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We have performed time-resolved observations of the current, optical emission, and electric field
profiles in Ar and Ar+1% K hollow cathode discharges. The geometry and pressure are similar to
those used in pseudosparks. The discharge was operated with a repetition rate of the order of kHz,
an applied voltage in the range 300-600 V and with discharge current up to 1.5 A. Calculations
were performed using a 2D, hybrid fluid-particle model developed previously [J.P. Boeuf and L.C.
Pitchford, IEEE Trans. Plasma Sci. PS-19 286 (1991)]. Good agreement is found between the
predictions of the model and the experimental results, and, in particular, both show an initial sharp
peak (less than 100 ns in width) in the discharge current a short time after application of the voltage
which is related to the expansion of the plasma into the hollow cathode. Further, the model shows
that the sequence of events leading to the formation of the hollow cathode discharge is the same in
the present experiments and in pseudospark switches operating at much higher voltages.

PACS number(s): 52.80.—s, 52.75.Kq, 52.65.4+2

I. INTRODUCTION

Since their discovery at the beginning of this century
(1], bollow cathode discharges have been the subject of
a large number of studies and have been used in many
applications. Recently, there has been an increased inter-
est for pulsed hollow cathodes, especially in relation with
the development of pseudosparks devices [2—4], which are
promising for a number of applications such as fast high
power switching and the production of intense electron
beams or x rays [5].

The interest in hollow cathodes lies in their large effi-
ciency in terms of current delivered per applied volt. This
is largely due to the trapping of energetic electrons in the
hollow cathode cavity, resulting in a high ionization rate.
These “pendular electrons” [6] are reflected by the cath-
ode fall potential which arises close to the inner walls
of the hollow cathode, due to the formation of a space
charge electric field inside the hollow cathode volume.
Secondary electrons born in ionization events in the high
field sheaths are themselves capable of producing further
ionization, and this leads to a higher ionization rate than
in a similar planar discharge.

The electric field distribution in hollow cathodes was
studied experimentally some forty years ago by Little and
von Engel [7] who pointed out the existence of the space
charge sheaths surrounding the cathode surface.
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Recently, the radial distribution of the space charge
electric field has been measured in cylindrical hollow
cathodes using Stark spectroscopy of the plasma induced
emission [8] and the laser optogalvanic effect [9,10]. The
knowledge of the distribution of this space charge field
is important to understand the transport of the charged
particles in the discharge. Its comparison with the re-
sults of calculations is a rigorous test for the numerical
models.

To date, there exists no experimental measurements of
the transient development of the electric field in hollow
cathode discharges. This is important in addressing the
question of discharge initiation in pulsed hollow cath-
ode discharges and, especially, in the determination of
the jitter and delay time in pseudospark discharges for
switching applications.

Several authors have observed the space and time de-
pendence of the glow emission in transient hollow cathode
discharges [5,11-17]. More recently, capacitive probes
have been used to measure the progression of the plasma,
which forms first near the planar anode and then propa-
gates towards the rectangular hollow cathode [16]. This
is consistent with numerical models [14,18-21] of the ini-
tiation phase of triggered pseudospark discharges which
show that, at least under certain conditions, a plasma
forms near the anode and then propogates, due to ion-
ization events in the volume, towards the hollow cathode
[20]. The electron multiplication in the electric field con-
figuration which exists just at the moment the plasma
enters the hollow cathode increases by orders of magni-
tude. This leads to a rapid expansion of the plasma in the
hollow cathode volume and a sharp rise in the discharge
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current.

The purpose of this paper is to provide measurements
of the steady-state and transient development of the elec-
tric field in transient hollow cathode discharges and to
compare these results with model calculations. The elec-
tric field was measured using a nonperturbative technique
based on laser Stark spectroscopy of NaK molecules in-
troduced as probe molecules in argon discharges [22-24].
The current wave form and the space and time depen-
dence of the emitted light intensity were also measured
in the same discharges. Comparisons are made with re-
sults from a two-dimensional (2D) hybrid-fluid particle
model previously developed [20] to study the initiation
phase of pseudospark discharges.

The organization of the paper is as follows. The dis-
charge cell, experimental techniques and conditions are
presented in Sec. II, and the numerical model is summa-
rized in Sec. III. The steady-state regime is discussed in
Sec. IV where we show the experimentally determined
2D map of the electric field vector. Results in the pulsed
regime are presented in Sec. V and further discussed in
Sec. VI, where the experimental results are compared
with the model calculations and where we argue that
the processes that govern the discharge initiation in our
low current, relatively low voltage conditions are similar
to those that occur in pseudospark discharges at much
higher voltages.

II. EXPERIMENT

Experiments have been performed in a discharge cell
whose geometry resembles pseudospark devices [2] with
transparent walls allowing optical diagnostics. A fast
rising (or sometimes dc) voltage is applied between the
electrodes. We monitor the corresponding current and
voltage wave form together with the space and time-
resolved plasma induced optical emission and electric
field. The electric field is measured using the Stark effect
observed in the laser induced fluorescence spectrum of
NaK molecules, present as traces in the gas of the dis-
charge. The experimental setup is similar to previous
work [22-24], where additional details can be found.

A. Discharge cell

Three stainless steel, circular, plane parallel electrodes
of 58-mm diameter, 1-mm thick (which we shall denote
A, K1, and K2, respectively) are contained in a glass en-
velope (Fig. 1). K1 and K2 are spaced by 10 mm. K1
has a 3-mm diameter central hole and is electrically con-
nected to K2 through four small metal supporting rods.
This forms a transparent walled hollow cathode. The an-
ode A is at a distance of 3 mm from K1, corresponding to
a situation on the left of the Paschen curve for pressures
less than about 1.5 Torr of argon at room temperature.
An inner pyrex tube is put on top of K1, around A, to
prevent discharge ignition between K1 and the back of
A.
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The cell is connected to a vacuum system and is filled
with argon. For the electric field diagnostic it contains a
small amount of Na and K which evaporate as the cell,
located in an oven, is heated to about 220 °C. The alkali
mixture vapor is in fact mostly composed of K atoms
whose relative concentration with respect to the argon
buffer gas is typically a few percent [25]. Of course this
small percentage is enough to noticeably affect the elec-
trical properties of the discharge gas, due to the large dif-
ference in the ionization potentials and excitation cross
sections. It also affects considerably the surface proper-
ties of the electrodes, even when the cell is not heated
(and thus contains only argon in the gas phase). This
can easily be seen from the current-voltage characteris-
tics (see below) which show that the breakdown voltage is
strongly decreased when the cell has been contaminated
by the alkali. However many of the gualitative features
of the discharges we have observed are similar in both
argon and argon-contaminated gases.

B. Electrical setup
1. Steady-state regime

The first experiments with the hollow cathode cell were
performed in the steady-state regime. In these conditions
we used a stabilized dc power supply, capable of deliv-
ering 20 mA at 1 kV, connected to the discharge cell
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FIG. 1. Schematic of the discharge cell, and its loading cir-
cuit. The bottom view shows the electrode construction: four
crosspieces form the electrical and mechanical connections be-
tween K1 and K2, which allows optical diagnostics.
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through a 90 k2 loading resistor. Current and voltage
between the electrodes were measured using a multime-
ter.

Typically when the cell has not been contaminated by
the alkali, the discharge stabilizes at a voltage of about
300 V and a current of 10 mA (with the 90 k2 loading
resistor, this corresponds to the power supply voltage set
to about 1.20 kV). The holdoff voltage at a pressure of
about 1 Torr of argon is larger than 2 kV, correspond-
ing to a situation on the left of the Paschen curve. The
discharge is thus started by producing charges in the cell
through the spark formed by bringing a Tesla coil close
to the cell.

The effect of contamination of the gas and the elec-
trodes by the alkali can be seen in Fig. 2. After it
has been contaminated, the holdoff voltage decreases to
about 500 V, the steady-state voltage for the 10-mA cur-
rent being about 100 V. This voltage does not depend
that much on whether the cell is heated or cold; this
shows that the composition of the gas (concentration of
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FIG. 2. Current-voltage characteristics of our hollow cath-
ode discharge cell (Fig. 1) in steady-state regime. (a) dis-
charges in pure argon (room temperature), and a compari-
son between electrodes not contaminated by the alkali (noted
“Ar/elec”), and contaminated (noted “Ar/elec*”). (b) com-
parison between discharges in pure argon (but with alkali con-
taminated electrodes), and in an argon-0.8% K mixture (oven
heated at 220°C). In this case pressures are chosen so that
the gas densities are roughly the same (2.6x10® cm™2).
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alkali) is not as important as the surface state of the elec-
trodes, whose surface remains contaminated even when

cold.

2. Pulsed regime

A pulsed operation is achieved by applying high volt-
age pulses of about 300 ns rise time, using a homemade,
fast electronic switch connected to a high voltage power
supply capable of delivering about 1 A rms current at
1 kV. Pulses of about 50 us are sent at a repetition
rate adjustable between 100 and 5000 Hz. A 500 pF
capacitance is connected in parallel with a loading resis-
tor (45 k2 or 90 kR2): this allows high transient current
and voltage, while limiting the rms current to a reason-
able value. The intrinsic capacitance of the discharge cell
(given by the electrodes geometry) is 23 pF. The voltage
wave form is monitored using a 1/100 voltage probe con-
nected to a 7 bit digitizing scope. The wave form of the
current circulating between the cathode and the ground
is determined by measuring the voltage through a 5-(2
resistor using the same digitizing scope with a 50-§2 ter-
mination.

C. Optical diagnostics
1. Electric field diagnostics

The laser induced fluorescence of NaK molecules is
used to determine the space and time-resolved electric
field through the e-f Stark mixing effect [26,27]. The
laser beam is directed along a diameter of the electrodes.
We use for this a single-mode dye laser tuned to the
proper NaK (X 'X+—BII) transition.

The measurements have been made by exciting v = 5
rovibrational levels of the B state, and the values of j
were selected from j = 24 to j = 30, depending of the
values of the electric field to be measured [25]. Fields
of interest typically range from a few 100 V/cm up to
2 kV/cm. The fluorescence is observed at right angles
through a 2-m monochromator. It is detected using a
photomultiplier tube (PMT) (Hamamatsu R928) and a
photon counting system. For time-resolved experiments,
photon counting pulses from the PMT are sent to a home-
made digital transient analyzer [22] whose time resolution
is usually 100 ns per channel. The transient analyzer is
gated by the discharge current spike (see below); Actu-
ally, to detect the fluorescence at the very beginning of
the breakdown, the photon counting pulses are properly
delayed before being sent to the transient analyzer. The
signal is accumulated over many cycles (typically about
100 000).

The electric field amplitude is deduced from the Q to
R fluorescence line ratio, using calibration curves estab-
lished previously [25]; its direction is obtained by analyz-
ing the polarization of the fluorescence [23,24].

The discharge cell is mounted on z (radial) and y (ax-
ial) translation stages, such that different regions of the
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plasma can be successively probed.

An important issue is the size of the probed volume,
which determines the spatial resolution. This is deter-
mined by the size of the laser beam, by the monochro-
mator slit size, and by the imaging optics. Two configu-
rations have been used:

a. Steady-state experiments. Two-dimensional mea-
surements of the electric field distribution were made as
in Ref. [23] by focusing the laser beam to a 0.3-mm diam-
eter waist and imaging the fluorescence along a direction
perpendicular to the entrance slit of the monochromator
which was 0.4 mm wide. With a magnification of the
imaging optics of 1, the probed volume is thus rather
small, about 0.3x0.3 x 0.4 mm3 which results in a very
small fluorescence signal. Also it should be noted that
when the laser beam is focused, optical pumping and sat-
uration effects are likely to occur which affect the electric
field induced spectroscopic signals [27], and, thus, the ac-
curacy of the measurement of the electric field intensity
(not the direction, however).

b. Pulsed experiments. In this case, observing fast
phenomena at low repetition rate results in a very low sig-
nal counting rate per time channel. Consequently, elec-
tric field measurements were performed only in the axial
y direction and averaged over a region of space whose
radial extent is discussed below. In order to increase the
signal the laser induced fluorescence was integrated over
a length of 10 mm along the laser beam direction. To
do this, its image was rotated by 90° so as to be par-
allel to the monochromator slit which was 0.4x10 mm?.
Also, a telescope made with cylindrical lenses was used to
expand the laser beam as a ribbon of 10x1 mm?, which
reduces the optical pumping effects and increases the reli-
ability of the electric field intensity measurements. With
an aperture of about f/20 the probed volume was roughly
included in a slice of 1 mm thickness in the axial y direc-
tion of the discharge, and of 10x10 mm? in the z and =
radial directions.

In conclusion, the electric field measurements in the
pulsed discharge regime have been averaged radially over
a region from 3 to 13 mm from the axis and centered at
about 9 mm off axis of the discharge.

2. Plasma induced fluorescence

Different setups have been used to study the plasma
induced optical emission.

In a first step, the map of this emission was done by
measuring the light intensity detected through a pin hole
(diameter 0.5 mm) placed in the image plane (magnifica-
tion 1) of the discharge. We used for this a PMT (Hama-
matsu R928) connected to an electrometer (steady-state
regime), or to a digitizing scope triggered by the dis-
charge current (pulsed regime). The measurements were
done point by point, moving the pin hole and the PMT
in the image plane by steps of 1 mm. Considering the
aperture of the optics (about £/10), it is clear that the
field depth is comparable to the radius of the discharge
(a few cm), and the measured intensity corresponds more
or less to a value integrated along the line of sight (z).

By contrast, the spatial resolution in the perpendicular
directions is less than 2 mm.

In a second run of experiments, time- and spectrally
resolved, one-dimensional measurements were made with
the same setup previously used for the laser induced flu-
orescence detection; in these conditions the plasma in-
duced emission was again integrated along the line of
sight z, with the resolution in the perpendicular direc-
tion z (radial) and y (axial) roughly given by the size
of the monochromator slit, corresponding to the volume
probed by the laser (see above). In these conditions, both
the plasma emission and the electric field can be recorded
synchroneously.

III. NUMERICAL MODEL

The basis for the calculations reported here is the
two-dimensional, hybrid fluid-particle model reported in
Ref. [20]. This model consists of Poisson’s equation for
the electric field coupled to ion and electron fluid equa-
tions for the charged particle transport. The important
and distinctive feature of the model is that the ionization
source term is determined through a Monte Carlo simula-
tion of the cathode emitted electrons and their progeny
from the time they are released from the cathode (as-
sumed to be due to ion bombardment) to the time they
are no longer energetically capable of producing further
ionization.

The ions are described by the first two moments of
the Boltzmann equation, the continuity and momentum
transfer equations with the ion flux supposed to be equal
to the sum of a mobility term and a diffusion term and
the drift and diffusion coefficients being given as func-
tions of the local value of the reduced field, E(r,t)/p (the
local field approximation). The low energy bulk electrons
are also represented using a two moment description with
the flux equal to the sum of mobility and diffusion terms.
The “bulk” electrons determine the electron space charge
and the discharge conductivity but do not contribute to
the ionization. The electron characteristic energy, the
ratio of the electron diffusion coefficient to the mobility,
is fixed and equal to 1 eV. As described below, the ion-
ization source term is obtained directly from a particle
model, and, thus the assumption of a constant electron
characteristic energy has only limited consequences on
the results.

Since the ionization source term is an extremely sensi-
tive function of the high energy tail of the electron distri-
bution function and since the electron and ion densities
increase exponentially with this source term, it is essen-
tial to accurately represent this part of the distribution.
Under the low pressure conditions of interest here where
the ionization mean free path is on the order or larger
than the discharge dimensions, the ionization rate can-
not be simply characterized as a function of the local
electric field or of the mean electron energy. A good
representation of the ionization rate is essential not only
for quantitative accuracy, but also for a realistic physi-
cal description of the discharge. For these reasons, the
behavior of the high energy electrons and, hence, the ion-
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ization source term, is obtained, in our model, from a par-
ticle (Monte Carlo) simulation. The input to the Monte
Carlo simulation consists of the electric field distribu-
tion and the distribution of secondary electron current
density leaving the cathode surface, and these are de-
termined from the fluid equations. The simulation yields
the space dependence of the ionization source term which
is, in turn, input to the fluid equations.

The results of the model calculations are the space and
time dependence of the charged particle densities and
the potential distribution in the discharge volume. From
these results, the current wave form and the emission in-
tensity can be deduced. This model was used to elucidate
the phenomena occuring during the initiation phase of
pseudospark discharges, and the trends predicted by the
model are consistent with experiments of the time delay
to breakdown (28], with the (indirect) measurement of
the progression of the plasma towards the cathode [16],
and with recent measurements of the plasma emission
during the hollow cathode phase [29]. The measurements
here during the discharge initiation, however, provide the
most rigorous test of the model predictions. More detail
on the physical model, numerical solution technique, and
the data in argon are provided in Refs. [20] and [30].

IV. EXPERIMENTAL RESULTS: STEADY-STATE
REGIME

A. Plasma induced emission

We discuss first the visual appearance of the discharge
in the steady-state regime. The spatial profile of the to-
tal emission intensity is shown in Fig. 3 for a discharge
in pure argon. Bright emission occurs on the axis in the
vicinity of the cathode (K1) aperture. The emission in
the main gap (A-K1) is concentrated near the axis but
with a radial extent several times larger than the cath-
ode hole radius. No plasma is visible in the main gap
(A-K) outside this luminous region close to the discharge
axis. By contrast, there is radiation emitted from most of
the hollow cathode volume. The radiation in the hollow
cathode volume is red on the axis and midway between
the electrodes K1 and K2 and blue near the surfaces of
the cathode. This latter emission is probably due to the
existence of ionic or highly excited states. The red glow
in midgap can be due to two-step processes involving the
metastable states which would suggest a lower average
electron energy in that region. This is consistent with
observations of similar discharges in the Ar-K mixtures
(see below) where the glow is yellow (associated with
emission from low energy excited states in K) on the axis
in midgap (K1-K2) while it remains blue near the sur-
faces of the cathodes.

B. Electric field distribution

These observations are fully consistent with the exis-
tence of cathodic sheaths at each electrode inside the hol-
low cathode, allowing high energy “pendular electrons”
(6] to be trapped there and to provide an efficient source

2243

X position (mm)

__.,,.T.,...( 55.”,..”,—m
E ﬁ K1
8or &

o - 23]
s I 8
.:_-,’;mr‘_q> CE
© <
{=} a N o
o A

o K2

FIG. 3. Contour map of the plasma induced emission of
a discharge in pure argon (electrodes not contaminated) in
steady-state regime. The emission intensity is integrated
over the whole visible spectrum. It is also integrated over
the line of sight. Discharge conditions are 7 mA, 304 V,
2.1x10'® cm™2 (0.65 Torr at room temperature) of Ar.

of ionization. Correlatively a negative glow, a region of
very low or zero electric field, develops at mid-distance
between the electrodes and, above all, on the axis close
to the hole, where a large density of cold electrons and
ions concentrates [31]. These cathodic sheaths are as-
sociated with space charge electric fields which we have
directly measured, as seen on Fig. 4, in a discharge simi-
lar to that in the previous subsection, but established in
a Ar-alkali-vapor mixture.

We see that an axially uniform electric field exists in
the main gap between A and K1, except close to the axis
where the field distribution is affected by the space charge
created by the plasma. In the hollow cathode volume
two sheaths appear close to K1 and K2, separated by an
equipotential volume, in agreement with the observations
by Little and von Engel [7].

Although the accuracy on the field intensity measure-
ments in these conditions is probably not better than
30% due to optical pumping effects (laser focused), it
is enough to claim that the field intensity does not de-
crease linearly with the distance from the electrode sur-
face: rather, it seems to decrease rapidly over 1 mm close
to the sheath edge, from 300 V/cm to below the detec-
tion limit, which is less than 100 V/cm for these mea-
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FIG. 4. 2D electric field distribution measured in

steady-state regime in a discharge through a Ar-1.8% K
mixture. The discharge conditions are 8 mA, 116 V,
1.3x10*® cm™2 (0.65 Torr at 220°C).
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surements. According to the Poisson equation:

divE = 2,

(4.1)
€o

this indicates an increase of the space charge density at
the sheath edge. Such a behavior has been seen in a
number of discharges [24,32,33] and is probably corre-
lated with the fact that the ions in the region close to the
electrodes are more easily depleted because their velocity
is larger due to the higher field. This assumes that the
space charge in the electrode sheath is only composed of
ions. However, it is conceivable that pendular electrons,
moving slowly at the peak of their “swing” could also
contribute to the space charge. Actually, numerical sim-
ulations [see below and Fig. 5(b)] show that the electron
density is negligible in the sheaths.

Although obviously not uniform axially, the field dis-

(a) Potential distribution

Position (cm)

2.9 0.0 29

Position (cm)

FIG. 5. Quasi-steady-state distribution of (a) potential, (b)
electron density, and (c) ionization source term calculated us-
ing the hybrid fluid-particle model in argon at 0.65 Torr. The
discharge current and voltage are 5.2 mA and 109 V. Ten
equally space contours are shown for the potential and the
maximum potential in the gap is 112 V. Five contours of con-
stant electron density and ionization source term are shown
and these correspond to 0.9, 0.1, 0.01, 0.001, and 0.0001 x the
respective maximum (1.7 x 10'' cm™ for the electron den-
sity and 2.8x10'7 cm ™3 sec™* for the ionization source term).
The dimensions are shown in units of centimeters.
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tribution inside the hollow cathode is to a large extent
uniform radially, and only very close to the hole is the
field distribution distorted by the presence of the rela-
tively dense plasma formed on axis; this is in agreement
with the plasma induced emission distribution (Fig. 3),
and can be immediately seen by visual inspection of the
discharge.

Figure 5 shows the results of a numerical simulation
of a discharge in pure Ar, in conditions similar to the
experiment and in the same geometry. We see that the
resemblance between the results of the computation and
the experimental observation is more than qualitative.
This gives us confidence on the validity of the model and
on the fact that the discharge in the Ar-K mixture shows
a behavior similar to the pure Ar case. Actually, some
deviations observed close to the axis between the experi-
mentally measured electric field and the simulation might
be explained by the fact that the laser beam was slightly
misaligned and did not intersect perfectly the vertical
axis of the discharge as it should.

V. EXPERIMENTAL RESULTS: PULSED
REGIME

In this section, we shall consider the time evolution of
the hollow cathode discharge following the application of
a fast rising voltage pulse.

These experiments have been performed in a regime
where the discharge is operated in a pulsed, but repet:-
tive mode (at a frequency of about 1 kHz). It is probable
that there are particles remaining between pulses, and
these surviving charges are obviously very important to
determine the discharge evolution. In fact, the holdoff
voltage can be higher than 2 kV in the steady-state op-
eration, but, once started, the discharge can be ignited
repetively at a frequency of about 1 kHz with voltage
pulses of only 300 V or less.

A. Current wave form

Figure 6a shows a typical record of the current wave
form together with the applied voltage. The current wave
form shows three peaks, labeled “0,” “1,” and “2.” The
peak “0” corresponds to the charging of the capacitance
formed by the discharge cell electrodes as the voltage is
applied. It has nothing to do with the glow discharge
and appears even when there is no gas in the cell.

The discharge current starts abruptly with a rapidly
rising (less than 50 ns in the present conditions) peak
(“1”), generally ranging between 20 and 200 mA. It is
important to note that this occurs after a delay during
which the current is very small (less than 0.1 mA). Al-
though the duration of the delay between the application
of the voltage and the beginning of the breakdown is sub-
jected to slow drifts during the course of an experiment,
it does not fluctuate from pulse to pulse by more than
+50 ns. The decrease of the current spike “1” is about
as fast as its rise. Afterwards the current recovers and
increases again, but at a slower rate, with a rise time of
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some hundreds of ns. Eventually the current and applied
voltage fall off slowly, leading to the broad maximum “2”
on the current wave form. If the voltage were maintained
at its maximum value for a longer time, the current would
continue to grow: this is confirmed by observations per-
formed with no loading resistor, whose results can be seen
in Fig. 7.

We have seen the same kind of current wave form over
a large range of discharge conditions of pressure, gas com-
position, electrode surface state, applied voltage (and ap-
plied voltage wave form), and repetition rate.

Similar observations have been reported by Stori et al.
[34].
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FIG. 6. (a) Current, and voltage, and (b) plasma induced
emission wave forms (recorded on the axis between K1 and
K2, at 3 mm from the cathode hole) in a pure argon discharge
with clean electrodes. The gas density is 3.0x10'® cm™* (cor-
responding to 0.9 Torr at room temperature). The voltage
pulses are applied at a repetition rate of 1 kHz. The slower
rise of the voltage for V > 500 V is due to a small deficiency
of the electronic switch. It was corrected for the subsequent
experiments shown below (Figs. 7, 9, 11). The labels “0,” “1,”
and “2” refer to different temporal phases of the discharge, as
discussed in the text.
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1. Voltage and pressure effects

Increasing the voltage clearly increases both the cur-
rent rise time and amplitude as can be seen in Fig. 7. It
also decreases the delay between the application of the
voltage and the breakdown.

The effect of pressure and voltage can be seen on Fig.
8, which shows that the delay decreases when either the
voltage or the pressure increases. Similar observations
have been made by other authors [28,35,36].

Concerning the effect of the pressure we can add that
the discharge cannot be ignited if the pressure is smaller
than about 0.5 Torr. If the pressure exceeds 2 Torr it
takes place only in the main gap A-K1 and does not
penetrate in the hollow cathode volume. Apart from the
delay, the pressure has no simple effect on the current
wave form.

2. Repetition rate effects

The repetition rate has a very important effect on the
delay, as shown by Fig. 9. For a given applied voltage
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FIG. 7. Effect of the voltage on the current wave form. The
gas is pure argon (1.65 10'® cm ™3 corresponding to 0.5 Torr
at room temperature). The electrodes are contaminated. The
voltage pulses are applied at a repetition rate of 1.25 kHz. By
contrast with all the other discharge conditions presented in
this paper, no loading circuit has been added in series between
the high voltage supply and the discharge cell. In these con-
ditions the current can reach an amplitude of about 1.5 A.
Afterwards the applied high voltage decreases (because the
power supply cannot hold such a current for a long time) and
so does the current.
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voltage and the onset of breakdown. The gas is pure argon
and the electrodes are contaminated. The voltage pulses are
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FIG. 9. Effect of the repetition rate on the current wave
form. The gas is pure argon (2.6x10'® cm™> corresponding
to 0.8 Torr at room temperature). The electrodes are con-
taminated.
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and pressure, the delay increases when the repetition rate
decreases. The delay can even become infinite (the dis-
charge cannot be ignited) if the repetition rate is smaller
than some value, of the order of a few hundreds of Hz.
It can be zero, more exactly smaller than the rising time
of the voltage, if the repetition rate is larger than a few
kHz.

We note also, as can be seen on Fig. 9, that the repe-
tition rate affects the amplitude (and also the width, but
to a lesser extent) of the current spike “1,” but has little

effect on the rising time and amplitude of the broad peak
&‘2‘9!

B. Optical emission

The plasma induced optical emission closely follows
the temporal evolution of the current [Fig. 6(b)]. As ex-
pected the peak “0” in the current does not correspond to
any optical emission. During the delay, the discharge re-
mains completely dark. Although the curve shown in Fig.
6(b) correponds to the emission observed in the hollow
cathode volume (between K1 and K2), no emission was
detected in the main gap region (between A and K1) dur-
ing the delay time. Then, the discharge suddenly emits
an intense and short flash of light during current peak
“1,” which again is followed by a slower decrease.

The spatial distribution of the plasma emission is
shown on Fig. 10 at two times during breakdown. We
see that the flash “1” originates mostly from a strongly
localized region just behind the cathode hole in the hol-
low cathode backspace [Fig. 10(a)], in agreement with
previous observations [11,13,14]. Afterwards the plasma
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FIG. 10. Time-resolved, plasma induced emission contour
maps of the discharge corresponding to Fig. 6. (a) At the
breakdown (at peak labeled “1” on Fig. 6). (b) 500 ns later.
The maximum intensity is about 400 arbitrary units for (a),
with level lines equidistant by 24 arbitrary units. With the
same linear scale, the maximum intensity is 65 for (b), with
level lines equidistant by 10 arbitrary units.
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glow expands and tends to fill the whole hollow cathode
volume. Figure 10(b) shows that 500 ns later (peak “2”),
the plasma emission is now relatively uniform, apart from
the region close to the hole, which remains brighter, and
the “sheaths” close to the electrodes. However, the emis-
sion intensity close to the hole has fallen considerably, as
shown by Fig. 6(b).

C. Electric field measurements

The measurements reported in the preceding sec. VA
and V B have been made in the cell filled with pure argon.
We will now present results obtained with the cell filled
with the argon-alkali-vapor mixture, needed to perform
electric field measurements. As shown above, the com-
position of the gas does not change the behavior of the
discharge, whose current wave form [Fig. 11(c)] shows the
same overall shape: As before there is a delay between
the application of the voltage and the onset of the break-
down which begins by a sharp pulse, followed by a slower
increase.

Actually, Fig. 11(c) shows a series of current pulses,
the first one — in solid line on Fig. 11(c) — being the
most significant: We have found indeed that the appear-
ance of a series of pulses in the current wave form could
be correlated with the appearance of a stray discharge
beyond the hollow cathode volume through the holes of
the back electrode K2 of the hollow cathode (see Fig.
1). The time-resolved monitoring of the plasma induced
emission has shown clearly a delay between the emission
in the hollow cathode volume, and the emission below K2.
This delay is exactly the delay between the first and the
second [represented in dashed line on Fig. 11(c)] sharp
pulses observed in the current wave form. This indicates
that the onset of breakdown in the hollow cathode vol-
ume is actually synchronized with the first current spike.

Again, as in Fig. 6(b) the plasma emission in the hollow
cathode volume [Fig. 11(b)] closely follows the current
wave form.

Figure 11(a) shows the electric field wave form
recorded at two axial positions in the discharge cell (as
deduced from measurements integrated over radial posi-
tions from 3 to 13 mm) together with the voltage wave
form. The time scales are synchronized with reference to
the current and plasma optical emission spikes. We see
that the electric field monitored in the main gap closely
follows the applied voltage between A and K1, as ex-
pected (previous measurements in steady-state, see Fig.
4, have shown there is no space charge in this region).
However, we clearly see that no electric field is detected
in the hollow cathode before the onset of the current. But
the space charge field penetrates suddenly in the hollow
cathode as soon as the discharge current rises. Note that
the “oscillations” seen in the electric field wave form are
not significant (not reproducible). This gives an idea of
the uncertainty of the electric field measurement, other-
wise difficult to ascertain.

More detailed information about the behavior of the
discharge can be seen on Fig. 12 which shows the time
evolution of the spatial distribution of the electric field
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and plasma induced emission along the axial (y) direc-
tion in the hollow cathode volume. Recall that the mea-
surements have been integrated radially between 3 and
13 mm from the discharge axis (see Sec. II) so that
possible radial nonuniformities may affect the data for
times near breakdown, but probably not afterwards (see
Fig. 10). We see that the space charge field close to
each electrode appears in about 100 ns, and maybe less,
as the limited time resolution of our transient analyzer
(100 ns/channel) may blur the data. At the same time,
we observe the flash of plasma emission which is mostly
located at mid-distance between K1 and K2 [Note that
the observation volume over which the emission is inte-
grated does not include the axis of the discharge cell: on

500 ] 2500
S (@) 1
400 |- ] s
r v E@A-KD) 2000 §
F \ 4 ~
S r 1 2
o Soor —15008
Q I ]
< 1 =
B 200 - 1000 O
o L N [~
> 1 &
100 F -~ ] o
. E(K1-K2) 50 3
L
0 h H h F— PN N SIS R 1.0
0.0 0.5 1.0 1.5 2.0 25
TIME (us)
50
) + E
2 wF Ar+ 457.9 nm (b)
5 f 3
o 30F 3
=) - p
< o 3
=~ 20F
T F
|5 F
$10_—
- fo) 1 "
0.0 0.5
150_,.,r[,...,...,:,,ﬁ,f,.,(.),_
~ ¢ C) 1
I : :
=100 |- " ]
1y 1
E n ]
g ! +
L '
& 50 ]
o)
U -
0 A DY BETTEEY SN S ST ST N SR S T
0.0 0.5 1.0 1.5 2.0 25
TIME (us)

FIG. 11. Current, voltage, electric field, and plasma in-
duced emission wave forms in pulsed regime. (a) Voltage
(solid line), and electric field measured in the main gap
A/K1 (0), and inside the hollow cathode (+) at 1 mm from
K1. (b) Ar* emission recorded inside the hollow cathode
at mid-distance between K1, and K2. (c) Current wave
form. The plasma ignition in the hollow cathode starts at
1.3 pus. The second spike in the dashed line can be associated
with a stray discharge (see text). Discharge conditions are
670 Hz repetition rate, 1.8x10'® cm ™2 of Ar-1.3% K (0.9 Torr,
220°C).
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FIG. 12. Space and time variation of the electric field (con-
tinuous line) and of Ar™ (457.9 nm) emission (dashed line)
measured in the hollow cathode as a function of the distance
between K1 and K2. The measurements are integrated radi-
ally over a distance of 10 mm (between 3 and 13 mm from the
discharge axis). Discharge conditions are exactly the same as
in Fig. 11.

axis, the space distribution of the emission has its maxi-
mum closer to the hole, as on Fig. 10(a)]. After the space
charge field has developed, the plasma emission spreads
closer to the electrodes while the sheaths contract with a
characteristic time of a few hundreds of ns, closely related
with the rising time of the current (peak “2”).

Figure 12 gives also some information concerning the
space charge distribution, which is related to the shape of
the electric field profile by the Poisson Eq. (4.1). We see
that the space charge increases with time as the sheaths
contract (the slope of the field profile increases). At time
t=1.7 ps, it is about 10'° cm™3. Moreover, at the onset
of breakdown (times from 1.3 to 1.4 us) we notice that
the net space charge density is not uniform, but increases
from the electrodes toward the sheath edge, like in the
steady-state regime (Sec. IV, Fig. 4).

VI. COMPARISON WITH NUMERICAL
SIMULATIONS AND DISCUSSION

Overall, our experimental results are in good agree-
ment with predictions from the numerical model.

We showed above in Figs. 5 the steady-state potential
distribution and the ionization source predicted by the
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model for a discharge in argon with a current compa-
rable to the experimental results shown in Figs. 3 and
4. The main features seen in the experiment are also
found in the numerical results. First, there is a high field
sheath surrounding the cathode surfaces. Further, if we
suppose that the source term for excitation is roughly
proportional to the ionization source term, the spatial
dependence of the emission intensity (Fig. 3) can be com-
pared to the calculated ionization source term [Fig. 5(b)].
There is good qualitative agreement between Figs. 3 and
5(b); a maximum in the emission intensity on the axis
and near the aperture is observed in both the experi-
ments and in the calculations. Finally, we find that the
steady-state, voltage-current characteristic calculated by
varying a series resistance is quite flat, in agreement with
the experimental results.

It is seen in the comparisons of Figs. 5 that the re-
gion in and around the cathode aperture is a negative
glow discharge, a low field region which is sustained by
energetic electrons accelerated in the high field regions
of the discharge and arriving in the negative glow with
an energy greater than the ionization potential. Simi-
lar to the negative glow in planar discharges, there is a
field reversal (due to ambipolar diffusion) which acts to
prevent electrons from leaving the glow region [30,37,38],
and the charged particle densities are quite high. Since
our measurement of the electric field cannot resolve this
region and since, at the predicted plasma densities, pro-
cesses other than those considered in the model (Coulomb
collisions, two-step ionization and superelastic collisions)
will undoubtedly play a role [39] in this region, we have
not paid particular attention to the negative glow region
here.

The model predicts a threshold in the initial charged
particle densities below which breakdown does not occur.
This threshold depends on the discharge conditions and,
for the calculations reported here, it is on the order of
10° cm~3. Experimentally, as stated above, the discharge
does not ignite unless we first introduce some charges into
the discharge cell using the spark produced by a Tesla
coil. Afterwards, provided the repetition rate is larger
than several 100 Hz, the discharge can be reignited with
the applied voltage. This critical frequency for reigni-
tion is related to the charge density which remains in the
gap from one pulse to the next. Also in agreement with
the experimental results (Fig. 9), our calculations show
that an increase in the initial charged particle densities
reduces the delay time and increases the amplitude of the
current spike without affecting too much the subsequent
evolution of the discharge.

The importance of long-lived excited states in the gas
prior to breakdown has been pointed out by a number
of authors [31] and recently by Chuaqui et al. [40] in the
context of pseudospark discharges.

The time evolution of the equipotential contours is
shown in Fig. 13 in conditions similar to those in the
experiment shown in Figs. 11 and 12. There is a plasma
which forms as a result of ionization of the gas by the ini-
tial electrons and the secondary electrons emitted from
the cathode due to bombardment by the initial ions. This
plasma forms first near the anode and then progesses
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towards the cathode (due to ionization in the volume)
bringing with it the anode potential. This is seen clearly
in Fig. 14, which shows the electric field on the axis for
different times and these results are consistent with previ-
ous calculations using this model at higher voltages [20].
Just at the moment the plasma reaches the hollow cath-
ode, the potential distribution is such that there is a large
(several order of magnitude) increase in the electron mul-
tiplication which is due primarily to the fact that, in the
potential distribution at this time, most of the ionization
events occur in the sheaths because of pendulum elec-
trons. (The electron multiplication is the number of elec-
trons created in ionization events in the volume per elec-
tron emitted from the cathode.) Hence, the secondary
electrons are born in high field regions and they can also
contribute to further ionization in the gap. Because of
the large multiplication, the plasma rapidly expands into
the hollow cathode. The charged particle multiplication
decreases again as the plasma expands and pushes the
sheaths closer to the electrodes.
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300 ns |

FIG. 13. Equipotential con-
tours during the discharge ini-
tiation calculated using the hy-
brid-fluid particle model, for

3 geometry and discharge con-
ditions similar to the experi-
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The calculated current wave form is shown in Fig. 15,
and this is separated into the conduction current at the
cathode (ions and cathode emitted electrons) and the
total current. The total current wave form is quite similar
to that seen in Figs. 6-9 and 11. Following a delay which
is on the order of some 100 ns, the current rises suddenly,
reaches a peak and then decreases before slowly rising
again. The initial current peak is a displacement current
at the cathode, and the calculations show that it is due
to the changing electric field on the cathode surfaces in
and near the aperture (see Fig. 13) as the plasma enters
the hollow cathode.

The width of the current peak is related to the time it
takes the plasma to make its way into the hollow cath-
ode, and this is quite small since the expansion of the
plasma into the hollow cathode is due to the production
of charged particles (volume ionization) rather than the
transport of charged particles. During this short time,
the ions do not have time to move noticeably. Conse-
quently, the conduction current at the cathode, composed
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FIG. 15. Total current and conduction current at the cath-
ode calculated using the hybrid-fluid particle model for the
same conditions as Fig. 13. Also shown is the source term for
excitation (assuming a threshold of 11.6 eV, corresponding to
the excitation of Ar atoms from the ground state to the 3p°4p
configuration), integrated over the whole discharge volume.

of the ion current plus secondary electron emission cur-
rent (possibly induced by photoemission) is very small
compared to the total current. The main part of the cur-
rent at the cathode is actually the displacement current,
Jja [Eq. (6.1)] corresponding to the rapid increase of the
space charge field:

. OE
Jd = €o ot

This agrees with the experiment (Fig. 12): A vari-
ation of the electric field of 2 kV/cm during 100 ns
gives a displacement current jq ~18 A/m?2. If we mul-
tiply this value by the whole area of K1 and K2 (which
is 26.5 cm?/electrode), this gives a current intensity of
about 95 mA, which is of the order of magnitude of the
amplitude of the current spike of Fig. 11(c). (This esti-
mation is very crude, in particular because the electric
field may not be uniform over the whole radial extent of
the electrodes.)

Also shown in Fig. 15 is the excitation rate calculated
from the Monte Carlo simulation of an optically allowed
transition (threshold at 11.62 eV) as a function of time
and integrated over the discharge volume. The favor-
able configuration of the electric field at the moment the
plasma enters the hollow cathode leads to a rapid in-
crease in the multiplication and also in the excitation
rates. Thus, consistent with the experimental observa-
tions, the peak in the emission intensity is correlated with
the first peak observed in the current wave form.

The electron multiplication decreases after the plasma
has entered the hollow cathode because relatively less of
the ionization events occur in the high field regions and
hence the secondary electrons are less effective in produc-
ing further ionization. Thus, the current peak reflects the
passage of the plasma through the cathode aperture.

After about 400 ns, the conduction current at the cath-
ode in Fig. 15 increases and becomes the dominant com-
ponent of the total current. The subsequent current rise
predicted by the model is less than observed experimen-
tally, however. This could be due to approximations in
the model such as neglect of two-step ionization or an
underestimation of the secondary electron emission co-
efficient (whose value may be considerably larger than

(6.1)
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expected [41]).

Figure 16 shows the evolution of the electric field and
the emission intensity as a function of axial position for
positions off axis (at 6 mm from the axis). These re-
sults can be compared directly with the experimental
measurements in Fig. 12. Apart from the asymmetry
in the calculated emission intensity at 600 ns (which is
due to the statistical fluctuations in the Monte Carlo sim-
ulation), good agreement with the experimental results
can be seen. Because the electron multiplication is al-
ways greater than that needed to sustain the discharge,
the plasma inside the hollow cathode continues to grow,
pushing the sheaths closer to the surfaces of the cathode,
as is clearly seen experimentally (Fig. 12) and theoreti-
cally (Figs. 13, 14, and 16).

We have already mentioned the fact that increasing the
amplitude of the applied voltage leads to a decrease of the
delay and to an increase of the rise time of the current.
Figure 7 shows clearly that at 600 V of applied volt-
age the breakdown in the hollow cathode volume occurs
in less than 20 ns (watch the width of the first current
spike), and that the subsequent current growth is about
1 A/100 ns. This latter is at least 5 times faster than
what is observed at 300 V (Fig. 9). This agrees with our
numerical simulations [28].

In order to make the connection between the work pre-
sented here and pseudospark discharges which normally
operate at a higher voltage, we show in Figs. 17 and 18
the calculated current wave forms and emission intensi-
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FIG. 16. Time evolution of the electric field (solid line),
and of plasma induced emission (dot-dashed line) as a func-
tion of axial position for a position 6 mm off axis, calculated
using the hybrid-fluid particle model. Conditions are the as
Fig. 13. Compare with the experimental results shown in Fig.
12.
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FIG. 17. Calculated wave form of the total current, the
conduction current to the cathode, and the ionization rate in
He at 0.5 Torr and 2 kV applied voltage. The discharge geom-
etry is described in the text and is similar to the simulations of
Figs. 13-16. Note the peak in the displacement current at the
cathode (difference between total, and conduction currents),
synchronized with the peak in the electron multiplication.

ties during the discharge initiation in helium at 0.5 Torr
for applied voltages of 2 and 10 kV. In these calcula-
tions, the anode and cathode were symmetrical hollow
electrodes, with radii of 1.5 cm and depths of 0.77 cm.
The total discharge length was 2.4 cm; the thicknesses
of the anode and cathode front plates were 0.2 cm, and
the diameters of the electrode apertures were 0.33 cm.
These conditions are typical of pseudospark discharges.
The evolution of the potential distribution for these two
calculations is similar to that reported above; a plasma
forms near the anode and expands toward and eventually
then fills the hollow cathode volume (see also Ref. [20]).
A large increase in the electron multiplication is observed
when the plasma enters the hollow cathode, and this ap-
pears as a displacement current at the cathode. The dis-
tinct peak in the displacenient current at early times in
the 2-kV current wave form is quite similar to that seen
in Fig. 15, but this feature is less distinct in the 10-kV
results. From the comparison of Figs. 15-18 and the asso-
ciated evolution of the potential distribution [30], we con-
clude that the phenomena occuring during the transient
evolution of the low pressure hollow cathode discharges
reported here are the same as those occuring during the
initiation phase of pseudospark discharges. These results
show that the initiation of low voltage hollow cathode
discharges is qualitatively similar to that at higher volt-
ages, at least for the conditions of the calculations.

It should be emphasized that the assumptions in the
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FIG. 18. The same as Fig. 17 but for an applied voltage of
10 kV.
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model are valid only for the discharge initiation and hol-
low cathode phases of pseudospark operation. We have
not attempted here to model the transition to the “su-
peremissive phase” [42] where electron emission processes
other than secondary emission due to ion bombardment
are expected to play an important role.

Finally, in contrast to the calculations reported here
where the plasma forms first in the main gap, results
from other model calculations [14,18] show the forma-
tion of a plasma first on the axis inside the hollow cath-
ode and immediately behind the cathode hole. At higher
voltages and for small hole diameters, our model also
predicts plasma formation first inside the hollow cath-
ode because the initial charged particles multiply inside
the hollow cathode faster than they can be transported
into the main gap [28]. The delay and jitter, however,
in this cases is quite long. Formation of a plasma in-
side the hollow cathode can also have deleterious effects
on jitter and delay in triggered pseudospark switches un-
less the conductivity of the main gap is high enough to
provide current continuity. In general, this can only be
accomplished when there is a plasma in the main gap.

VII. CONCLUSION

We have presented here measurements and compara-
tive calculations of the steady-state and transient elec-
tric field distribution and emission intensity in hollow
cathode discharges in geometries similar to those used in
pseudospark switches. The experiments described here
were performed in low current, low voltage discharges for
which a spectroscopic diagnostic of the electric field has
been developed. Comparative calculations using a two-
dimensional, hybrid fluid-particle model are also reported
here.

At steady state and in agreement with previous work,
we find that the cathode surface is surrounded by a high
field sheath which is radially uniform except in the im-
mediate vicinity of the central cathode aperture.

Measurements of the transient evolution of the elec-
tric field, the current wave form, and the emission in-
tensity confirm the qualitative predictions of the model,
and these are the first results to our knowledge of tran-
sient field measurements in hollow cathode discharge. A
key point of comparison is the initial peak in the cur-
rent wave form which is, according to the model, a dis-
placement current on the cathode and which results from
the rapid expansion of the plasma into the hollow cath-
ode backspace. This interpretation is supported by the
experimental measurements of the time dependent emis-
sion intensity which passes through a maximum simulta-
neously with the initial current spike. The model further
predicts that the transient evolution of the electric field
distribution in the low voltage discharge studied here is
qualitatively the same as that seen in the initiation phase
of high voltage, pseudospark discharges.

Most of our experimental results are in good agreement
with the numerical model.
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