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We present the theoretical and experimental results of studies
of the influence of parameters of the excitation system and the
active medium on the radiant energy and efficiency of a KrF laser.
An LC-inverter excitation circuit with a sharpening capacitor,
the automatic UV preionization, and a spark gap used as a high-
voltage switch is analyzed. The optimal parameters of elements
of the excitation circuit are found, which provides the pumping
intensity approximately equal to 4 MW /cm3. It is discovered
that the increase in the pumping level yields a rise of both the
total pressure of the active medium and the active volume due to
an increase of the discharge width. A comparison of the results
obtained for KrF and ArF lasers testifies to the fact that the
dependences of the discharge and radiation characteristics on the
parameters of the excitation circuit have a universal form.

1. Introduction

For the majority of practical applications, the most
important parameters of an excimer laser are the
maximum pulse energy of radiation attainable at the
highest possible efficiency with respect to the stored
energy, reliability and effectiveness of the electric circuit
used for laser excitation, as well as the cost of its
exploitation which is mainly determined by the cost of
a gas mixture. It is known that the usage of helium
as a buffer gas instead of neon allows one to decrease
essentially the cost of laser operation. That’s why,
the development of a powerful high-performance laser
with an active medium based on a buffer gas helium
represents an urgent problem.

In our opinion, the most important parameter
responsible for the achievement of high values of
the laser radiant energy and efficiency is a pumping
intensity. In the present paper, by a pumping intensity,
we mean the power density W of the pumping of an
active medium, which is determined as W = E/Vr,
where F is the energy stored in a sharpening capacitor, V
— the active volume, 7 — the duration of the first half-
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period of the discharge current measured on the base
level.

In [1], it was shown that the achievement of high
values of the radiant energy and efficiency of a neon-
based KrF laser requires a pumping intensity in the
range 1.8—2.5 MW /cm?. At such a pumping intensity,
a laser excited by means of a capacitor recharge circuit
with automatic UV preionization provides the radiant
energy of 500 mJ at the total efficiency of 3.9%. In [2],
a laser analogous to that described in [1] emitted the
radiant energy of 810 mJ at the efficiency of 2.6%.

In [3], the excitation system analogous to that used
in [1, 2] allowed one to achieve the radiant energy of 600
mJ and the efficiency of 1.6% at a charging voltage of
36 kV, while the highest possible value of the efficiency
equal to 2.8% was obtained at the energy of 300 mJ. In
this case, the estimated pumping intensity approximated
2.0 MW /cm?.

Paper [4] was devoted to investigating a He—Kr—F,
mixture laser. It was excited with the help of a pumping
system similar to that described in [1, 2]. The radiant
energy obtained in these researches at the charging
voltage of 45 kV and the active volume of 200 cm?
amounted to 500 mJ, while the efficiency was equal to
1.1%.

The maximal energy of a gas discharge KrF laser
was obtained in [5] and amounted to 5 J in a neon-
based laser and 4.5 J in a helium one. In order to
attain so high energies, a complicated pumping system
was developed according to a two-stage Marx generator
circuit that operated at charging voltages of 190—220
kV. The efficiency of such a KrF laser calculated with
respect to the energy stored in capacitors did not exceed
0.53 and 0.47%, respectively.

In [6], the same authors replaced a Marx generator
by an LC-inverter excitation system with magnetic
contraction links used for exciting the active volume
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6.5%5.0x80 cm?, which allowed them to reduce the
charging voltage from 192 to 65 kV. In this case,
the radiant energy in a Ne—Kr—F,; mixture medium
decreased from 5.0 to 2.5 J, while the total efficiency
increased up to 2.5%. Under these conditions, the
pumping intensity was equal to 0.6 MW /cm®. However,
the usage of helium as a buffer gas at such low pumping
intensity did not allow the authors to obtain high values
of the radiant energy and efficiency of the KrF laser, and
they did not report any information about the latter.

In order to obtain the effective generation of a
He—Kr—F, mixture laser, we increased the pumping
intensity up to 3.0 MW /cm?, which allowed us to create
such a laser with a radiant energy of 800 mJ and a total
efficiency of 2.0% [7].

As follows from the above literature review, the
highest values of the radiant energy and efficiency of a
KrF laser were obtained with the mixture Ne—Kr—F5 at
the pumping intensity of 2.0 MW /cm3. A replacement,
of the buffer gas helium by neon required an increase of
the pumping intensity up to 3 MW /cm? and higher.

The purpose of the present paper consists in
the theoretical and experimental investigation of the
processes taking place in the excitation system and the
active medium of a He—Kr—F5 mixture laser in order to
achieve the highest possible values of its radiant energy
and efficiency. The problem also includes the search for
the optimal values of the active medium configuration
and the elements of the high-voltage excitation system,
as well as the determination of the optimal parameters
of the excitation of a He—Kr—F5 mixture laser.

2. Experimental Setup

The experimental investigations consisted in measuring
the energy and amplitude-time characteristics of voltage,
current, and radiation pulses in the nanosecond interval.
The apparatus and measuring techniques are described
in [8].

The distance between the basic electrodes in the
discharge chamber was equal to 2.7 cm. The length of
the active part amounted to 59 cm, while the discharge
width represented a variable quantity depending on
pumping parameters and was determined by the light
spot. The minimal discharge width equal to 0.7 cm was
obtained at a charging voltage of 18 kV and increased
up to 1.1 cm with increase in a charging voltage up to
26 kV. Thus, the active volume varied from 96 to 175
cm?® depending on the pumping level. The automatic UV
preionization was performed by two rows of spark gaps
located astride one of the basic electrodes. The discharge
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Fig. 1. LC-inverter electric circuit used for laser pumping: C; = 50
nF, Co= 100 nF, Cs= 30 nF, Ry = 0.1=0.15 Q, L1= 40+70 nH,
Lo= 13 nH, L3= 2.5 uH, L4.= 3.8 nH

chamber was sealed by means of parallel-sided plates
made of MgF,, one of which served as an exit mirror
of the resonator. Its second mirror was an external
dielectric mirror with a reflection coefficient of 99% at
a radiation wavelength of 248 nm. The optical length of
the resonator amounted to 120 cm.

As an excitation system, we used an LC-inverter
circuit with a sharpening capacitor and automatic
preionization. Such a choice was conditioned by a
number of advantages of this circuit as compared to
that of the C—C' recharge type. First, it’s worth noting
the possibility to reach high voltages across a discharge
gap, which contributes to both the improvement of the
discharge homogeneity and an increase in the efficiency
of energy transmission to an active medium at low
charging voltages. Secondly, a high-voltage switch is not
introduced into a circuit in series and therefore transmits
only a part of the stored energy, which ensures both a
decrease in the load on a high-voltage switch and an
increase in its service life.

An LC inverter, first proposed for pumping excimer
lasers in [9], represents a pulse generator with the voltage
doubling due to its inversion across one of reservoir
capacitors (Fig. 1). The reservoir capacitors C1 and Cs
are charged from a source up to a charging voltage Uc.
The operation of a gas-filled gap R; causes an oscillation
process arising in the L;Cj circuit, which results in
recharging of C; after the time interval m/L,;C}, so
that the voltage U across C5 exceeds the charging one.
By that moment, the capacitor C> turns out to be
discharged to a certain extent. In order to minimize
the influence of this factor, the value of the capacity
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Cy is chosen to be higher than C; (usually C» =
2C).

The sharpening capacity C3 represents a capacitor
connected in parallel to a discharge gap. It is used for
creating a low-inductance circuit with the latter, i.e.
for time “sharpening” of the discharge current passing
through the gap with respect to the current charging
C5. The magnitude of the capacity C3 is chosen on the
ground of providing the most efficient energy transfer
from the reservoir capacitors to the sharpening one. One
can demonstrate that this requirement is satisfied under
the condition that Cs ~ (1/Cy +1/C5) ",

The inductance Lo includes that of UV preionization
and those of the capacitors Cy and Cy, L; stands for
the inductance of the L;C; circuit (which is mostly
determined by that of the gas-filled gap R;), and Lj
is the charging inductance. L denotes the inductance
of buses supplying current. Creators of excimer lasers
usually aim at the value of L equal to 20—30 nH.
The discharge itself represents an ohmic time-dependent
resistance which is determined by the density of
electrons and their mobility in the discharge. Lq. is the
inductance of the discharge circuit, whose magnitude lies
in the range 3—5 nH.

As a high-voltage switch, we used two kinds of spark
gaps — a standard RU-65 gas-filled gap (R; ~ 0.15
Q, Ly ~ 70 nH) and a specially developed one (SR)
characterized with lower values of resistance and self-
inductance (R; ~ 0.1 Q, Ly ~ 40 nH).

3. The Theoretical Model

The discharge and radiation dynamics was numerically
simulated by means of solving the kinetic equations for
components of the mixture together with the equation
for the feed circuit and the Boltzmann equation for the
electron energy distribution function in an electric field:

N
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where € stands for the energy of electrons, n, — their
density, E — the electric field, T — the gas temperature
(eV), N — the total gas concentration, N;, M;, and Q;r
denote the concentrations of atoms and molecules, their
masses, and transport cross sections, respectively, m —
the electron mass, and e = 1.602 x 1072 erg/eV.
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The integral S.n describing inelastic electron
collisions with atoms and molecules has a form
SeN = EZ: % X
x[(e+ei)Qile+ei) fole+ei) —eQi(e) fo(e)] -
Qi (€) o (0), o)

where (; and ¢; denote the cross sections and energy
thresholds for the processes of excitation and ionization
of inert gas atoms and fluorine molecules, and Qa4 is
the cross section for the electron attachment to fluorine
molecules.

The kinetic processes taken into account when
numerically simulating the plasma kinetics of a KrF laser
are given in [10].

4. Discussion of the Results

In the present work, we analyze theoretically a KrF
laser based on the mixture He:Kr:F5=89.8:10:0.2 at a
pressure of 2.5 atm and a charging voltage of 21 kV
in order to determine the optimal parameters of the
excitation circuit. The results of the theoretical analysis
were compared to experimental data. We analyzed the
operation of the excitation circuit depending on values
of its basic parameters: the inductance L of buses
supplying current that influences the effectiveness of
energy transfer from the reservoir capacitors to the
sharpening one, the resistance of a gas-filled gap Ry,
and its inductance L, that determine the efficiency of
the operation of the voltage doubling circuit.

The optimal operation of the considered excitation
circuit requires an effective voltage doubling across
the reservoir capacitors as well as the most complete
transmission of the stored energy to the sharpening
capacitor and the discharge. In addition, the rate of
transmitting the energy to the discharge is also of
importance, as it directly influences the homogeneity of
the preionization of the working volume. The optimal
excitation system of a laser should provide a time
delay between the preionization pulse and the discharge
breakdown sufficient for preionization electrons to be
distributed uniformly inside the volume of the discharge
chamber.

The discharge dynamics essentially depends on the
magnitude of the inductance L of buses supplying
current. Figure 2 shows its influence on the effectiveness
n! of the energy transfer from the electric circuit to the
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Fig. 2. Effectiveness of the energy transfer to a discharge as a
function of the inductance L

discharge (i.e. the ratio of the energy transmitted to the
capacitor Cs to that stored in the reservoir capacitors
Cy and C3). In this case, the values of L; and R,
amount to 70 nH and 0.15 2, which corresponds to the
parameters of a RU-65 gas-filled gap. As follows from
our calculations, there exists a range of values of the
inductance L, at which the energy is transmitted to the
discharge in the optimal mode. At the chosen values of
the other parameters, such a mode corresponds to the
range of L ~ 80+100 nH.

In Fig. 3,a, b, we present the experimental and
calculated dependences of the voltage across the
capacitor C3 and the current passing through it on the
inductance L obtained at a charging voltage of 21 kV.
In addition to an increase of the discharge voltage and
current, a rise of the inductance L is accompanied with
a pulling of the breakdown time moment, i.e. with an
increase in the time delay 7 between the preionization
pulse and that of the discharge current (Fig. 3,c). It is
natural, as a growth of the inductance of a circuit results
in a rise of the period of electric oscillations in it. A
later breakdown is advantageous from the viewpoint of
the improvement of the preionization homogeneity in a
discharge. This effect cannot be reflected in calculations,
since the preionization is considered to be uniform in
the whole volume of the discharge chamber, but it takes
place in practice. As was shown in [11,12], the maximal
radiant energy is reached at the time delay equal to 200—
300 ns. That’s why, the approach to the range of optimal
values of T also causes an increase in the laser energy and
efficiency.

The magnitude of the inductance of the L;C; circuit
also exerts an essential influence on the discharge
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Fig. 4. Experimental oscillograms of the voltage across the
capacitor C3, the current passing through it, and the radiation
power obtained using different gas-filled gaps

dynamics. In Fig. 4, we present the experimental
oscillograms of the voltage across the capacitor C, the
current passing through it, and the radiation power
measured using different gas-filled gaps [a RU-65 (L,
=70 nH, R;= 0.15 Q) and a specially developed
discharger SR (L; =40 nH, R;= 0.1 Q) characterized
with lower values of the resistance and self-inductance].
One can see that, with decrease in L, the breakdown of
the discharge gap takes place earlier, while the ignition
potential and the discharge current increase. These
facts can be easily explained, since a decrease in the
inductance of the L;C; circuit results in a reduction
of its oscillation period, i.e. in the earlier achievement
of the inversed voltage across the capacitor C; and,
respectively, the doubled voltage across the condensers
C1, Cs. Moreover, the voltage doubling takes place with
lower losses as, during a shorter time of recharging of
(1, the capacitor Cs cannot discharge essentially. As
the duration of the stage preceding the initiation of the
discharge reduces, the electron density necessary for a
breakdown can be obtained only at a higher discharge
voltage.

Thus, with decrease in the inductance L1, the voltage
across the discharge gap rises, which implies a more
effective energy transfer to the discharge, but the
time delay between the beginning of the preionization
pulse and the discharge ignition shortens, which results

926

in worsening the preionization homogeneity of the
working volume. That’s why, when choosing the optimal
parameters of the excitation system, it is necessary
to find a compromise between these two factors.
An analysis of the experimental oscillograms (Fig. 4)
demonstrates that making use of lower values of the
inductance L; causes an increase of the discharge current
(in this case, the radiant energy rises by 10%) in
spite of the fact that the time delay between the
preionization pulse and the discharge breakdown reduces
by approximately 10 ns.

The resistance of a gas-filled gap R; determines the
degree of the damping of electric oscillations in the L; C}
circuit. If we use the considered excitation circuit with a
gas-filled gap with the resistance R; > 0.5 (2, oscillations
in the L;C; circuit damp during the first half-period,
and the voltage reached across the reservoir capacitors
after the recharging of C'; does not exceed practically the
charging one, so that the usage of the voltage doubling
circuit makes no sense. A variation of the resistance R;
in the range of low values ~0.1—0.2 Q almost does not
influence the discharge dynamics, by resulting only in a
slight change of the ignition potential.

Thus, choosing the optimal values of the inductance
L of buses supplying current and the inductance Lj,
one can transfer the energy to the discharge more
effectively, which causes an essential increase of the
ignition potential and the discharge current (Fig. 5,a).
Moreover, the dependences of the discharge voltage
and current on the circuit parameters have a universal
form for various active media of excimer lasers. In
Fig. 5,b, we present the voltage across the capacitor
Cs; and the current passing through it as functions
of the inductances L and L; calculated for an ArF
laser based on the He:Ar:Fs mixture excited with the
considered LC-inverter circuit. In this case, the mixture
components relate as 79.7:20:0.3, the total pressure of
the active medium equals 1.6 atm, and the charging
voltage amounts to 21 kV [13]. A numerical simulation
of the plasma kinetics is performed using the kinetic
processes given in [14].

It’s worth noting that the calculated radiant energy
rather slightly depends on the inductances L and L,
though, according to the experimental data, a transition
to the range of their optimal values results in an increase
of the radiant energy by a factor of 1.5—2. In order
to describe the influence of the parameters of the feed
circuit on the radiant energy of a laser in more details,
one should take into account the expansion of the region
of discharge burning that takes place as the discharge
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Fig. 5. Dependences of the voltage across the capacitors C3 (e, 0) and current passing through it B, on the inductances L, L1 calculated
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voltage increases. Such an effect is conditioned by the
influence of the real profile of electrodes on the space-
time dynamics of the discharge (STDD) and radiation.
Electrodes used in practice have a special form providing
the improvement of the uniformity of the electric field
in a discharge. Their surfaces can be approximately
represented as parts of a cylinder with a large (as
compared to the electrode width) radius of curvature
R, so as the distance between the electrodes gradually
increases in the direction from their center to the
periphery. It is clear that the breakdown in such a
system takes place only in the central part of the
electrodes. In peripheral layers, the magnitude of the
electric field is insufficient for the discharge ignition.
A rise of the voltage across the discharge gap and,
respectively, the electric field between the electrodes
must induce an increase of the number of layers involved
in the discharge process, i.e. an expansion of the region
of discharge burning.

In order to allow for the influence of the electrode
profile on the STDD, we used a model described in [15]:
the discharge gap was decomposed into n + 1 layers
with a small width along the electric field lines. The
calculation of STDD consisted in the simulation of the
time characteristics of the plasma in each of these layers.
The field intensity in the i-th layer depends on the length
of the field line I;: E; = U/l;, where U is the discharge
voltage. The length of the field lines increases from the
center towards the periphery of electrodes:

29,

L= sin;

R(1 —cos?;) + g , (3)

ISSN 0508-1265. Ukr. J. Phys. 2005. V. 50, N 9

- O max _ B - _
where 191 = lm, 19max = Qarctg \/ﬁ’ 1= 0, 1, ..n,
d is the distance between the electrodes along the
discharge axis, and B is the width of the electrode

base.

In Fig. 6, we demonstrate the dependences of the
voltage across the capacitor C3 (a) and the current
passing through it (b) on the inductances L and L;
calculated for the case of plane electrodes and those of
cylindrical form with the curvature radius R=10 cm.
In this case, the width of the electrode base amounts
to 3 cm, and the interelectrode distance equals 2.7 cm,
which corresponds to the experimental parameters. A
comparison of the curves shows that the allowance for
the influence of the electrode profile on the STDD has no
effect practically on the form of the dependences of the
voltage and current on the inductances L and L. At the
same time, an increase of the radiant energy acquires a
much sharper character: over the range of L from 20 to
100 nH, the radiant energy rises by a factor of 1.3—1.8
(Fig. 6,c), which agrees well with the experimental value
1.5—2.

Thus, the optimization of the laser excitation circuit
with respect to the parameters of the gas-filled gap (R,
L;) and the inductance L of buses supplying current
allows one to increase essentially the effectiveness of
energy transfer to a discharge and the radiant energy.
It’s worth noting that, in the case where the energy
stored in the reservoir capacitors is small (i.e. at low
charging voltages), its ineffective transmission to the
discharge cannot provide even the discharge ignition.
The transition to the optimal values of the inductances
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pumping intensity W on the charging voltage Uc. L = 80 nH

L and L; allows one to achieve the discharge burning
and the generation starting from a charging voltage of 18
kV, i.e. to expand the range of working voltages towards
lower values in addition to an increase of the radiant
energy of a laser.

Under these conditions, by using the specially
developed gas-filled gap SR and L =80 nH, we obtained
the dependences of the voltage across the capacitor
Cs5, current passing through it, radiant energy, and
total efficiency on the charging voltage varying in the
range 18—26 kV. In the course of our experimental
investigations, we discovered that, with increase in the
charging voltage from 18 to 26 kV, the optimal pressure
rises from 2.0 to 3.0 atm, discharge width from 0.6
to 1.1 cm, and, respectively, the active volume of the
medium from 96 to 175 cm?®. These factors were used
for estimating the pumping intensity and performing
the calculations which allowed us to reach a better
correspondence between the results of our simulation
and those of the experiments.

Figure 7 demonstrates the voltage across the
capacitor C3, the current passing through it, and the
pumping intensity W as functions of the charging
voltage Uc. From the latter dependence, one can see
that, with the variation in the discharge width being
allowed, the pumping intensity slowly increases. At the
minimal charging voltage Uc = 18 kV, the absolute
magnitude of W amounts to 3.2 MW /cm? while, at Uc
= 26 kV, the value of W reaches 4 MW /cm?.

In Fig. 8, we present the results of studies of the
radiant energy and the total efficiency of the KrF laser
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Fig. 8. Radiant energy E and the total efficiency n of a KrF laser as
functions of the charging voltage measured for the active medium
He—Kr—F» = 89.8:10:0.2. L = 80 nH

as functions of the charging voltage Us. One can see
that the achievement of peak values of these parameters
under the given excitation conditions requires a pumping
intensity of 3—4 MW /cm?, which exceeds the optimal
values obtained in [1,2] when investigating a Ne—Kr—F,
mixture laser. In the present paper, we have obtained a
weak dependence of the total efficiency of a He—Kr—F,
mixture laser on the charging voltage: the total efficiency
changed from 1.9% at Uc=18 kV up to 2% at Uc=26
kV. The peak radiant energy amounted to 1 J at an
efficiency of 2%.

5. Conclusions

The influence of the parameters of the excitation system
and the active medium on the radiant energy and
efficiency of a KrF laser is investigated experimentally
and theoretically. An LC-inverter excitation circuit with
a sharpening capacitor, the automatic UV preionization,
and a spark gap used as a high-voltage switch is
analyzed. The optimal parameters of the elements of
the excitation circuit are determined, which provides the
pumping intensity approximately equal to 4 MW /cm?.
It is discovered that, with increase in the pumping
level, there occurs a rise of both the total pressure
of the active medium and the active volume due to
an increase in the discharge width. The comparison of
the results obtained for KrF and ArF lasers testifies
to the fact that the dependences of the discharge
and radiation characteristics on the parameters of the
excitation circuit have a universal form.
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SAJIE2KHICTHb EOEKTUBHOCTI EKCUMEPHUX
EJJEKTPOPO3PAJHNX JIABEPIB BIJI IIAPAMETPIB
CHUCTEMU 3BY/I2KEHHA I AKTUBHOI'O CEPEJIOBUIITA

0.M. Pasces, A.A. 2Kynixos, A.l. l]edpin, I.I". Kaaroocha
Peszmowme

HapegeHOo pe3ysibTaTé TEOPETHYHUX | €KCIHEPUMEHTAJbHUX OCIIi-
J2KeHb BILTUBY INapaMeTpiB cucTeMu 30yKEHHsS i aKTHBHOIO Ce-
penosuina Ha exeprifo rexeparii i KK/ KrF-mazepa. Teoperuwmo
npoaHai30BaHO cucTeMy 30ymkeHHs Tuma LC-iHBepTOp 3 3aroc-
TPIOBAJIBHOIO €MHICTIO, aBTOMATHIHOIO Y P-niepemionizarieio Ta ic-
KPOBHUM PO3PSIHUKOM Y POJIi BECOKOBOJIBTHOI'O KOMYTAaTOPa. 3HAH-
JIeHO ONTHMAJIbHI IapaMeTpu eJleMeHTIiB cucreMu 30yI2KeHHS, 10
3a6e31edyoTh MUTOMY MOTYXKHICTH Hakadku 6iusbko 4 MBT/cm®.
Busasmeno, oo i3 36i1bIIeHHAM piBHA HAKAYKH BiIOYBAaE€THCA 3011b-
HOI€HHA OIITUMAJIBHOI'O THCKY aKTHBHOI'O CepeJoOBUIld, B TAKOXK aK-
THUBHOTO 00’€My 3a paxyHOK 3pPOCTaHHS IIHPUHH po3psany. [lopis-
HAHHS Pe3yJbTaTiB, mo ogepxkaui aiaa KrF- ta ArF-nazepis, cBig-
YHUTH PO YHIBEPCAJIBHHUN XAPAKTED 3AJIEIKHOCTEH XAPAKTEPUCTUK
pO3psAay Ta BUIPOMIHIOBAHHS Bij mapaMeTpiB cucTeMHu 30ymaKeH-
HdA.
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