHby mod-
ifying a 500-W-type laser. A maximum laser output energy
of 2.5 J was obtained with a total efficiency of4.5%. Next,
high repetitive operation was tried and an average power of
2 kW obtained with output energy of2.5 Jat a repetition rate
of 800 Hz. At this time, a total efficiency of4.3% was ob-
tained. We reported a2 kW XeCl laser with an efficiency
of 2.8% previously, using 3-stage tandem configuration (ef-
fective discharge length= 3 m [4]). In this experiment, both
a high power of2 kW and high efficiency of more than4%
were achieved even with a shorter discharge length of2 m.
Though this result was obtained only in a burst mode because
of the gas deterioration, it points to the development of a high-
efficiency, high-power excimer laser.
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