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Testbed 

Abstract. In order to check the predictions of 0D-models experimentally, a small coaxial discharge 
configuration for the generation of homogeneous high pressure glow discharges (diameter 11 mm, 
length 20 mm) in rare gas halogen excimer laser gas mixtures under accurately controlled conditions 
has been developed. It uses X-ray preionization and a special pulse-forming network (PFN) delivering 
fast rising (8ns) single square pulses (U0 = 25kV; I = 300A; ~- = lOOns). Discharge current and 
voltage are measured precisely by a capacitive voltage divider and a shunt integrated into the discharge 
chamber. All circuit data needed for the model calculations have been evaluated. Interferometric and 
spectroscopic diagnostics of the bulk of the discharge and of the cathode sheath have been performed. 
First results for Ne/Xe/HC1 mixtures are compared with model calculations. 

PACS: 42.55.Gp, 52.65.+z, 52.80.Hc 

The technical development of XeCl* excimer lasers pumped 
by self-sustained discharges is much more advanced than the 
knowledge of the physics of these transient high-pressure 
glow discharges. There is no self-consistent model, predict- 
ing the spatial and temporal development taking into account 
the slightly inhomogeneous external electric field Ee due to 
the electrode profiles as well as the inhomogeneous preion- 
ization electron density rico(r) produced by an external VUV 
or X-ray preionization system. Such a selfconsistent model 
has to include the full reaction kinetics, the non-Maxwellian 
electron energy distribution function and the space charge 
generated electric fields Esp. The lack of such a 2D- or 3D- 
model is not only due to numerical problems and the large 
computing times to be expected. The up to now not very 
precise knowledge of the quantitative aspects of the reaction 
kinetics did not justify the development of true 2D-codes. 

The present knowledge of the reaction kinetics of XeCI* 
lasers comes from predictions of spatially homogeneous 0D- 
models [i-13], which in some cases have been compared 
with spectroscopic and interferometric measurements from 
existing laser devices [8, 14-17]. As lasers are not built to 
give easy access for optical plasma diagnostic methods and 
precise measurements of discharge voltage Up(t) and current 
ID(t), the accuracy of such comparisons is limited. 

This paper presents a detailed description of a small- 
volume coaxial discharge configuration especially developed 
to check precisely the predictions of 0D-models. First exper- 

imental results are compared with model calculations using 
an improved method to solve the Boltzmann equation [18]. 

The configuration has been designed to generate flat- 
top single square-wave current pulses with current densi- 
ties of j = 100--1000A/cm 2 in Ne/Xe/HC1 mixtures typi- 
cal of XeCI* lasers. Square current pulses allow a precise 
measurement of the quasi-steady-state voltage for a compar- 
ison with model predictions because inductive corrections 
of the measured voltages are negligible during the quasi 
steady-state phase. During the breakdown phase inductive 
corrections of the measured voltage can be performed be- 
cause the discharge current is recorded simultaneously to 
the discharge voltage with a synchronisation of 0.5 ns. Large- 
diameter plane electrodes and an X-ray preionization system 
serve to produce very homogeneous cylindrical discharges 
(typically 11 mm diameter, 20 mm electrode gap). By using 
carefully polished and cleaned Ni cathodes the formation of 
hot-spots on the cathode surface and filaments in the bulk of 
the discharge can be avoided. The PFN uses a laser triggered 
spark gap producing a voltage pulse UpFN(t) with a short 
rise time. UpFy(t) can easily be measured. The difficulties 
to model the time depending conductance of the switch are 
thus avoided. This is of great advantage for investigations 
of the avalanche stage of the discharge. 

Four large windows give easy access for optical diag- 
nostics of the bulk of the discharge as well as the cathode 
layer. The partial pressure of HC1 is monitored at a pre- 
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cision of about 5% by infrared absorption spectroscopy of 
the P(1) lines of H35C1 and H37C1 (A = 3.49pm) [19]. Ra- 
dial distributions of effective Xe* and CI* number densities 
measured by laser absorption spectroscopy are used to judge 
the homogeneity of the discharge. 

As the most sensitive check of the reaction kinetics used 
in a 0D-model is given by the voltage Up(t) between the 
electrodes special care was taken to integrate a shunt and a 
capacitive voltage divider into the discharge chamber. Char- 
acteristic data to be measured are the breakdown delay and 
the voltage Uss during the quasi steady-state. The total cur- 
rent Io is impressed due to the large value of the internal 
resistance (R + Z ~ 100 f~) of the PFN. The current flow- 
ing in the observed halo will have no large effect on Uo(t) 
as long as the electron energy distribution function and the 
reaction kinetics are insensitive to minor changes of he. The 
most uncertain assumption of the 0D-model is the neglect 
of the cathode fall. If the cathode fall is characterized by a 
voltage Uc and a thickness dc (including the negative glow), 
one gets the electric field in the homogeneous bulk as 

EB : (Up/d)[(1 - Uc/UD)/(1 -- dc/d)] , (1) 

with electrode gap d. 

In 0D-models EB = UD/d is assumed. Whereas dc/d  < 
10 -2 will be valid, Uc/UD is unknown and may be as large 
as 0.2. This deviation is much larger than the error of UD/d 
in our experiment. A possible way of determining Uc is to 
measure UD in two discharges with different electrode gaps 
d and otherwise unchanged parameters in order to get no 
change of the cathode fall and the bulk field. This procedure 
should be possible in our experimental arrengement. 

W. B6tticher et al. 

1 Experimental Set-Up 

1.1 The Discharge Chamber 

In order to obtain well-defined discharge parameters a spe- 
cial discharge chamber, having rotational symmetry (Fig. 1), 
has been built. Wall materials are nickel-plated brass and 
PTFE in order to keep the HC1 consumption low. The pulse 
transmission line of the pulse generator is connected to the 
cathode via a CuSO4 current limiting resistor in the form 
of a hollow cylinder to reduce the skin effect. For the in- 
vestigation of a variety of cathode materials exchangeable 
electrode insets of 3 cm in diameter are used. The electrode 
gap can be changed from 5 to 20 mm. An X-ray source be- 
hind the anode preionizes the cylindrical discharge region. 
The discharge cross section and thus the current density can 
be changed with the help of lead apertures between the X-ray 
source and the discharge. The central region of the anode, 
made of aluminium (A1CuMglF40) is highly transparent for 
X-rays. Charging the PFN to about 30 kV causes current den- 
sities during the quasi steady-state phase of approximately 
300A/cm 2 if a lead aperture of 1.1 cm in diameter is used. 

As the discharge chamber is arranged horizontally the 
buoyancy of the heated discharge channel produces a gas 
flow parallel to the electrode surfaces. This gas flow is suffi- 
cient to clear the discharge channel between two successive 
pulses for typical pulse repetition frequencies of _< 0.25 Hz. 

1.2 The Preionization System 

To achieve a homogeneous preionization electron density of 
about 1015/m 3 within the discharge volume we use a home- 
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Fig. 2. Geometry of the X-ray tube and the lead apertures 1 tanta- 
lum knife edge cathode, 2 tungsten anode (radiating area indicated), 3 
plastic scintillator, 4 lead apertures, 5 discharge volume 
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Fig. 3. Radial X-ray distribution in front of the cathode 

made X-ray tube [20, 21]. It uses a knife edge field emission 
cathode of tantalum (10 gm thick, approximately 5 mm wide) 
and an anode of massive tungsten. The geometry is shown 
in Fig. 2. Using a pinhole camera for taking an image of the 
anode we found that the X-ray emitting spot has a radius 
of about 0.5 cm. The intensity of the X-ray pulse and the 
synchronization with the discharge voltage can be monitored 
with the help of a scintillator in front of the X-ray tube (see 
Fig. 2). A pulse-forming network including an LC-pulse- 
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forming line and a 1:5 pulse transformer supplies the anode- 
cathode-gap of approximately 6 mm with a voltage pulse of 
50ns duration and a peak voltage of about 100kV. As the 
PFNs of the discharge and of the X-ray tube are triggered 
independently, the delay between the preionization and the 
discharge can easily be varied. Figure 12 shows the typical 
synchronization between X-rays and discharge voltage and 
current pulse. 

The absolute preionization density can be measured by 
using the discharge chamber as an electron-drift-chamber. 
The stability of the preionization electron density of about 
±10% on a time scale of hours and the long-term decay of 
about - 3 0 %  in a period of 104-105 shots are permanently 
monitored by the scintillator signal. 

The distribution of the X-ray intensity in the discharge 
chamber is determined with an X-ray sensitive photographic 
film and is found to be about three orders of magnitude 
smaller outside the discharge channel than inside (see Fig. 3). 

1.3 The Pulse-Forming Network (PFN) 

Investigations of the footprints of the hot-spots on the cath- 
ode surface or time-integrated photographs require a single 
current pulse without any after-pulses. A PFN that discharges 
a coaxial cable will produce multiple pulses if the load does 
not match the impedance of the cable. If a gas discharge is 
part of the load, an impedance mismatch cannot be avoided 
during the breakdown phase of the discharge. Emission spec- 
tra taken with a spectograph and a streak camera showed that 
the filamentation of the discharge occurred mainly during the 
reflected current pulses of such a cable pulse generator. The 
reflections returning back to the discharge can be avoided 
by using a pulse generator as proposed by Proskurovsky et 
al. [22]. 

This pulse generator (see Fig. 4) produces a single square 
voltage pulse. The outer conductor of a coaxial cable (Z = 
50 ~ ,  L = 20 m) is charged to a voltage U0 and then dis- 
charged into the transmission line via a fast high-voltage 
switch. As a result square-wave pulses with an amplitude of 
-0o/2  and a duration Of lOOns will be sent into the trans- 
mission lines No. 1 and No. 2. The pulse travelling down line 
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Fig. 4. Principle-sketch of the pulse generator. Pulse forming line (Z = 50 Ohms, L3 = 20 m) 
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No. 2 will be absorbed at the matching-resistor Rmatch = 

50f2. If, as during the breakdown phase, the impedances 
of the discharge and the transmission line No. 1 are not 
the same, the reflected pulse will travel back the transmis- 
sion line No. 1, the pulse-forming line and transmission line 
No. 2, be absorbed at the matching resistor at the other end 
of the device and will not return to the discharge. Subsequent 
reignitions of the discharge are thus avoided. As matching 
the CuSO4 resistor to the pulse transmission line is not nec- 
essary it may be altered to change the current density in the 
discharge. 

Inductances at the spark gap, which is used as a fast high- 
voltage switch, cannot totally be avoided. Small parts of the 
pulse returning from the discharge will hence be reflected at 
these inductances and reappear at the discharge. If the cable 
length L1 > L3/2, the reflections will reach the discharge 
only after the end of the main pulse and will therefore have 
no influence on the voltage measurement. Time-integrating 
techniques, like open-shutter photographs taken of the dis- 
charge, will not be affected by these reflections, because the 
power dissipated is small compared to the main pulse (see 
Fig. 5). 

To reduce electromagnetic noise created by discharging 
of the outer conductor of the coaxial line, it is necessary 
to shield the pulse-forming line. The line formed by the 
outer conductor of the pulse-forming line and the shield- 
ing has as well to be discharged through the spark gap 
(see Sect. 1.3.1). A small impedance of this wave guide will 
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worsen the switching characteristics of the spark gap because 
of the large current to be switched. The shielding is therefore 
realised by spiralling the line into a metal container with suf- 
ficient space left to the wall to keep the capacitance low. Be- 
tween this box and the spark gap the shielding is made from 
aluminium tubes with a diameter of approximately 10cm. 
The capacitance formed by the outer conductor of the line 
and these aluminium tubes proved to be too large to obtain 
a proper square pulse shape. Adding ferrite cores to the line 
on the whole length of the aluminium shielding (~ 1.5 m) 
increases the inductance and suppresses the pulse distortions 
produced by the secondary modes on the line (see Fig. 6). 

The time constant for charging the pulse-forming line 
according to Roharge and CPFL has to be large enough to 
avoid self-reignitions of the still conducting spark gap. A 
value of Rch~ge = 5 Mr2 giving an RC-time constant of 
10 ms proved to be sufficiently large. 

1.3.1 The Spark Gap. The air-pressurized spark gap used as 
a fast high-voltage switch is triggered with a small excimer 
laser (EMG50, Lambda Physik, slightly modified). The beam 
of the excimer laser is focussed through a small hole in the 
cathode onto the surface of the anode by the use of a quartz 
lens with 5 cm focal length. 

To obtain fast rise times, small LC-circuits are added 
close to the spark gap, which causes a small voltage over- 
shooting at the leading edge of the pulse UeFN(t). Varying 
these LC-circuits the best compromise of rise time and volt- 
age overshooting could be found. 
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Fig. 5. Power dissipated in the discharge 
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Fig. 6. Influence of  the ferrite rings on the voltage UcD(t). (--- with 
ferrite rings; - -  without ferrite rings) 

1.4 Measurement of Voltage and Current 

1.4.1 The Capacitive Voltage Divider. The capacitive divider 
is formed by a brass ring at the wall of the discharge cham- 
ber close to the electrode support and is insulated from the 
wall by a 100~tm PTFE foil (see Fig. 1). This brass ring 
has a capacitance of 1.5 pF to the electrode support and a 
capacitance of 1.2 nF to the wall, which gives a dividing- 
ratio of 810:1. As the capacitances cannot be measured very 
accurately, the divider has to be calibrated as described be- 
low. PTFE as the insulating material inside the capacitive 
divider was chosen because of its chemical durability and 
excellent high-frequency properties. If the insulator of the 
electrode is made from a material having dielectric losses 
or a frequency-dependent permittivity, as it is the case with 
PVDF, severe deformations of the measured pulse occur. 
The voltage between the brass ring and the wall is measured 
by means of a fast l:100-probe (Tektronix P6057) with 5 kf2 
input impedance. 

The place for the capacitive divider is chosen to be close 
enough to the discharge region to give a fairly low induc- 
tance between the divider and the discharge ( L  2 = 11 nil) 
and far enough for the electrical field at the capacitive divider 
not to be influenced by the anode region of the discharge 
chamber, thus giving a constant dividing ratio independent 
of the electrode gap. 

The signals from the voltage probe are taken to the input 
of a transient digitizer wave from recorder (HP 45111D) via 
a 50f~ cable (F&G 3L/11). As the inputs of the transient 
digitizer do not exactly match the impedance of the cable, 
the length of the cable is chosen to be approximately 15 m, 
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so that pulse reflections will be delayed after the main pulse. 
Avoiding even minute reflections during the main pulse is 
essential because the voltage peak before the breakdown of 
the discharge is about 10 times the voltage during the quasi 
steady-state phase. Therefore even tiny reflections (e.g., r = 
1.01) will disturb the voltage measurement in the steady- 
state phase. 

The voltage U(t) to be measured and the output voltage 
UcD(t) of the capacitive divider are related according to 

t 
g ~  

u(t) = UCD(t) + (1/RC) / UcD(t')dt' . (2) 

0 

With RC = 6 ~ts and UCD = const, the correction term 
for a lOOns square-wave pulse is already 1.7%. As we use 
transient digitizer, this correction can easily be performed. 

1.4.2 Calibration of the Capacitive Divider and Response to 
a Square Voltage Pulse. In order to calibrate the capacitive 
divider the open-circuit pulse of the pulse generator was 
measured with a 1:1000 voltage probe (Tektronix P6015) 
and then compared with the output of the capacitive divider. 
The l:1000-probe itself was calibrated with the help of a 
square 200V pulse with a duration of 100ns, which was 
made with a reed-relais-switched cable pulse generator capa- 
ble of generating pulses up to 3 kV with rise times < 400 ps. 
The dividing ratio obtained is 1:81 000 including the 1:100- 
probe of the capacitive divider. The direct application of the 
200 V pulse to the discharge chamber gave an output pulse of 
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Fig. 7. Response of the capacitive divider to a step function 
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2.48 mV, corresponding to a dividing ratio of 1:80 600. The 
accuracy of the voltage calibration is about 2%. Reflections 
of the voltage peak and noise during the quasi steady-state 
phase are < :k50 V. 

The response of the capacitive divider to a step function 
was determined with a 3 kV pulse of the reed-relais generator 
(see Fig. 7). The rise time obtained is about 1 ns. 

1.4.3 The Shunt. As indicated in Fig. 1 the current measure- 
ment is made with the help of a shunt behind the anode. It 
consists of a ring of 24 2 ~2 resistors in parallel, giving a to- 
tal resistance of 83 m~.  In order to keep the ringing in this 
circuit low the inductances and capacities were kept low. 
The resonance frequency of the shunt of 750 MHz can be 
filtered out by use of an open-ended A/4 reactance line at the 
end of the 50 ~2 cable connecting the shunt to the transient 
digitizer wave form recorder, causing a short-circuit lbr the 
resonance frequency A/c (indicated in Fig. 8). The rise time 
of the whole set-up is limited to 2 ns. The resistance of the 
shunt incorporated into the discharge chamber was calibrated 
by means of a known current pulse giving a resistance of 
85 m~2. This value is used in the experiments. The difference 
of 2 mr2 is assumed to be due to contact resistances. 

1.5 Equivalent Electrical Circuit of the Discharge System 

In order to perform model calculations, one has to use an 
equivalent electrical circuit made up of lumped elements. 
The circuit for the present system is shown in Fig. 8 

The voltage UpFN(t) fed into this circuit by the transmis- 
sion line has been measured by the capacitive divider with a 
different electrode geometry to minimize stray capacitances 
and inductances between the cable and the capacitive di- 
vider. The measured graph of U°Fy(t) at a charging voltage 
of the PFN of U°n = 25.8 kV is shown in Fig. 9. For other 
charging voltages denoted by UCH, UpFN('/ ;)  = UOpFN(t)UcH/ 
Uc°H is used in the model calculations. 

The data given for the elements of the equivalent cir- 
cuit were evaluated in an iterative procedure. Starting from 
values of L, C taken from the geometry of the system, the 
response of the circuit to known square voltage pulses was 
calculated for short-cimuited and open discharge gap. These 
results have been compared with voltage and current graphs 
measured by the capacitive divider and the shunt. L ' s  and 
C ' s  have been changed, in accordance with the limits given 

Shu 

C D 

Fig. 8. The equivalent electrical circuit used in the 
model calculations Rp~ = 50~2; Cp = 80pF; Lp = 
70nil; Rcuso4 = 48f2; C1 = 21pF; L1 - 15nil; 
C2 = 3pF; L2 = llnH; CD = 18.9cm x 1.9pF/d; 
R S h u  = 8 5  mr2; RD = UD/ID 
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Fig. 9. The voltage UpFN(t) delivered by the PFN at a charging voltage 
of Uc°H = 25.8 kV. We have defined this voltage as U°pFN(t). It is used 
as an input look-up-table in the model calculations 

by the geometry of the conducting surfaces, until the calcu- 
lations on the basis of the circuit equations reproduced the 
measured data. 

2 Experimental Results 

2.1 Discharge Homogeneity 

Open-shutter colour video pictures show a homogeneous 
blue discharge channel of 11 mm diameter• We have never 
seen filaments in discharges with the parameters: IDa300 A; 
p -- 3bar; Pxenon = 25-100mbar; pncl _< 7.5mbar; d = 
18.gram. Very bright hot-spots on the cathode surface are 
found regularly. Only extremly carefully polished Ni or Cu 
cathodes develop no spots. Hot-spots on the anode have 
never been observed. It is believed, that all reports on anode 
spots are due to undetected current reversals of afterpulses. 
On the top of the cathode hot-spots a thin (100 gm diam- 
eter), short (_< 500 gm length) and very bright cylindrical 
discharge channel is found connecting the hot-spot with the 
homogeneous bulk. 

Schlieren pictures with 3 ns exposure time [23] show 
weak shock waves expanding radially from these plasma 
channels• This indicates a very strongly enhanced current 
density in these channels• Further investigations have to be 
done to show whether these channels can form the roots of 
filament formation due to He1 depletion• 

Schlieren pictures and interferograms also show a weak 
plane shock wave leaving the cathode• To our surprise this 
plane cathode shock wave is not only seen inside the main 
discharge channel but also in the Xe* halo (see below) found 
by absorption spectroscopy• The origin of this shock wave 
is an open question• It is assumed that gas desorption plays 
an important role. 

The effective number densities of the XeI-transition 
6s(1/2)2-6p(3/2)2, A = 823.39nm and the eli-transition 
484ps/2-4p4D7/2, A = 837.59nm have been measured by 
time-resolved laser absorption spectroscopy. This technique, 
described in detail in [8] was improved by using a transient 
digitizer HP 54111 D. This made it possible, by recording the 
mean values of up to 40 discharges, to evaluate very small 

absorption signals I/To = exp[-T(t ) ] .  Optical thicknesses 
down to T = 0.005 could be measured. 

A comparison of lateral scans of T(y, t) for some times ti 
with model calculations of T(y) for a radially homogeneous 
discharge show good agreement for the ClI-line. Assum- 
ing a homogeneous discharge the absorption path length of 
the diameter of the discharge (11 ram) was used to derive 
Neff(t). The linear rise during the quasi steady-state of the 
discharge (see Fig. 10) is due to the constant production rate 
of C1- ions due to dissociative attachment (electron density 
Ne ~ const ~ 102t m-3). After that the C1- ions are con- 
verted into C1 atoms. The unexpected observation that the 
final CI* density is independent of the HC1 partial pressure 
(2.5 mbar < PHCl < 10.0mbar) is in contradiction with pre- 
liminary model calculations. Further experimental (absorp- 
tion of the Hydrogen line Ha) and theoretical work is under 
w a y .  

In contrast to the CII absorption XeI absorption is found 
not only in the main discharge channel but also in a sur- 
rounding halo. Similar halos have been found before [8, 16]. 
As the outer diameter of the halo is larger than the widths 
of the present windows (20 ram), it was not possible to de- 
termine Neff(Xe*) by an Abel inversion. Lateral scans are 
shown in Fig. 11. 

The origin of this halo in our configuration is still a puz- 
zle. The very low X-ray dose measured outside the main 
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Fig. 10. Temporal development of  the effective particle density of  ex- 
cited C1 atoms 
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channel (see Fig. 3) does not produce a preionization electron 
density large enough to develop into a halo discharge having 
the measured XeI optical depths. This has been checked by 
preliminary model calculations in which our full 0D-model 
was used in a parallel resistor model. The fact of some cur- 
rent flowing in the halo is indicated by the observed cathode 
shock wave. More detailed experimental and theoretical in- 
vestigations are needed to clarify the situation. It may be 
possible that a delayed halo preionization is caused by VUV 
radiation emitted from the very first stages of the develop- 
ing main discharge. An accurate knowledge of the division 
of the discharge current into the halo current and the main 
discharge current is crucial for precise checks of 0D-models. 

2.2 Current and Voltage Measurements 

Measured data for our standard gas mixture of HCI: 5 mbar, 
Xe: 75mbar, Ne: 2920mbar with Uc~ = 25.8kV and 
18.9mm electrode gap are shown in Fig. 12. The current 
flowing before the discharge breakdown is due to the elec- 
trode capacitance. First results of model calculations using 
our 0D-model [24] are given in Fig. 13. 

The quasi steady-state voltages are reproduced accur- 
ately. The calculated breakdown delay time is too short. 
Even drastic changes of the HCL attachment kinetics or the 
preionization electron density assumed in the model calcu- 
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lations did not resolve this discrepancy. It may be necessary 
to include an assumed voltage drop Uc(t) in the cathode fall 
into the 0D-model, i.e., to calculate the electric field EB in 
the bulk according to 

/?;B(t) = tUb(t) -- Uc(t)]/d. (3) 

3 C o n c l u s i o n  

The experimental set-up presented produces very well de- 
fined homogeneous high-pressure glow discharges. It is well 
suited to do spectroscopic and interferometric measurements 
of particle densities simultaneously with precise measure- 
ments of discharge voltage and current. As the circuit data 
of the PFN are accurately known the discharge can be used 
to check the predictions of XeC1 and KrF laser models in a 
large parameter field. 

As the spatial distribution and the degree of the preion- 
ization as well as the discharge current density can easily 
be changed it is possible to produce discharges showing ill- 
amentation under controlled conditions. Due to the compact 
design optical investigations with high spatial resolution can 
easily be performed. 

It has been demonstrated [23] that it is possible to study 
the instabilities of the cathode sheath resulting in hot-spots 
and roots of filaments. Additionally the plane gasdynamic 
shock wave leaving the cathode has been visualized. Models 
of the temporal development of the cathode sheath in XeC1 
mixtures presently under development [25] should therefore 
include changes in the gas density. The importance of this 
effect has been pointed out for low pressure glow discharges 
in [26, 27]. 
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