
Abstract. A 193-nm electric-discharge ArF laser pumped by
an all-solid-state generator based on a semiconductor switch
and a system of magnetic compression of high-voltage pulses
is studied. The laser emits 18-ns, 15 mJ pulses at a pulse
repetition rate of 1 kHz.

Keywords: solid-state switch, generator of magnetically compressed
high-voltage pulses, long VUV pulse.

1. Introduction

Electric-discharge ArF and F2 lasers are high-power VUV
radiation sources emitting radiation at 193 nm (6.4 eV) and
157 nm (7.9 eV), respectively [1 ë 12], which is absorbed by
almost all materials. This radiation can be focused into a
spot of diameter � l, providing the high-intensity local
action of a laser beam on materials. The refractive index of
optical materials exposed to radiation from ArF and F2

lasers can be varied, and these lasers are used to form Bragg
gratings in optical ébres, which operate as mirrors at the
ébre input and output. Optical ébres with Bragg gratings
are used in telecommunication. They can be both passive
(élters, Raman radiation converters) and active (ébre
lasers) elements or can be used as high-sensitive sensors
for remote measurements of physical éelds, temperatures,
pressures, etc. [1, 13 ë 16].

ArF and F2 lasers play a key role in microelectronics.
They are used for drilling holes in multilayer integrated
printed-circuit boards for computers. As the size of micro-
circuits is reduced, the required hole diameter should be a
few microns or smaller. Laser radiation at 193 nm is used in
the photolithographic technology of last generations for
manufacturing integrated circuits with elements as small as
65 ë 45 nm [10 ë 12]. In addition, due to a high spatial
resolution (less than 100 nm) achieved during ablation of

solid materials by intense VUV radiation, ArF and F2 lasers
can be eféciently used for the precise processing of materials
for manufacturing individual elements of micro-electro-
mechanical systems. ArF lasers also have found broad
applications in medicine: in ophthalmology for the correc-
tion of vision anomalies (myopia, hyperopia, astigmatism)
and in dermatology for the medical treatment of skin
diseases (psoriasis, eczema) [1]. The possibility of fabricating
submicron and nanometre structures on material surfaces by
using radiation from a F2 laser was recently demonstrated in
papers [17, 18].

Aside from high output radiation parameters, modern
`industrial' lasers should satisfy a number of additional
requirements. They should have high pulse repetition rates
up to � 1000 Hz, a high beam quality, which is determined
by the beam homogeneity, divergence, and spectrum, and
also a high reliability, a comparatively small size and weight.

As a rule, either hydrogen thyratrons (the operating life
is no less than 1010 pulses) or low-voltage solid-state
switches with virtually inénite operating life are used in
commercial electric-discharge lasers. To improve the oper-
ation parameters of industrial lasers, it is necessary to reéne
solid-state switches.

A number of laser technologies (photolithography, the
writing of Bragg gratings in optical ébres, the fabrication of
diffraction optical microstructures, etc.) impose advanced
requirements to the output beam parameters and the service
life of optical elements of a laser setup. In this case, some
special problems appear. First, this is a comparatively low
monochromaticity and a high divergence of the laser beam.
To obtain high spatial and spectral characteristics of
radiation, the authors of [3] proposed different schemes
of unstable resonators and selection of laser emission
spectrum by using dispersion elements. However, such
schemes introduce considerable intracavity losses, which
reduce the output energy.

Second, high-power VUV radiation causes the compac-
tion of materials. This leads to a change in the refractive
index of an optical material (fused silica, êuorite), resulting
in the degradation of resonator mirrors and other optical
elements through which the laser beam propagates. To solve
these problems, it was proposed in [10, 11] to increase the
laser pulse duration. In this case, due to the increase in the
number of round-trip transits of radiation in the resonator,
the spatial coherence of the laser beam is improved and the
width of the emission spectrum decreases. In addition, due
to the increase in the laser pulse duration, the pulse intensity
decreases and the negative inêuence of material compaction
is reduced.
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The aim of this paper is to develop and study a system
for pumping small ArF and F2 lasers (with the active
volume of � 9 cm3) with an all-solid-state pump generator
generating VUV radiation pulses of duration approximately
twice as long as that of conventional lasers and a pulse
repetion rate of up to 1 kHz.

2. Magnetic high-voltage pulse generator
with a solid-state switch

Characteristics of ArF and F2 lasers strongly depend on the
parameters of high-voltage pulses produced by a pump
generator across the discharge gap of a laser. During the
voltage growth, a volume self-sustained discharge is ignited
which pumps the active medium of the laser. The smaller
the duration tf of the leading edge of the pulse, the more
uniform the discharge and the greater the dynamic
operating life of the gas mixture[19 ë 22].The active medium
is excited during the fall of the voltage. As the duration tp
of the voltage fall is decreased, the pump eféciency
increases [2, 20, 21]. The value of tp is usually reduced
by minimizing the inductance of the discharge circuit of a
peaking capacitor connected in parallel with discharge-gap
electrodes. The value of tf is reduced with the help of
peaking circuits [21 ë 23]. In the case of repetitively pulsed
lasers, the most efécient peaking circuits are magnetic
compression systems consisting of a chain of series-
connected circuits containing capacitors and nonlinear
saturable chokes. The number of successive circuits is
chosen to provide the optimally high amplitude and rate of
the voltage growth across the discharge gap and to
minimize the loss of energy supplied to the discharge
gap. The operating life of magnetic compression systems is
much longer compared to gas-discharge circuits for high-
voltage pulses [21] and these systems can operate at pulse
repetition rates higher than 1 kHz [23].

Another very important part of the pump generator is a
switch. Recently, high-power semiconductor switches have
received wide acceptance. They have virtually unlimited
operating life and provide the high stability of voltage
pulses. As a rule, pump generators are used with com-

paratively low-voltage semiconductor switches operating in
conjunction with step-up transformers [1]. A high-voltage
transformer requires a reliable insulation and for this reason
it is usually placed into a tank with the transformer oil. Such
devices are rather clumsy, have a large weight and lead to
additional energy losses.

Unlike conventional schemes, we developed the circuit of
a high-voltage nanosecond pulse generator without a high-
voltage transformer. The functional circuit of the generator
is shown in Fig. 1. Its speciéc feature is the use of a high-
voltage semiconductor switch proposed in [23]. The gen-
erator is assembled based on all-solid-state elements. It
contains a high-voltage stabilised voltage supply, a high-
voltage solid-state switch (HSS) with a control circuit, a
two-circuit system of magnetic pulse compression, and a
control unit.

The high-voltage solid-state switch is completely control-
lable (switching on and switching off) and consists of 32
insulated gate bipolar transistors (IGBTs) switched in
parallel and in series. The transistors are controlled with
the help of transformers (not shown in Fig. 1). This switch-
ing method of IGBTs provides a simple generator circuit
with voltage doubling due to an incomplete discharge of a
storage capacitor with capacitance C1.

The high-voltage solid-state switch opens when a control
pulse is applied, and capacitor C2 is charged resonantly
through a choke with inductance L1. The control pulse
duration is selected so that the HSS closes at the instant
when the maximum voltage is achieved across capacitor C2.
In this case, the current through the HSS is close to zero,
which considerably reduces commutation losses. Because
C1 4C2, the voltage amplitude across capacitor C2 tends to
the doubled charging voltage 2U1. Then, the voltage pulse is
sharpened and shortened by the magnetic compression
system and is applied to discharge-gap electrodes.

By using a high-voltage 2500-W power supply and
forced air cooling, the reliable operation of the generator
was demonstrated with an active load of 30 O at pulse
repetition rates up to 2 kHz, the output pulse amplitudes of
20 ë 27 kV, and the pulse front duration � 70 ns.
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Figure 1. Functional circuit of the pump generator: (C1) storage capacitor (100 nF, 16 kV); (HSS) high-voltage IGBT switch; (T1 ëT32) insulated gate
bipolar transistors; (D1 ëD16) protective diode array (HFA30PB 120); (L1) charging choke (23 mH); (C2) capacitor of the érst magnetic compression
circuit (3 nF, 32 kV); (L2) saturable choke of the érst magnetic compression circuit (14 mH); (C3) capacitor of the second magnetic compression circuit
(3 nF, 32 kV); (L3) saturable choke of the second magnetic compression circuit (4 mH); (C4) peaking capacitor of the laser chamber (2.7 nF); (LC)
laser chamber; (DG) discharge gap of the laser.
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3. Increasing laser pulse duration

A usual ArF laser emits a short single pulse. In active media
of length � 30 cm, the laser pulse FWHM is tg � 5ÿ 7 ns.
For the resonator length � 30 cm, the number of round-
trip transits of radiation in the resonator does not exceed
éve, which is insufécient for the formation of a highly
monochromatic beam. Because of this, the forced elonga-
tion of the laser pulse was used in papers [10, 11]. In this
case, the output energy should not be reduced and the
homogeneity of the discharge in the discharge gap should
not be impaired.

The temporal intensity proéle of laser pulses is deter-
mined by the time dependence of the electric power supplied
to the active medium. In the case of a short laser pulse, the
value of tg is determined by the time of discharge of the
peaking capacitor (connected to the discharge-gap electro-
des) through the discharge gap. To generate laser pulses of a
longer duration, the authors of [11] proposed the electric
circuit shown in Fig. 2. This scheme uses instead of the
peaking capacitor an artiécial formation line consisting of
capacitors Cpÿ1 and Cp and nonlinear inductance L. The
passage of inductance L to the saturated state causes the
`êow' of the accumulated energy from Cpÿ1 to Cp and an
increase in the voltage across the discharge gap. After the
discharge gap breakdown, both capacitors are discharged
alternately through the discharge gap. If the energies in
Cpÿ1 and Cp are approximately equal during the discharge,
a laser pulse with two peaks is generated. The ratio of their
amplitudes depends on the capacity Cp, the êuorine con-
centration, and mixture pressure.

A comparison of Figs 1 and 2 shows that the circuit
consisting of the output circuit (C3, L3) of the generator and
capacitor C4 (Fig. 1) is in fact the formation line, which is
similar to that shown in Fig. 2. Therefore, the high-voltage
nanosecond pulse generator, schematically shown in Fig. 1,
can be obviously used for pumping required to generate a
longer laser pulse.

4. Experimental setup

A system for pumping an electric-discharge VUV laser
contained a solid-state magnetic pump generator and a
laser chamber (Fig. 1). The laser chamber was earlier used
in a F2 laser and is described in [6]. We performed
experiments with an ArF laser. The active volume of the
discharge gap was V � dwl, where d � 1:2 cm is the
interelectrode gap, w � 0:3 cm is the discharge width, and
l � 25 cm is the discharge length.

The optical resonator of length 34 cm was mounted on
the laser chamber housing. The resonator was formed by a
highly reêecting plane mirror and a plane-parallel CaF2

plate output window.
The F2 ëAr ëHe ëNe gas mixture was pumped through

the discharge gap with the help of a diametral fan. The
mixture pressure in the laser chamber did not exceed
5000 bar. The working mixture was cooled by running
water. The diametral fan and water cooling radiator
were mounted inside the laser chamber.

The output laser energy was measured with an Ophir
pyroelectric detector. The voltage pulses of the pump
generator across the discharge gap and laser pulses were
detected simultaneously by using a Tektronix P6015A high-
voltage probe, a FEK-22 coaxial photocell, and a LeCroy
WaveSurfer 432 oscilloscope.

The mixture composition and pressure were optimised to
obtain the maximum output power at a pulse repetition rate
of 10 Hz. For the charging voltage U1 � 12 kV, the optimal
relation between the components of the F2 ëAr ëNe mixture
was found for its total pressure of 4630 mbar.

5. Output laser parameters

Figures 3 and 4 present the experimental dependences of
the laser radiation energy W, the maximum voltage Um

across the discharge gap, and the voltage pulse FWHM t1=2
on the charging voltage U1 of the pump generator for the
optimal gas mixture.

Figure 5 shows the oscillograms of voltage pulses across
the discharge gap and 193-nm laser pulses for different
values of U1. They demonstrate the evolution of the laser
pulse with changing the charging voltage. For U1 � 10 kV,
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Figure 2. Electric excitation circuit for generating laser pulses of a longer
duration.
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Figure 3. Experimental dependences of the maximum voltage Um across
the discharge gap ( 1 ) and the laser output energy W ( 2 ) on the charging
voltage U1.
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Figure 4. Experimental dependence of the laser pulse FWHM t1=2 on the
charging voltage U1.
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the voltage pulse has a êat top. This means that the
discharge-gap breakdown occurs during the time period
when the total pump energy is concentrated in the capacitor
C4. As a result, the laser pulse represents a single peak
whose shape is determined only by the discharge of the
capacitor C4 through the discharge gap. In the range
U1 � 10ÿ 12 kV, the discharge voltage amplitude Um

increases linearly. This leads to the increase in the laser
pulse amplitude. Due to the decrease in the breakdown
delay time of the discharge gap with respect to the instant of
the voltage-pulse front growth for U1 5 12 kV, the break-
down occurs at the voltage pulse front. Under these
conditions, the pump energy is determined by the discharges
of capacitors C3 and C4. As a result, for U1 � 13 kV, a laser
pulse with two peaks is observed (Fig. 5b), which is caused
by the discharge of both capacitors. One can see from Fig. 3
that, as U1 is further increased, the value of Um increases
insigniécantly. Because of this, the amplitude of the érst
peak also changes insigniécantly, while the amplitude of the
second peak grows and even can exceed the amplitude of the
érst peak. In this case, the value of t1=2 becomes approx-
imately equal to the doubled duration of a single peak,
achieving 18 ns for U1 � 16 kV.

Our investigations showed that the laser operated stably
at a pulse repetition rate f < 1 kHz. The maximum lasing

eféciency with respect to the energy stored in the capacitor
C2 (Fig. 1) was 1.2% for the charging voltage 13 kV. The
dependence of the output energy on the pulse repetition rate
for the charging voltage 15 kV is shown in Fig. 6. The
output energy for f � 1000 Hz decreased by 15% with
respect to the output energy for f � 20 Hz. In this case,
the average output power exceeded 10 W.

We developed earlier the efécient system for exciting an
electric-discharge F2 laser, which was investigated in detail
in [6]. As a whole, this system is similar to that discussed in
the present paper. The same laser chamber was used in it,
but with the optical resonator for 157 nm. The switch in the
pump generator was a TPI1-1k/20 cold thyratron. Despite
some difference in pulse magnetic compression schemes, the
parameters of voltage pulses across the discharge gap
obtained in [6] and this paper were close. We have failed
to record the 157-nm pulse shape because of the presence of
the red emission (624 ë 755 nm) of atomic êuorine F � in the
emission spectrum of the F2 laser [2, 5]. Nevertheless, it was
shown in [11] that the principle of generating longer laser
pulses based on the discharge of a nonlinear formation line
through the discharge gap can be used both for ArF and F2

lasers. Therefore, the excitation scheme considered in this
paper can be also used for generating 157-nm laser pulses of
a longer duration.

6. Conclusions

Thus, we have developed the efécient system for excitation
electric-discharge VUV lasers, which is based on the use of
all-solid-state magnetic pump generator. The system allows
the generation of long (up to 18 ns) ArF laser pulses of
energy up to 15 mJ. The average radiation power at 193 nm
achieves more than 10 W at a pulse repetition rate of
1 kHz.
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