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High-power gas-discharge excimer ArF, KrCl, KrF and XeCl lasers
utilising two-component gas mixtures without a buffer gas”

A.M. Razhev, E.S. Kargapol'tsev, D.S. Churkin

Abstract. Results of an experimental study of the influence of a gas
mixture (laser active medium) composition on an output energy and
total efficiency of gas-discharge excimer lasers on ArF* (193 nm),
KrCI” (222 nm), KrF* (248 nm) and XeCl" (308 nm) molecules
operating without a buffer gas are presented. The optimal ratios of
gas components (from the viewpoint of a maximum output energy)
of an active medium are found, which provide an efficient operation
of laser sources. It is experimentally confirmed that for gas-dis-
charge excimer lasers on halogenides of inert gases the presence of
a buffer gas in an active medium is not a necessary condition for
efficient operation. For the first time, in two-component gas mix-
tures of repetitively pulsed gas-discharge excimer lasers on electron
transitions of excimer molecules ArF*, KrCl*, KrF* and XeCI’, the
pulsed energy of laser radiation obtained under pumping by a trans-
verse volume electric discharge in a low-pressure gas mixture with-
out a buffer gas reached up to 170 mJ and a high pulsed output
power (of up to 24 MW) was obtained at a FWHM duration of the
KrF-laser pulse of 7 ns. The maximal total efficiency obtained in
the experiment with two-component gas mixtures of KrF and XeCl
lasers was 0.8 %.

Keywords: two-component gas mixture, excimer laser, transverse
volume electric discharge with UV pre-ionisation, gas mixture
without a buffer gas, low total working pressure, generation energy,
total efficiency.

1. Introduction

All known excimer lasers on halogenides of inert gases with
the pumping of an active gas mixture by a transverse volume
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electric discharge (hereinafter referred to as gas-discharge
excimer lasers) utilise a high-pressure gas mixture (with the
average total working pressure of about 2 atm) comprising at
least three components. These are a buffer gas (He, Ne, Ar), a
working inert gas (Ar, Kr, Xe) and halogen containing a gas
that should include F, Cl and Br atoms. Buffer gases included
in a gas mixture of typical commercial gas-discharge excimer
lasers are the principal gas components, which may constitute
about 90% of the total working pressure in a gas mixture. For
efficient operation (from the viewpoint of the energy and the
operation time per single gas filling) of these lasers, a high-
purity gas is used. For example, typical buffer gases in com-
mercial models of laser systems are helium of grade 6.0, neon,
or their combination. The cost of these gas components is suf-
ficiently high. In the course of laser operation, the composi-
tion of the active laser medium (gas mixture) inevitably
changes because of the arising impurities which result from
the destruction of electrode materials and of the discharge
chamber due to chemical reactions with halogen atoms pro-
duced in the discharge. The changes in the gas mixture com-
position inevitably reduce the generation energy in the course
of laser operation and, consequently, the gas mixture needs
regeneration.

Researchers try to find such exploitation conditions for
laser sources, which provide a minimal expenditure and cost
of gas components. In order to reduce the exploitation costs
we study the possibility of operation of an excimer laser on
two-component gas media comprising working and halogen-
containing gases. Hence, it is important to study how the
pump parameters and the composition of a low-pressure
active medium affects the efficiency of gas-discharge excimer
lasers operating on gas mixtures without a buffer gas.

It worth noting that in gas-discharge excimer lasers on
mono-halogenides of inert gases, molecules are excited both
in two-particle (‘harpoon’ reaction) and in tree-particle
(ion—ion recombination) collisions. If the contribution of a
harpoon reaction into the population inversion prevails, then
the requirement of the high pressure of a gaseous active
medium is not necessary. Excimer lasers on monohalogenides
of inert gases operate at a lower working pressure than
excimer lasers on dimers of inert gases. In the present work,
we report the investigation results of only repetitively pulsed
gas-discharge excimer lasers on mono-halogenides of inert
gases pumped by a transverse volume electric discharge, oper-
ated at low pressure.

Among few works devoted to investigations of gas-dis-
charge excimer lasers without a buffer gas one should men-
tion papers [1 —4]. Results on obtaining generation on excimer
molecules XeCl", XeF" and KrF” in mixtures without a buffer
gas under pumping by a transverse electric discharge were
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first reported in [1]. The authors presented no measurement
results concerning the energy and temporal characteristics of
laser radiation. Seemingly, the radiation energy was low and
insufficient for practical applications of the laser sources
developed.

The authors of Refs [2, 3] also reported about obtaining a
laser generation in exciting a two-component gas mixture by
a longitudinal electric discharge. According to [2], the result-
ing generation on electron transitions of excimer molecules
XeCl" was obtained at a minor content of the buffer gas He.
At an active gas medium working pressure of about 0.06 atm,
the radiation energy did not exceed 0.1 mJ. The absence of a
buffer gas in the working mixture reduced the output energy
almost twice.

In [3], the generation on electron transitions of excimer
molecules KrF* was obtained without a buffer gas. The out-
put energy was at most 0.08 mJ at the active gas medium
working pressure of about 0.4 atm. In [4], generation in two-
component gas mixtures was obtained under the optical exci-
tation of the active gas medium. The laser radiation was
obtained on electron transitions of the excimer molecule
KrCI". The generation energy was 0.001 mlJ.

Analysis of experimental data in open literature makes
one to conclude that radiation energy characteristics of
excimer lasers on gas mixtures without a buffer gas are very
low, which prevents such lasers from being employed in var-
ious applications. This is why we are aimed at developing
and studying the possibility of creating high-power (mega-
watt) pulsed gas-discharge excimer lasers operating on two-
component gas mixtures without an inert buffer gas, which
would help realisation of efficient ablation of various mate-
rials and biological tissues and, consequently, employment
of such lasers in medicine, microelectronics and other appli-
cations.

2. Equipment and measurement methods

The energy and amplitude-temporal characteristics of voltage
and current pulses of an electric discharge and the parameters
of radiation in the nanosecond range have been measured
experimentally. The radiation energy was measured by a
PES50-BB pyroelectric detector (Ophir Optronics Ltd), the
profile of the radiation pulse was detected by a FEK-22 coax-
ial photoelectric cell. The amplitude-temporal characteristics
were measured by a Tektronix TDS 220 oscilloscope, the volt-
age pulse was studied by using a P 6015A high-voltage probe
(Tektronix). The parameters of current pulses were measured
by a low-inductance ohmic shunt (with the resistance of
0.02 Q). The accuracy of voltage and current amplitude mea-
surements in all experiments was 5 %.

3. Experimental setup

For realising a high efficiency of energy transfer from the
storage circuit to the peaking circuit and depositing a high-
intensity energy to the gas mixture it was necessary to con-
struct a high-voltage exciting circuit with a minimal induc-
tance. For optimising the operation regime it was necessary:

(i) to optimise the arrangement of high-voltage elements
of the scheme for exciting a laser (the capacitor banks C;, Cs,
C3, and a high-voltage switch); and

(ii) to reduce the inductance of the discharge circuit and
introduce an additional inductance to a backward conductor
for reaching the maximal efficiency of energy transfer from
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Figure 1. Electric circuit of laser pumping of the type LC-invertor:
C, = 54 nF; C, = 103 nF; C; = 35 nF; HS is the high-voltage switch
(TPI1-10k/20 thyratron); L; = 40—70 nH; L, = 20 nH; L3 = 3.8 nH;
L, =2.5uH; Lg is the inductance of the bus bars.

the storage circuit to the discharge circuit, which includes an
active medium.

The high-voltage electric circuit, which we have developed
and described previously [5], is shown in Fig. 1.

L, is the inductance of the circuit of the LC-invertor and
comprises the total inductance of spark gaps of UV pre-ioni-
sation and capacitors C; and C,. The inductance of the L,C;-
circuit (L) is mainly determined by the inductance of a TPI1-
10k/20 high-voltage switch; L, is the charging inductance.
The inductance Ls of bus bars affects the efficiency of energy
transfer from storage capacitors to the peaking circuit and
mainly determines the efficiency of the circuit operation (see
[S]). A choice of the inductance Ls allows one to increase the
voltage across the capacitor bank C; and, thus, to increase the
discharge current, which results in a higher energy deposition.
In addition, an increase in the inductance Ls is accompanied
by a delay of the instant of discharge gap breakdown, i.e.,
results in a longer delay ¢ between the start of UV pre-ionisa-
tion (a breakdown of the discharge gaps) and the pulse of the
discharge current. A later breakdown of the discharge gap is
preferable from the viewpoint of increasing the homogeneity
of pre-ionisation of the gas medium. Hence, as the range of
optimal ¢ values is approached (200—300 ns), the output
energy and efficiency of the laser increase.

Capacities C; (54 nF) and C, (103 nF) are the banks of
TDK UHV-6A capacitors (2.7 nF, 30 kV) comprising 20 and
38 pieces, respectively. Thus, the total charge capacitance was
157 nF. After the high-voltage switch (TPI1-10k/20 thyra-
tron) triggers and the polarity of voltage across C; changes,
the capacitors C; and C, recharge to C; and their shock
capacitance becomes equal to 35 nF. The bank C; comprised
TDK UHV-8A capacitors (1.3 nF, 40 kV), which were
arranged from two sides of the discharge chamber directly on
the latter (along it) for attaining a minimal inductance of the
discharge circuit. The bank C; (31 nF) was charged from C;
and C, through 78 chokes 1 uH each, connected to the spark
gaps of UV pre-ionisation for their synchronous operation.
The total inductance of the chokes connected in parallel was
12.8 nH, and the charge inductance L, was 2.5 2 uH.

Laser electrodes were made of nickel. In experiments, the
electrodes with the working surface radii of 50 cm (anode)
and 100 cm (cathode) were used. A distance between the elec-
trodes was 2.1 cm, a length of the active medium was 59 cm;
thus, at the discharge width of 0.8 cm the active volume was
100 cm?®. An automatic UV pre-ionisation was performed by
two rows of spark gaps with a separation of 2 mm. From each
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side of the high-voltage electrode at a distance of 10 mm from
its edge, there were 39 spark gaps for enhancing the homoge-
neity of UV pre-ionisation of the discharge gap and reducing
the inductance of the high-voltage exciting scheme. The
chamber was encapsulated by plane-parallel plates made of
CaF, (VUYV), one of them being an outcoupling mirror of the
cavity. External dielectric mirrors with the maximal reflection
coefficients corresponding to the wavelength of laser opera-
tion were used as the second mirror. The cavity length was
120 cm. A gas mixture was transversely pumped through the
discharge gap at a rate of 12 m s~!, which provided laser oper-
ation at a pulse repetition rate of 50 Hz and higher.

4. Experimental results

Below we present experimental results of investigations of
energy and temporal radiation parameters for excimer gas-
discharge ArF, KrCl, KrF and XeCl lasers versus the pump
parameters and the composition of the gas mixture at a low
working pressure, with no buffer gas.

4.1. Excimer ArF laser (193 nm)

An experimental dependence of the generation energy and
total efficiency (Fig. 2) on the discharge voltage Uy, in the
range of 15-26 kV was obtained for a two-component (Ar
and F,) excimer ArF laser without a buffer gas in the active
medium.
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Figure 2. Output laser energy E and total efficiency #g,; of a two-com-
ponent ArF laser vs. the charge voltage U, at a linear increase in the
total pressure of the gas mixture from 0.7 to 1.2 atm.

From this dependence one can see that with increasing
charge voltage and, correspondingly, pressure of the working
mixture (from 0.7 to 1.2 atm) the generation energy rises from
40 to 160 mJ. Hence, in pumping the gas mixture with no buf-
fer gas at a pressure of 1.2 atm by a transverse electric dis-
charge, for the first time the obtained energy of an ArF laser
was 160 mJ at the total efficiency of about 0.3%. Negligible
variation of the efficiency with an increase in pumping testi-
fies that the specific power of pumping the two-component
ArF laser was close to optimal. At the FWHM duration of a

radiation pulse 8 + 1 ns, the pulsed power reached 19.5 MW.
In the present work, the total laser efficiency implies the ratio
of the generation energy to the energy stored in the storage
capacitor (Cy + C,) of the high-voltage electric excitation cir-
cuit (hereinafter simply efficiency).

4.2. Excimer KrCl laser (222 nm)

An experimental dependence of the generation energy and
total efficiency (Fig. 3) on the discharge voltage U, in the
range of 20—26 kV was obtained for a two-component (Kr
and BCls) excimer KrCl laser with no buffer gas in the active
medium.
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Figure 3. Same as in Fig. 2, for a two-component KrCl laser under in-
creasing total pressure of the gas mixture from 1.1 to 1.3 atm.

From this dependence one can see that with increasing
charge voltage and, correspondingly, pressure of the working
mixture (from 1.1 to 1.3 atm) the generation energy rises from
70 to 110 mJ. However, starting with 25 kV, the radiation
energy of the two-component KrCl laser falls due to deterio-
ration of the discharge homogeneity and nonoptimal condi-
tions of depositing energy stored in the peaking capacitor into
the active medium. Hence, in pumping the gas mixture with-
out a buffer gas at a pressure of 1.2 atm by a transverse vol-
ume electric discharge, for the first time the obtained energy
of a KrCl laser reached 110 mJ at the efficiency of about
0.25%. At the FWHM duration of a radiation pulse 8 £ 1 ns,
the pulsed power reached 14 MW.

Also, an experimental dependence of the generation
energy on the charge voltage Uy, in a range of 10-26 kV was
obtained for a two-component (Kr and HCI) excimer KrCl
laser with gaseous HCI used as a halogen-carrying agent.
With increasing charge voltage and, correspondingly, work-
ing pressure of the gas mixture (from 0.9 to 1.1 atm), the gen-
eration energy rises up to 90 mJ. At the FWHM duration of
the radiation pulse 7%1 ns, the pulsed power reached
~13 MW.

4.3. Excimer KrF laser (248 nm)

An experimental dependence of the generation energy and the
total efficiency (Fig. 4) on the discharge voltage U, in the
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Figure 4. Same as in Fig. 2, for a two-component KrF-laser under in-
creasing total pressure of the gas mixture from 0.4 to 1.1 atm.
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Figure 5. Same as in Fig. 2, for a two-component XeCl-laser under in-
creasing total pressure of the gas mixture from 0.45 to 0.65 atm.

range of 10-26 kV was obtained for a two-component (Kr
and F,) excimer KrF laser with no buffer gas in the active
medium.

From this dependence one can see that with increasing
charge voltage and, correspondingly, pressure of the working
mixture (from 0.4 to 1.1 atm) the generation energy rises from
60 to 170 mJ. Hence, in pumping the two-component gas mix-
ture of the KrF laser without a buffer gas at a pressure of
1.1 atm by a transverse volume electric discharge, for the first
time the obtained energy of an ArF laser reached 170 mJ at
the efficiency of about 0.3%. At the FWHM duration of a
radiation pulse 7% 1 ns, the pulsed power reached 24 MW.
The maximal efficiency obtained at the minimal charge volt-
age of 10 kV and the working pressure of 0.4 atm was 0.8 %.
In this case, the generation energy was 60 mJ per pulse.

Also, an experimental dependence of the generation
energy on the charge voltage Uy, in the range of 15-26 kV
was obtained for a two-component (Kr and NF3) excimer
KrF laser with gaseous NF; used as a halogen-carrying agent.
With increasing charge voltage and, correspondingly, work-
ing pressure of the gas mixture (from 0.6 to 0.8 atm), the gen-
eration energy rises to 115 mJ. At the FWHM duration of a
radiation pulse 14+ 1 ns, the pulsed power reached ~8§ MW.

An influence of pumping on the value of the active volume
of a two-component KrF laser was investigated. It was shown
that the discharge width determines the value of the active
volume of the laser and varies with the discharge voltage and
composition of a gas mixture. It was found that with increas-
ing charge voltage from 10 to 26 kV in an excimer KrF laser
with the two-component gas mixture, the optimal pressure
increases from 0.4 atm to 1.1 atm; the discharge width rises
from 0.6 to 0.8 cm and, consequently, the active volume
changes from 75 to 100 cm?.

4.4. Excimer XeCl laser (308 nm)

An experimental dependence of the generation energy and
total efficiency (Fig. 5) on the discharge voltage U, in the
range of 10—26 kV was obtained for the two-component (Xe
and BCly) excimer XeCl laser with no buffer gas in the active
medium.

From this dependence one can see that with increasing
charge voltage and, correspondingly, pressure of the working
mixture (from 0.45 to 0.65 atm) the generation energy rises
from 50 to 130 mJ. Hence, in pumping the gas mixture with-
out a buffer gas at a pressure of 0.65 atm by a transverse vol-
ume electric discharge, for the first time the obtained energy
of a XeCl laser reached 130 mJ at the efficiency of about
0.3%. Also, an experimental dependence of the generation
energy on the charge voltage U, was obtained for a two-com-
ponent (Xe and HCI/CCly) excimer XeCl laser with gaseous
HCl and CCl, used as halogen-carrying agents. With increas-
ing charge voltage and, correspondingly, working pressure of
the gas mixture, the maximal generation energies were 70 and
50 mJ, respectively. The homogeneity of the radiation energy
distribution over the cross section of the output laser beam
was estimated by using a thermo-sensitive paper. A footprint
of a laser beam on its surface exhibits high homogeneity of the
laser energy distribution over the cross section — both in
height and width of the laser beam.

5. Conclusions

For the first time, in repetitively pulsed gas-discharge excimer
lasers operating on electron transitions of excimer molecules
ArF", KrCl", KrF* and XeCl" under pumping of a low-pres-
sure gas mixture without a buffer gas by a volume electric
discharge, the pulse energy of laser generation reached 170 mJ
at a high (up to 24 MW) pulsed power of laser radiation with
a uniform energy distribution over the cross section of the
output beam. The maximal efficiency obtained in an experi-
ment with two-component gas mixtures of KrF and XeCl
lasers reached 0.8 %.

Energy and temporal characteristics of the repetitively
pulsed lasers elaborated on the basis of the study provide
their efficient application. For example, for the first time, a
XeCl laser utilising both a three-component active gas
medium and two-component gas mixtures (without a buffer
gas) was used to create and efficiently employ an UV ophthal-
mologic system for medical treatment of patients with open-
angle glaucoma [6, 7]. A gas mixture was transversely pumped
through a laser emitter by a centrifugal fan, which provided
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laser operation in a repetitively pulsed regime with a pulse
repetition rate of up to 50 Hz. Operation at the pulse repeti-
tion rate above 50 Hz was not studied because of the lack of
such an operation regime in a medical UV ophthalmologic

system.
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