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Abstract. An X-ray preionized0.7 l active volume discharge-
pumpedXeCl laser is described. A simple CLC resonant
charging pumping scheme has been used. A specific laser en-
ergy of about5 J/l at the efficiency of> 5.5% with respect to
the electrical energy stored in the driving capacitors has been
reached. A standard deviationσ < 0.2% was obtained for3 J
output energy.

PACS: 42.55; 42.60; 52.80

Until recently it was widely believed that good TEA laser per-
formance requires an initial voltage as high as possible and
applied in a very short time. Physically, this requirement was
explained by the need for the uniform discharge formation [1,
2]. Thus, for the Ne-basedXeCl laser, it was generally agreed
that a∼ 10−8 svoltage pulse of a minimum2–3 kV/(cm bar)
is necessary to achieve reasonable discharge quality [3–6].

However, the striving to increase the initial voltage across
the gap inevitably came into conflict with the load match-
ing condition. Since the basic requirement for efficient
power transfer into a discharge from any LC energy store
is U0 = 2Uss, whereU0 is the initial charging voltage and
Uss is the steady-state plasma voltage (' 0.5 kV/(cm bar)
for Ne/Xe/HCl mixtures), it seemed impossible to satisfy
simultaneously both the gas breakdown condition and the
voltage matching condition by using only one pumping cir-
cuit [6–8]. The double spiker-sustainer pumping method
was introduced [8–15]. A comparison with other excitation
techniques has shown the superior properties of the spiker-
sustained excitation [11, 13, 15, 16].

It will be demonstrated that to attain a very high excimer
laser performance

• there is no need to apply an excessively high initial volt-
age to the discharge gap,
• there is no need to do it so quickly,
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• there is no need to use a double pumping circuit for per-
fect impedance matching.

The simplest CLC resonant charging pumping scheme
was used. The discharge driving capacitorsCdr connected di-
rectly to the electrodes were pulse charged in a relatively long
time of∼ 0.6–0.8µs. A specific laser energy of about5 J/l
and an efficiency in excess of5.5% (with respect to the elec-
trical energy stored inCdr) were reached at an initial voltage
of only 1.1 kV/(cm bar).

1 Background reasoning

1.1 Streamer model of excimer discharge contraction

The short voltage rise time requirement was originally de-
duced by Levatter and Lin in 1980 [2] in addition to the
minimum preionization electron density requirement postu-
lated previously by Palmer [1] for the TEA discharges. The
reasoning behind the model proposed is as follows.

A real high-pressure gas discharge is always driven by
an electrical circuit of finite voltage rise time. If the ini-
tial voltageU(t) across the discharge gap remains below the
breakdown thresholdUbrd for a non-zero period of timet0
(pre-breakdown phase), then a spatial region of depth

x0=
t0∫

0

ue(t) dt =
t0∫

0

µE(t) dt ∝
t0∫

0

U(t) dt (1)

lacking free electrons will grow near the cathode. Hereue(t)
andµ are the electron drift velocity and the electron mobil-
ity, E(t) is the plasma electric field. In this case, the head of
any noise electron avalanche within the depleted regionx0
will be separated from those of the nearest preionization elec-
tron avalanche by a streamwise distance of the order ofx0.
Thus, to avoid undesirable streamer formation due to inade-
quate overlapping of the avalanches, it is necessary to keep

x0< rc , (2)



418

whererc is the so-called critical avalanche head radius. Since
rc ∝ t1/2 (free diffusion) depends on time to a smaller extent
thanx0∝ t (electron drift), there is a definite threshold for the
pre-breakdown phase durationtcrit above which inequality (2)
is violated. In practice, the voltage rise timetU is determined
by the circuit configuration and hence is fixed. Thus, the sim-
plest way to reducedt0 is to build up the maximum voltage
across the gapUmax

t0∼ tU
Ubrd

Umax
. (3)

These speculations fitted in well with experience gathered
with TEA N2, CO2, HF/DF lasers. It is hardly surprising that
the great majority of subsequent investigations were carried
out on this scheme (upper block of Table 1).

The “magic” of the high overvoltage was so strong that
even new pumping concepts [9, 19, 20] were originally based
on this requirement (lower block of Table 1). However, there
was good reason to doubt the validity of the Levatter & Lin
model.

1.2 Experimental contradiction with the streamer model

It was shown as early as 1980 by Taylor et al. [21] that even
a very strong butlocal deterioration of the excimer discharge
has little influence on the rest of the discharge. In remarkable
experiments on laser preionization [10], one or another part
of the discharge volume of a100-ns XeCl laser was masked
to prevent the production of the initial electrons. Complex-
shaped masks were used. The burn patterns obtained on UV-
sensitive paper faithfully copied the mask configuration. No-
tice that even though the laser output was drastically reduced
in the masked regions, the laser energy over non-masked dis-
charge remained essentially unchanged. In other words,the
XeCl discharge is hardly affected by the localized stream-
ers and could be uniformly formed even with a non-uniform
preionization.If so, the requirement (2) seems not to be im-
perative.

Let us consider the case when an average preionization
electron density is sufficiently high (experimental threshold

Table 1. Early stage of the discharge-pumpedXeCl laser development (U0
is the initial discharge voltage,Uss is the steady-state discharge voltage,
tU is the voltage rise-time,eout is the specific laser energy,η is the laser
efficiency)

References U0/Uss tU/ns eout/J/l η (%)

[3] (1981) 16 25 5.0 0.7
[4] (1981) 13 25 3.2 —
[5] (1982) 11 10 4.5 0.9
[6] (1983) 9 10 5.0 1.4
[17] (1984) 4−6 50 3.5 1.0
[18] (1987) 9−13 50 4.4 1.0
[16] (1988) 5−6 20 1.1 0.8

[9] (1983) 6∗ 20 3.5 4.2
[19] (1986) 4∗ 50 3.3 4.0
[20] (1987) 5∗∗ — 1.2 1.7

∗ spiker
∗∗ phototriggering

level Nmin
e0 ∼ 108–109 cm−3 [10, 22]) to provide a uniform

discharge initiation.
It was observed experimentally that at the beginning of the

pumping pulse, the uniformXeCl discharge is always formed
independentlyof the initial voltageU0 and its rise timetU . As
the discharge current increases up toj/p≥ 10 A/(cm2 bar),
local plasma disturbances (“prespot”) occur in the near-
cathode zone depending on the electrode material and the
surface conditions [23–25, 41]. Then, the high-current chan-
nel resting on the emission center (“hotspot”) starts to grow
towards the anode. The time interval between the prespot
initiation and the channel formation is only about a few
nanoseconds. When the high-current channel enters the ho-
mogeneous bulk, its further propagation across the discharge
gap slows down. The higher the discharge current, the less the
bulk plasma is affected by local instabilities. The experiments
demonstrate that the surface density of hotspots drastically in-
creases with increasing the∂ j/∂t parameter [25, 26]. Thus,
the shorter the current rise timetI , the higher the hotspots
surface density and consequently, the higher is the discharge
homogeneity.

Thus, it appears from the above discussion that:
• there is no physical limit to the initial discharge voltage

exceptU0 >Ubrd;
• it is the current rise timetI , not the voltage rise timetU ,

that is of prime importance as far as the discharge unifor-
mity is concerned.

1.3 Preliminary conclusions

The case in hand is the discharge-pumpedNe-basedXeCl
laser.
1. Because the steady-state reduced electric field is(E/p)ss'

0.5–0.7 kV/(cm bar), whereas the dc breakdown field
is (E/p)brd ' 1 kV/(cm bar) < 2(E/p)ss, the voltage
matching between power supply and discharge load
should present no problem.

2. Because the current rise timetI depends on the discharge
driving circuit inductanceL, the most compact pumping
scheme must be chosen. Use of the phototriggering tech-
nique seems promising [20, 27–30].

3. To create a homogeneous discharge, a strong gas preion-
ization is needed. Recently designed X-ray preionizers
easily reach the required initial level of∼ (108−109)cm−3

in discharge volumes of any size [22, 31–35].
Thus, all the conditions for a uniform and efficientXeCl

discharge formation could be met.

2 Experimental setup

In experiments the DenebXeCl laser [22, 36–38] has been
used as a test bed. Thus, it is the geometry of the laser cham-
ber at our disposal that determines all the other laser parame-
ters.

In this section we estimate first the chamber inductance
to know the potential of the present setup. Second, the laser
pumping conditions we need to achieve are calculated. Third,
the discharge driving circuit designed according to the re-
quirements is described. Then, the other laser subsystems are
presented in detail.
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2.1 Discharge chamber

The laser chamber and the two discharge electrodes are made
of Ni-coated aluminum. The total chamber volume is about
10 l. The flat central part of the cathode is about40 cm×3 cm
and the interelectrode gap is5.3 cm. Thus, the active dis-
charge volume is∼ 0.6–0.7 l. The cathode edges were exper-
imentally rounded to smooth the peripheral electric field.

The high-voltage electrode is mounted on a teflon insu-
lator. A 2-cm-thick, glass-fiber-strengthened epoxy plate is
used to close the chamber operated at a pressure of up to6 bar
(Fig. 1).

Following Champagne et al. [39] one can estimate the
chamber inductance:

Lchamber' µ0
d(h+6x)

12ld
' 4π

dh

ld
(nH) , (4)

whereµ0= 4π×10−9 H/cm, d andh are the discharge gap
and the discharge width respectively, andx ' 2h is the dis-
tance between the edge of the discharge and the current re-
turns. Ford= 5.3 cm, h= 3–4 cm, andld = 40 cm, we obtain
Lchamber' 5–6 nH. This result agrees closely with those cal-
culated from more precise analytic formulae [42] or obtained
by computation [43]. Assuming the total driving inductance
(L = Lchamber+ Lcircuit) to be about three times higher [28,
39], we estimateL ≈ 15–18 nH as a lower limit for the
present experimental setup.

2.2 Optimal pumping conditions

Using theXeCl laser optimization algorithm [28, 40], let us
find the optimal discharge pumping conditions.

The pumping pulse duration is given by

tpump' π
2

(e/p)opt

( j/p)max(E/p)ss

1

p
' 800

p
, (5)

wheretpump is in nsand p in bar.( j/p)max' 75 A/(cm2 bar)
and(e/p)opt' 0.025 J/(cm3 bar) are the maximum discharge

Fig. 1. Schematic drawing of the laser head

current density and the specific energy deposition which
should be reached for efficientXeCl laser pumping. For a to-
tal pressure of5 bar, we havetpump' 160 ns.

By definition, for RLC electrical circuits, the peak current
is

Imax= U0

ρ+ R
, (6)

whereU0 is the initial store voltage,ρ and R are the power
supply impedance and the load resistance respectively. In our
case,R= Uss/Imax. Thus, from (6) we have for the circuit
impedance

ρ = U0−Uss

Imax
= Uss

Imax
(k−1) , (7)

wherek=U0/Uss is the overvoltage coefficient. It has been
shown above thatk= 2 can really be obtained. On the other
hand,ρ =√L/C. Thus, the driving capacitanceC and the
inductanceL are given by the simple expressions:

C' 1

π

tpump

ρ
= 1

2

(e/p)opt

(E/p)2ss

hld
d(k−1)

1

p
, (8)

L ' 1

π
tpumpρ = 1

2

(e/p)opt

( j/p)2max

d(k−1)

hld

1

p
, (9)

whered, h, andld are the discharge height, width, and length
respectively. The pulse durationtpump' π

√
LC is taken into

account in (8) and (9). Ford = 5.3 cm, h = 3–4 cm, and
ld = 40 cm, we haveC ' 110–130 nF and L ' 15–18 nH.
Comparing this estimate ofL (“optimal circuit inductance”)
with that obtained above, it can be concluded that it is well
within the permissible limits.

2.3 Driving circuit

The phototriggering pumping technique was used (Fig. 2).
The energy storeC1 = 123 nF, made up of 42 ceramic ca-
pacitors UHV 2.7/30 (TDK), is connected directly to the
discharge electrodes. The store is charged in∼ 0.6–0.8µs
from the primary capacitorC0 = 229 nF (Maxwell-31.160)
through ∼ 2 m-length of coaxial high-voltage cable. The
thyratron LS-4101 (EG&G) is used as a switch. No optimiza-
tion has been made in the present study for the primary charge
circuit. But it was verified that the efficiency of theC0−→C1
energy transmission can be sufficiently high,> 75%−80%.

Fig. 2. Electrical pumping scheme. Primary capacitorC0= 229 nF; driving
capacitorsC1 = 123 nF. Signal measurements: “1 osc.” discharge voltage
divider; “2 osc.” discharge current home-made transformer; “3 osc.” charge
current Pearson transformer
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2.4 Gas preionization

2.4.1 Preionization concept.The gas preionization is the cen-
tral problem as far as the phototriggering discharge excita-
tion is concerned [20, 25, 26, 35]. Because of the earlier high
initial voltage requirement mentioned, it was previously con-
cluded that, to be efficient, the preionizationmust be pro-
duced by a pulse of very short duration (∼ 10 ns) [20, 35]. But
an uncontrolled discharge breakdown due to parasitic electric
charges led to a modification of the concept. The initial volt-
age was reduced, resulting clearly in a drastic increase of the
discharge efficiency. The discharge driving capacitors had to
be charged faster than previously (< 400 nsinstead of10µs),
and the preionization time was shifted to the voltage pulse
beginning [29, 30].

As demonstrated earlier [27, 28, 38], highXeCl laser per-
formance is quite possible using a long pulse preionizer.
A low initial discharge voltage (≤ 3Uss) was chosen from
the beginning. It was shown that, in this case, the effective
preionization time could be increased up to100–200 ns[25].
Thus, there is no need to use a fast preionization. X-ray guns
with ∼ 200 nsrise time were successfully employed. A simi-
lar technique is utilized in the present study.

2.4.2 Preionizer design.The X-ray generator consists of
a secondary emission electron gun as described previ-
ously [22].

The electron gun is composed of a pulsed helium ion
source (p' 30µbar). The high-voltage cathode is polarized
up to−120 kV by a pulse transformer. A gold-coated alu-
minium output window is used. The X-ray pulse time vari-
ation is measured with a plastic scintillator connected by an
optical fiber to a photomultiplier. Typical waveforms are pre-
sented in Fig. 3 The X-ray pulse duration is about400 ns
(FWHM).

The X-rays pass through a1-mm-thick pressure window
and a0.6 mm thick anode, both made of25µm Ni-coated
aluminum.

Fig. 3. X-ray preionizer operating conditions. The traces from the bottom:
the ion source current,100 A/div; the cathode voltage,60 kV/div; the X-ray
dose. Time scale is1µs/div

The integrated X-ray dose in air, measured with a pen
dosimeter in the discharge gap, reaches∼ 18 mrad/pulsein
the anode plane and∼ 10 mrad/pulsein the cathode plane.
The preionisation uniformity in a plane perpendicular to the
electric field was measured with Kodak Industrex AX film.
The results are shown in Fig. 4 Particular attention was given
to the pulse-to-pulse X-ray dose stability. The dose profiles
accumulated over series of about 103 shots are shown in Fig. 5
(external triggering) For the optimized operating regime, the
standard deviationσ ∼ 10% was obtained for the dose inte-
grated over the first∼ 200 nsof the X-ray pulse – the du-
ration of interest as far as the low initial voltage,(E/p)0 '
1–1.5 kV/(cm bar), phototriggered discharge is concerned.

2.5 Subsystem synchronization

The synchronization of the ion source, the electron gun driv-
ing circuit, and the discharge pumping network is handled by
an optical fiber communication system for EMI protection.
The optimal time delays were experimentally adjusted for the
best laser output parameters (laser energy and its pulse-to-
pulse stability).

Fig. 4. Preionization uniformity. TheX direction is the laser axis

Fig. 5. X-ray doseD(t) stability (103 pulses). Time scale is100 ns/div
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Typical waveforms of discharge voltageUd(t), discharge
current Id(t), charge currentI0(t), and X-ray doseD(t) are
shown in Fig. 6 (current oscillations at the pulse beginning
are due to the electric wave back reflection because of im-
perfection of theC0→Ccable→C1=ΣCi circuit matching).
The synchronization betweenUd(t) and D(t) was retained
throughout the experiment. A jitter of about10 nswas found
to have no influence on the laser performance.

2.6 Optical cavity configuration

A 72-cm-base plano/plano optical resonator is used. It is
directly mounted on the discharge chamber. Two total reflec-
tors, a∼ 92% reflection aluminum coated mirror or a∼ 99%
multi-layer dielectric coated mirror, as well as two output
couplers, a∼ 8% uncoated fused silica plate and a∼ 23%
one-side-treated one, were tested.

2.7 Measurements

The discharge current is measured by a home-made current
transformer embracing one of the two current returns (“3
osc.” in Fig. 2). The voltage across the driving capacitor bank
C1 (hereafter referred to as the discharge voltage) is meas-
ured by a carbon resistor voltage divider (24.988 kΩ/49.6Ω)
connected to an oscilloscope through a50Ω coaxial cable
(“1 osc.” in Fig. 2). Both probes were carefully calibrated
with a known LC oscillator circuit using the Pearson-110A
standard current monitor and a stabilized dc high-voltage gen-
erator.

The laser output energy is measured by a disc calorime-
ter 38-0402 (Scientech). The expected laser power density of
about30 MW/cm2 is much higher than the damage threshold
of the working surface coating, so the calorimeter has been

Fig. 6. Typical waveforms of the charge current, the X-ray dose, the dis-
charge current, and the discharge voltage (from the bottom, in arbitrary
units). Time scale is200 ns/div

modified. A 2-mm single-side polished optical glass plate
was stuck on to the calorimeter disc with a heat-conducting
grease. The glass type was specially chosen for the pene-
tration depth of308 nm laser radiation to be approximately
equal to the plate thickness. Then, the calorimeter was recal-
ibrated for the5 J range according to the operating instruc-
tions. A 4% beam reflection from the front side of the glass
plate was taken into account.

A pyroelectric joulemeter ED-500 (Gentec) is used for the
laser energy pulse-to-pulse stability measurement.

The laser-pulse profile is measured in the following way.
To be well mixed, the∼ 2.5 cm×5 cm cross-section laser
beam is focussed on a matt silica plate positioned50 cmfrom
a F = 30 cmquartz lens. The scattered UV radiation is col-
lected and transferred to a photodiode by a silica optical fiber.
The position of the fiber entrance is chosen for the optical
signal to be under the diode saturation level.

A four-channel 200 MHz digital oscilloscope Lecroy
9304A is used for electric signals measurements.

The gas pressure is controlled by a1–5 barMKS 310BJS-
10 (Baratron) system. Neon N40 and xenon from Alphagaz
(L’air liquide) andHCl from Messer Griesheim are used as
active mixture components. A gas purifier, GP2000XR (Ox-
ford Lasers Ltd), operating at140 K is used.

2.8 Operating conditions

The laser pumping parameters are summarized in Table 2.

3 Experimental results and discussion

3.1 Electrical characteristics

Typical signal waveforms are presented in Fig. 7. To analyze
the pumping process, let us consider its fundamental stages.

In general, the discharge voltageUd(t) has no time to flat-
ten, then a non-zero and negative charge currentI0(t) flows
before the breakdown (Fig. 8). A detectable discharge cur-
rent in the opposite direction appears at the breakdown instant
1. However, the voltage drop occurs somewhat later, at the
instant 2, when the discharge currentId exceeds the charge
currentI0.

It should be noted that towards the end of the pre-
breakdown phase 1–2, the discharge is already formed with

Table 2. Pumping parameters of the modified DenebXeCl laser

Parameter

discharge volume,cm3 5.3× (2.5−3.5)×40
total gas pressure, bar 3−5
mixture composition,Ne/Xe/HCl 1000/8/0.8
X-ray pulse duration,ns 400 (FWHM)
X-ray dose,mrad/pulse 10−18
primary store capacitance,nF 229
initial voltage,kV up to 35
charge current,kA up to 10
charge pulse duration,ns 700−800
driving capacitance,nF 123
initial discharge voltage,kV up to 33
maximum discharge current,kA up to 40
pumping pulse duration,ns 150
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Fig. 7. Typical waveforms of the discharge voltage (5 kV/div, Ud = 0 is
marked by−·−), the discharge current (15 kA/div, Id = 0 is marked by
−−−), and the laser pulse.Ne/Xe/HCl = 1000/8/0.8, p= 5 bar. Time
scale is50 ns/div

Fig. 8. Flow chart of the discharge pumping process. 1−2 is the pre-
breakdown phase

a current density of∼ 50 A/cm2 and a plasma resistance of
∼ 1Ω. In other words, some energy is delivered before the
voltage drop. We can estimate this additional energy∆Ein de-
posited into the dischargedirectly from the primary circuit.
For∼ 5 kA charge current and∼ 30 kV initial discharge volt-
age, the energy transferred to the plasma during the∼ 30 ns
pre-breakdown phase 1–2 is∼ 5 J. So, despite the fact that
the primary circuit inductance (800 nH) is much higher than
the discharge circuit inductance (18 nH), the correction∆Ein
must be taken into account when evaluating the laser effi-
ciency [30].

After the breakdown 2, the discharge rapidly achieves
a steady state where the plasma voltage remains nearly con-
stant,Upl ' (E/p)sspd. The duration of this stage depends
on the power deposition and the discharge uniformity and in
principle can proceed up to the end of the pumping pulse.
The steady state electric field(E/p)ss could be easily de-
duced from the experimental discharge voltage at the instant

Fig. 9a–c. Typical waveforms of the discharge voltage (5 kV/div), the
discharge current (15 kA/div) taken upon a gradual increase ofU0 at
p= 3 bar. The overvoltage coefficient:a k= 1.6, b k= 1.85, c k= 2.25.
Time scale is50 ns/div
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3 when the discharge current is a maximumImax, as the in-
ductive correction∆U = Lchamber× ∂I/∂t = 0. The evolution
Imax versus initial voltageU0 across the gap was experi-
mentally found to be linear, as predicted by (6). The value
(E/p)ss' 0.65–0.70 kV/(cm bar) is obtained; it is indepen-
dent of the total gas pressure.

As noted earlier, for RLC circuits, current oscillations
inevitably take place. The extent to which oscillations are pro-
nounced depends on the ratioR/ρ. Assuming the discharge
to be uniform during all the pumping pulse, i.e. the discharge
filamentation did not take place and the plasma resistance de-
pends only on the volume-average current, one can write:

R(t)= Upl(t)

Id(t)
∼ Uss

Imax
. (10)

Using (7), we have from (9)

Rd

ρ
∼ 1

k−1
, where k= U0

Uss
= U0

(E/p)sspd
∝ U0

p
. (11)

It is seen from (11) that an increase in the initial voltage
U0 and a decrease in the total gas pressurep lead to an
impedance dismatching in the same manner. Experimental
Ud(t) and Id(t) waveforms taken upon a gradual increase of
U0 at p= 3 bar are shown in Fig. 9 Very similar results have
been obtained for other values ofp.

3.2 Laser energy

The laser energyEout versus the initial discharge voltageU0 is
presented in Fig. 10a. A maximum value of about3.5 J/pulse
has been obtained. It corresponds to a specific energy ex-
traction of∼ 5 J/l. No saturation has been observed for the
Eout(p) dependence over35 kV operating voltage limited by
the TDK capacitors.

One can plot the laser energyEout as a function of ini-
tial reduced electric field(E/p)0. The results are shown in
Fig. 10b. They tend to prove the idea, postulated before,
that theXeCl laser can already operate well at(E/p)0 ∼
1 kV/(cm bar), i.e. within the near vicinity of the breakdown
threshold.

Different optical cavities were tested to optimize the res-
onator coupling (see Sect. 2.6). The dependencies obtained

Fig. 10a,b.Laser energy vsa initial discharge voltage andb initial reduced electric field. The resonator:99% reflection dielectric-coated mirror and23%
reflection output window

Fig. 11. Laser energy vs initial reduced electric field for different resonator
configuration:• 99% reflection dielectric-coated mirror and23% reflection
output window;◦ 92% reflection aluminum-coated mirror and23% re-
flection output window;4 92% reflection aluminum-coated mirror and8%
reflection output window

(Fig. 11) demonstrate a similar behavior over all the ranges
of U0 and p. In our case, the resonator made of a multi-layer
dielectric-coated total reflector and a23% coupler, was found
to be the best.

Moderate pumping power (i.e. moderate halogen donor
depletion) and high discharge uniformity allow the laser
pulse to proceed up to the end of the first half-period of the
discharge-current pulse and even further (Fig. 7). With a30%
reflection coupler, the laser pulse tail lengthens considerably
and its second maximum (or, more precisely, the plateau)
appears, corresponding to the second half-period of the dis-
charge current. This suggests that the laser pulse terminates
not because of discharge filamentation, but merely because of
a decline in pumping power.

3.3 Laser efficiency

As noted above, theC0→C1 charge circuit and the discharge
pumping circuit are not independent before the voltage drop 2
(Fig. 8). However, the additional energy∆Ein ∼ 0.05E0 de-
posited into the discharge during the pre-breakdown stage
and coming from the primary circuit was found to be fairly
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constant whatever the discharge conditions. A possible rea-
son is that an increase in charge current (for example, due to
a buildup of initial voltage across the primary capacitorC0)
causes the pre-breakdown phase to shorten; thus, the deliv-
ered energy changes slightly.

On the other hand, after breakdown 2 the discharge pump-
ing is a truly independent process (Fig. 6) and thus it can be
considered in its own right. Doing so, the laser efficiencyη
was calculated as the ratio of the output energyEout to the en-
ergy stored in the driving capacitorsE0=C1U2

0/2, whereas
the∆Ein was taken into account as a correction.

The dependenciesη(U0) and η(E/p) are presented in
Figs. 12 and 13 respectively. The best efficienciesEout/E0∼
5.5% andEout/(E0+∆Ein) > 5% were obtained at(E/p)0'
2(E/p)ss independentlyof gas pressure (Fig. 13b), as pre-
dicted for an ideal RLC circuit.

Really, the energy deposed in the plasma during the first
half-period of the current pulse can be expressed

Ein =
tpump∫
0

Id(t)Upl(t) dt ' 2

π
ImaxUsstpump. (12)

Fig. 12a,b.Laser efficiencyEout/E0 vs initial discharge voltage for different resonators:a 92% reflection aluminum-coated mirror and8% reflection output
window; b 99% reflection dielectric-coated mirror and23% reflection output window

Fig. 13a,b.Laser efficiencyEout/E0 vs initial reduced electric field for different resonators:a 92% reflection aluminum-coated mirror and8% reflection
output window;b 99% reflection dielectric-coated mirror and23% reflection output window

Using tpump= π
√

LC= πCρ, from (6) we obtain for the en-
ergy deposition

Ein ' 2CU2
ss

(
U0

Uss
−1

)
. (13)

Then, the impedance-matching efficiency,η′ = Ein/E0, can
be expressed

η′ ∼
(

Uss

U0

)2(U0

Uss
−1

)
= k−1

k2
. (14)

As could be expected, (14) shows that the matching efficiency
depends only on the initial overvoltagek. The similar depen-
dence forη= Eout/E0 observed experimentally is indicative
of very high discharge uniformity.

3.4 Pulse-to-pulse laser stability

The laser energy pulse-to-pulse stability measurements were
made for a continuous operating regime at0.1 Hz using both
a disc calorimeter and a pyroelectric joulemeter. The results
were found to be very similar. In the first case, the signal is
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recorded by a linear plotter and then processed. The diagrams
obtained are presented in Fig. 14. To verify the sensitivity, the
calorimeter was masked for a single laser shot resulting in
a100% signal variation (Fig. 14a).

In the second case, the signal is recorded by an oscillo-
scope and processed automatically.

Fig. 14a–c.Laser energy measured by a disc calorimeter for3.5 J/pulse, 0.1 Hz continuous operating regime.a intermediate phase (first300 pulses). The
signal drop is due to a single pulse masking.b andc stabilized phase (∼ 700 pulses) for different plotter paper speeds

The laser energy was found to be stabilized only after
∼ 300 shots. This intermediate phase is probably due to (i)
self-cleaning of the discharge electrodes, (ii) pyrolysis of un-
controlled impurities in the active gas mixture and establish-
ment of a plasma-chemical balance, and (iii) thermostabiliza-
tion of the gas purifier.

For a3 J laser energy, the joulemeter output signal is 3±
0.005 V over one hour continuous operation at0.1 Hz. It cor-
responds to a standard deviationσ < 0.2%.

4 Conclusions

The pumping circuit design exerts a great influence on TEA
laser performance. The basic parameter here isthe energy
depositioninto the gas. It means not only the energyEin de-
posited during the first half-period of the pumping pulsetpump,
but also the energyE′in released during unavoidable afterpulse
current oscillations. Usually, this energy does not contribute
to laser output. On the contrary, it has a number of detrimental
effects.
1. The voltage reversal is very undesirable as far as the life-

time of discharge driving capacitors and thyratrons is con-
cerned.

2. An unutilized energy release during the final arc discharge
phase stresses the discharge electrodes. First, it short-
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ens the electrode lifetime. Second, the degradation of the
working surface leads to dust production from electrode
sputtering.

3. The gas lifetime is shortened due to a strong depletion of
the halogen donor during the arc afterpulse.

4. In many applications the high EMI level caused by the
current oscillation cannot be ignored.

5. The pulse-to-pulse laser output instability is, primarily,
due to the plasma instability, which is more pronounced in
a filamented non-optimized discharge.

Thus the basic requirement for a high performance TEA laser
is that the energy which remains in the discharge driving cir-
cuit after the laser pulse should be as small as possible. This
regime has been realized in the present study.

The main results are the following:
• a∼ 3.5 J/pulse(∼ 5 J/l) discharge pumpedXeCl laser is

designed;
• a< 0.2% population standard deviation is obtained for3 J

output energy;
• a∼ 5.5% laser efficiency with respect to the electrical en-

ergy stored in the driving capacitors is reached;
• a 400-ns-long (FWHM) moderate-power X-ray pulse is

used as a preionizer;
• a high laser performance is realized with an initial electric

field of only about1.1 kV/(cm bar) and a∼ 700–800 ns
discharge voltage rise time.
Taken together, these characteristics are believed to be the

best ever reached with aXeCl laser.
These laser characteristics are very favorable for various

applications:
1. the design of more compact and cheaper laser systems for

industrial use is possible with efficient operation and no
high-voltage/current switch in the discharge circuit;

2. a high laser-beam quality can be achieved with a dis-
charge of very good uniformity, using either unstable cav-
ities or seeder–amplifier methods;

3. a multi-joule laser output and a high pulse-to-pulse stabil-
ity make possible, for example, gas or plasma single-shot
probing and are also very convenient for material process-
ing.
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