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Temporal and constriction behavior of low-pressure, cathode-dominated argon discharges

Z. Lj. Petrović* and A. V. Phelps
JILA, University of Colorado and National Institute of Standards and Technology, Boulder, Colorado 80309-0440

~Received 19 February 1997!

Measurements of quasi-steady-state voltage-current characteristics, low-current voltage and current oscilla-
tions, and constriction formation are reported for cathode-dominated discharges in low-pressure Ar. Pulsed
discharges~;5 ms long at 1–3 Hz! reduce heating and improve the accuracy of differential voltage measure-
ments. Values of pressurep times the separationd of the parallel-plane electrodes are 0.12 to 2 Torr cm
corresponding to discharge breakdown voltages of 2 kV to 230 V. Discharge currents range from 2mA to 40
mA. The quasi-steady-state discharge voltages decrease from their breakdown values in direct proportion to the
current, i.e., the negative-differential-voltage-to-current ratio is constant. At currents below the onset of self-
sustained oscillations and at the higher pressures, the frequency and damping of transient oscillations are in
agreement with a perturbation model based on changes in ion-induced electron emission at the cathode caused
by space-charge electric fields. At the higher currents and low pressures transient voltage and current wave-
forms show the growth of low-frequency oscillations accompanying the onset of constrictions. Rotation of the
constricted discharge is observed at these pressures. At the higher pressures the constrictions are stable during
the pulse and emission scans parallel to the electrodes provide quantitative data on constricted discharge areas
and emissivity per unit current as the discharge increases in size with increasing current. Comparisons are
made of these experiments with recent models where possible.@S1063-651X~97!05111-8#

PACS number~s!: 52.80.Dy, 52.80.Hc, 52.40.Hf
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I. INTRODUCTION

We present measurements and comparisons with exis
models of the low to moderate current density behavior
cathode-dominated, low-pressure discharges in Ar. The m
surements include the quasi-steady-state, voltage-cu
characteristics and the behavior of damped oscillations.
measurements and analyses of oscillation data and nega
differential-voltage-current ratio~abbreviated as NDVCR!
data are an application to Ar of the techniques used in p
vious measurements and analyses of low-current, l
pressure discharges in H2 @1–3#. We also present quantitativ
analyses of our photographs of constricted discharges@4,5#
in low-pressure Ar that we published earlier@6#. A pulsed
discharge technique allows measurements of both the t
sient and quasi-steady-state discharge characteristics, w
minimizing the effects of electrode heating and sputterin

In spite of the large amount of research on moderate-
high-current, low-pressure, cathode-dominated, cold-cath
gas discharges in Ar and Ne@4,7,5,8,9#, there has been rela
tively little work on discharges in parallel-plane geome
for which space-charge effects are small, but not negligi
as is the case for the low-current portion of the work repor
here. Previous experiments at such low currents incl
steady-state, voltage-current characteristics at relatively h
pressures@10–15#, measurements of the dependence
breakdown voltage on initiating current@16#, reports of self-
sustained oscillations at low currents@12,14,15,17#, and very
brief reports of measurements of cathode-fall discharge
pedance versus frequency@18–20#. Very recently, measure
ments of ion energy distributions at the cathodes of lo
current, low-pressure Ar discharges have been reported@21#

*Also at Institute of Physics, P.O. Box 57, Belgrade, Yugoslav
561063-651X/97/56~5!/5920~12!/$10.00
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for conditions very similar to those reported here.
Early models of these low-current discharges include

recognition of the effects of space charge by Rogowski a
co-workers @22# and of possible multistep ionization b
Schade@10#, analyses of the differential voltage effects
breakdown experiments by Loeb@23# and by Crowe, Bragg,
and Thomas@24#, and the pioneering numerical calculation
of Ward and co-workers@25,26#. Of particular relevance to
the present paper are the analytical models of the differen
voltage versus current and oscillations for other rare ga
@14,15,27#. Most of the recent numerical calculations@27–
30# of the temporal development and spatial characteris
of cathode-dominated discharges in Ar have been made
conditions corresponding to our higher currents.

The study of very-low-current discharges makes poss
the determination of volume and surface reaction rate co
ficients and probabilities under relatively simple condition
For these discharges, called ‘‘Townsend’’ or dark d
charges, Townsend’s model of ionization growth by an el
tron avalanche in a uniform electric field is a good first a
proximation @4,5,9#. At these low current densities spac
charge electric fields are small and readily calculated. T
resultant perturbations of the discharge are useful in dis
guishing and measuring various nonlinear gas-ionization
electrode phenomena@3#. These same nonlinear phenome
are more important at higher current densities, but
closely coupled with the large space-charge-field effects
greatly complicate the models used to interpret experime
@4,5,9#. Evidence for the need to examine simple discha
situations is the considerable confusion regarding the pro
application of collision cross-section data in models of i
transport and gas heating caused by ions and by neutra
oms in the cathode region@31#.

Much of the recent work on low-pressure Ar discharg
has been motivated by plasma processing applications,.
5920 © 1997 The American Physical Society
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56 5921TEMPORAL AND CONSTRICTION BEHAVIOR OF LOW- . . .
as semiconductor etching and sputtering deposition of m
rials @32#. In addition, discharges in Ar and other rare gas
serve as a convenient testing ground for models of gas
charge switches, lasers, etc.@33#. Optical emission from Ar
is often used as a diagnostic for these discharges@34#, where
models generally assume that the excitation is only produ
by electrons. Experiments within this laboratory have sho
@35–37# that this assumption is not valid for discharges w
significant cathode-fall voltages (>400 V), e.g., sputtering
discharges or high-power, capacitively coupled rf dischar
with highly asymmetric electrodes. Recent models of sp
tering discharges for materials analysis@38,39# make pos-
sible more careful comparisons of models with experime

An important aspect of cathode fall experiments and m
els concerns the development and properties of lateral
strictions of the discharge@4,5,7,40#. We will follow quanti-
tatively the transitions in temporal and spatial behavior
constrictions for currents well below their onset to near th
disappearance@1#. This includes observations of the delay
the onset of constrictions and of associated growing osc
tions. This extends the work of Klyarfel’d@13,41# who re-
ported delays in the onset of constrictions.

In these experiments we have made only moderate eff
to obtain highly reproducible discharge cathode surfac
Stable cathode surfaces can be obtained by heavy sputt
@42# or by heating to high temperatures in high vacuum@43#.
Our point of view is that we need to learn to work wi
surfaces having arbitrary characteristics, such as migh
found in plasma processing. This approach means tha
must make enough different observations of breakdown v
age, current-growth rates, oscillation frequencies,
negative-differential-voltage-current relations, over a w
enough range ofpd to be able to extract the effective cat
ode, anode, and gas parameters. Herep andd are the pres-
sure and the electrode spacing. Of course we do require
the cathode be stable enough to allow the necessary seri
experiments.

The apparatus and techniques used in these experim
with low-pressure Ar discharges is reviewed in Sec. II. T
differential voltage-current data are presented in Sec.
Section IV summarizes our damped oscillation data a
compares it with a model. The radial spatial scans of em
sion and their analyses are presented in Sec. V. Brief rep
of portions of this work have been given previously@6,44#.

II. EXPERIMENT

Figure 1 shows a schematic of the apparatus used
these experiments. The drift tube and the associated ci
for applying dc and pulsed voltages to the discharge
identical to those used previously@1,2#. The discharge tube
consists of parallel-plane electrodes surrounded by a clo
fitting quartz cylinder and mounted in a bakable, stainle
steel chamber. The quartz and suitable feedthrough ins
tors prevent long path breakdown and allow operation atpd
on the left-hand side of the Paschen curve@4#. The cathode is
78 mm in diameter and is made of gold-plated copper. T
central 60 mm of the anode is a quartz window mounted
and electrically insulated from the stainless-steel cham
end plate. The usable diameter of the window is 56 mm. T
window is covered with evaporated gold to about 60% tra
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mission. Visual observations indicate that the window tra
mission is spatially uniform, but no quantitative test of wi
dow and/or detector uniformity of response is mad
Subsequent tests@45# show that nonuniformities of 20% in
the optical transmission produced during evaporation of
gold or by sputtering during the experiment are readily d
tected visually. The stainless-steel end plate is coated w
gold sputtered by the discharge. The nominal spacing
tween electrodes is 1.04 cm. In the present paper the e
trode separation is rounded off to 1 cm when citing expe
mental pd values. The measured capacitance, includ
cables, of the cathode at pointB to ground is 250 pF and tha
of the anode at pointC to ground is 68 pF. The electrodes d
not have the shaped electrodes required for operation at
pd and the maximum usefulpd is about 10 Torr cm. The ga
pressures are measured with a diaphragm-type manom
with a stated accuracy of60.01 Torr, where 1 Torr5133 Pa.
The gas samples are taken from high-pressure cylinders
a stated purity of 0.9999. The rate of rise of pressure a
overnight evacuation and mild baking is'1024 Torr/h.

Representative voltage and current wave forms for
pulsed-discharge technique@2,13# used in most of these mea
surements are shown in Figs. 2 and 3. This pulsed techn
has advantages over a continuous or dc discharge becau
minimizes gas and electrode heating, reduces sputterin
the cathode, and simplifies the measurement of the diffe
tial voltages in the presence of drifting breakdown voltag
Because of the short duration experiments, gas-phase c
sions with impurities are not expected to be significant.
the other hand, changes in the cathode surface condition
be large. After aging the cathode with a 10 mA dc discha
in H2 for 10 min, we are able to run a 2 Torr argon discharge
at pulsed currents of up to 50 mA many days with on
moderate changes of discharge voltage (615 V) and without
significant sputtering of cathode material onto the quartz c
inder. On the other hand, ruinous sputtering was encount
during measurements at 0.12 Torr and pulsed voltages
currents'2000 V and;10 mA, respectively.

The dc power supply and high-voltage pulser of Fig.
supplies a voltage pulse (<1.2 kV) superimposed on a d
voltage (<1 kV), so as to cause a transition from a low

FIG. 1. Schematic of the drift tube, camera, and electrical circ
used for these experiments.
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5922 56Z. LJ. PETROVIĆAND A. V. PHELPS
current ~2–100mA! ‘‘keep alive’’ discharge to the desire
current~0.02–100 mA!. The details of the circuit are give
in Fig. 1 of Ref.@2#. The dc discharge present between pul
operates at voltages slightly below the breakdown voltageVb

FIG. 2. Representative voltage and current transients resu
from the application of the voltage shown in the upper solid cu
to point A in the circuit of Fig. 1 for an Ar pressure of 2 Tor
RS51 MV, RA5200 kV, and a breakdown voltage of 228 V. Th
dotted curve is the voltage at pointB when no gas is present. Th
middle trace shows the voltage across the discharge, while the
est trace shows the currentI through the discharge tube. The sol
curves are experimental data and the points show fits of dam
sinusoids to the experimental data.

FIG. 3. Representative voltage and current transients resu
from the application of a pulse voltage to pointA in the circuit of
Fig. 1 for an Ar pressure of 0.12 Torr. In the upper set of wa
forms the applied voltage pulse is'400 V for 3.3 ms, while in the
lower case it is'1000 V for 6.3 ms. The upper trace in each p
shows the currentI through the discharge tube, while the low
trace shows the voltage change between the electrodes of the
charge tube. In this caseRA50. These traces show both the hig
and low-frequency oscillations. The lower pair of wave forms sh
that low-frequency oscillations grow until the discharges swi
into a constricted mode. The solid curves are experimental d
The points show a fit of damped or growing sinusoid to the data
the vicinity of the transition.
s

because of the interaction of the series resistorRA and the
negative-differential-voltage versus current characteristic
the discharge@4#. The breakdown voltages vary from 2 kV
for a pd of 0.12 Torr cm to 230 V for apd of 2 Torr cm. See
Table I for details. Except as noted,RS5200 kV and RA
50 for pressures of 0.13–0.3 Torr. For some of the 2 T
dataRS51 MV andRA5200 kV, while for other runs these
resistors are interchanged. Voltage pulses with measured
times of about 100 ns followed by an overshoot of'15%
lasting about 50 ns are obtained at pointA in Fig. 1. The
voltage generated at this point is applied to the discha
tube and its cable and electrode capacitanceC ~not shown!
through the series resistorRS . The upper solid curve in Fig
2 shows a calculated voltage wave form at pointA @46#,
while the associated dotted wave form shows the volt
appearing at the discharge tube electrodes in the absen
gas.

The duration of the voltage pulses is roughly 5 ms a
repetition rate of 1–3 Hz. At the highest currents the pu
length is reduced to;200ms to reduce the loss of charg
from the storage capacitor and the resultant voltage d
Many of the data sets are obtained with a resistorRA , used
as a current monitor in previous experiments@1,2#, inserted
between the discharge tube and the operational ampli
i.e., between the discharge tube and the effective grou
Because of the close proximity of this resistor to the d
charge,RA tends to raise the current threshold for se
sustained oscillations@1#. See Ref.@3# for a model including
the effects ofRA . At 2 Torr even withRA equal to five times
the value theoretically required@3# to damp the self-
sustained oscillations, there remains a range of currents
which these oscillations are observed. WhenRA was signifi-
cant, as for the 2 Torr data, measurements of differenc
voltage at pointsB and C are used to obtain the discharg
voltage.

Fast voltage probes rated at 80 MHz bandwidth are u
for measuring the discharge voltage transients. The cur
and voltage transients are recorded using a 100 MHz sto
scope and then are transferred to a personal computer.
voltage scale of the oscilloscope-computer combination
calibrated against a precision voltage supply. Resistors r
at 62% are used to determine the current.

The charge-coupled semiconductor device~CCD! camera
used~black and white Sanyo Model VDC 2624! is mounted
as shown in Fig. 1 to record the spatial distribution of em
sion across the cathode. The spatial resolution estim
from the photographs is better than 0.5 mm. A ‘‘frame gra
ber’’ is used to capture the video signal for processing by
computer. The sensitivity of the camera presumably peak
the red, but no specifics are available. The camera is oper
with its automatic gain control disabled. The data were a
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TABLE I. Discharge parameters.

p VB E/n g i NDVCR kI

~Torr! ~V! ~kTd! ~V/A ! ~V/A !

0.12 2050650 50 0.5 5500 1.502
0.2 1050610 15.3 0.18 27 000 3.89
0.3 550635 0.53 0.05 90 000 7.8
2 23063 0.34 0.01 150 000 42.8
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56 5923TEMPORAL AND CONSTRICTION BEHAVIOR OF LOW- . . .
lyzed by background subtraction and correction for non
earities introduced by the camera electronics. The nonlin
ity of the camera is determined by observing the diffus
image of a light-emitting diode~LED! driven by a constant-
current pulse at a 1 Hzrate as the pulse length is varied fro
10 ms to 10 ms. We assume that the CCD elements integ
the photon signal over the LED pulse length. Because
camera exposure time is fixed at 16 ms, the temporal va
tion of the spatial dependence of emission can be sam
only by turning off the discharge at various times.

The uppermost curve of Fig. 2 shows the applied volta
at point A as calculated@46# from the measured currents
voltages, and circuit parameters. The middle solid curve
Fig. 2 is obtained from the voltage difference between po
B andC and the measured dc voltage-current characteris
while the lower solid curve is the current measured by
operational amplifier. In Sec. III we will summarize the di
charge voltage-change observations and then in Sec. IV
summarize the oscillation aspects of the wave forms.
cause we do not use the balanced amplifier of Ref.@2# in the
present set of experiments, the initial rise in the current w
form is caused by the capacitative coupling of the cath
voltage change and we cannot analyze the initial discha
current growth.

In addition to quasi-steady-state voltage and curr
changes, the two sets of data of Fig. 3 show the presenc
two modes of oscillations. This figure also illustrates t
change from a decay of lower-frequency oscillations in F
3~a! to a growth of these oscillations in Fig. 3~b!. The latter
figure also shows a transition from a low-current and sm
voltage-change mode to a higher-current and larger volta
change mode. The frequencies and their damping are
cussed in Sec. IV. When a discharge such as that show
Fig. 3~b! is terminated before the transition in current a
voltage, e.g., prior to 1.2 ms, the spatial distribution is vis
ally observed to be diffuse. When the discharge pulse len
is extended for all of the wave forms shown, the spa
distribution of emission integrated over all of the pulse
concentrated near the discharge tube wall. We will show
Sec. V B that after the transition to the higher-current mo
the constricted discharge rotates.

III. DIFFERENTIAL VOLTAGE
VERSUS CURRENT RESULTS

Measurements of the voltage decrease during the qu
steady-state portion of the pulsed discharges, such as sh
in Figs. 2 and 3, are plotted versus the quasi-steady-s
current in Fig. 4. In cases where there is a slow chang
voltage during the later portions of the pulse, e.g., Fig. 3~a!,
the wave form is extrapolated back to the beginning of
pulse to obtain the numbers shown. For each pressure t
data show a linear portion at low discharge currents to wit
the scatter of the data, i.e., a constant NDVCR. The defi
tion of the differential voltage used in this paper is t
change in discharge voltage from the breakdown voltage
its equivalent, the discharge operating voltage extrapola
to zero current, while the voltage differences shown are
change from the discharge voltage between pulses to
quasi-steady-state discharge voltage during the pulse.
resultant errors in the differential voltages are small for o
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low discharge maintenance currents. As for low-current d
charges in H2, we have shown@47# that at the higher pres
sures the constant value for the NDVCR is consistent w
space-charge electric-field-induced changes in the net y
of electrons produced by positive ions arriving at the ca
ode.

As the current during the pulse is increased the volta
decrease begins to rise more rapidly than linearly with c
rent. Eventually the voltage change makes a transition t
region for which the discharge voltage changes very slo
with current. A long history@4,5,8,9# of visual observations
of light emission, as well as the quantitative data of Sec.
show that in the region with a nearly constant voltage
discharge is constricted to a portion of the cathode. Beca
of the nearly constant voltage and the claim that the curr
density is constant~see below!, the constricted region is of
ten called thenormal glow region. The gaps in the data o
Fig. 4 that occur in the transition region from consta
NDVCR to constant voltage correspond to conditions wh
large amplitude oscillations in the current and voltage p
vent us from assigning unique currents and voltages.
though we were often able to suppress these oscillations
increasingRA @1,3#, we could not eliminate them completely

The upper limit to the current shown for 2 Torr has be
extended in other experiments@44# to about 0.1 A. For the
purposes of this paper we simply note that the negative
ferential voltage begins to decrease, i.e., the discharge v

FIG. 4. Voltage decrease vs current increase from measurem
such as shown in Figs. 2 and 3. The solid lines assume a con
negative differential voltage to current ratio~NDVCR!. The dotted
curves connect the regions of constant NDVCR with the cons
differential voltage where the discharges are constricted.
dashed line shows the behavior expected for a differential volt
proportional to the square of the current. Note that the voltage
creases for 0.3 and 2 Torr have been multiplied by factors of 10
100, respectively. The breakdown voltages corresponding to th
data sets are given in Table I.
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5924 56Z. LJ. PETROVIĆAND A. V. PHELPS
age begins to rise, at currents near 5 mA. This current m
the beginning of the transition to theabove normalor abnor-
mal discharge@4,5#. We will see that this is somewhat belo
the current at which the cathode would be covered by a
form glow.

For the case ofp50.12 Torr, the dashed line of Fig.
shows a quadratic current dependence of the voltage d
such as that predicted to result from second-order, sp
charge electric-field-induced changes in the electron-imp
ionization in the discharge gap@3,14,15,27,29#. However,
because the value of]2a/](E/n)2 is negative none of thes
second-order perturbation models is applicable to the low
pressure, high-E/n data of Fig. 4.

IV. OSCILLATION RESULTS

A. Frequency of oscillations

The experimental voltage and current wave forms of Fi
2 and 3 show oscillatory behavior representative of lo
current, low-pressure pulsed discharges in Ar. The points
fits of damped sinusoids to the data, e.g., Eqs.~1! and~2! of
Ref. @2#. The damped oscillations of Figs. 2 and 3 are sim
to those obtained previously@1–3# for low-current dis-
charges in H2. The data of Fig. 3 also show the presence
a low-frequency mode that does not appear to have b
reported previously.

The observed angular frequenciesv and damping coeffi-
cients k are summarized in Figs. 5 and 6. Here the so
points are values from data such as shown in Fig. 2 an
the high-frequency, early-time portion of Figs. 3~a! and 3~b!.
The crosses for 2 Torr show the frequencies of the s
sustained oscillations plotted as a function of the averag
the oscillatory current@48#. The three highest-current poin
for 2 Torr in Fig. 5 are from the low-current portion of th

FIG. 5. Angular frequencies obtained from fits to transient vo
age and current wave forms vs the quasi-steady-state discharge
rent. The solid points are from the high-frequency, early-time os
lations, while the open points are from the low-frequen
oscillations at later times. The crosses show the frequencies of
sustained oscillations. The solid lines show the predicted cur
dependence~not magnitude! of the ion-feedback model of Ref.@3#.
The dashed lines simply connect data for 0.12 Torr, for 0.2 T
and for 2 Torr. The dotted lines are predictions of the ion-feedb
model at 0.12, 0.3, and 2 Torr. Pressures in Torr and assoc
symbols are 0.12,.,¹; 0.2, d,s; 0.3, m; 2, j.
ks
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constant voltage region of Fig. 4. The damped oscillatio
observed at currents above 431024 A are too fast to be
analyzed with the recording speed used. At currents ab
0.1 mA the discharge is constricted and is expected to ha
well-developed cathode-fall thickness of roughly one-eig
of the electrode spacing, i.e., a pressure times cathode
thickness of about 0.25 Torr cm@4,5#. The resultant shorte
ion transit times are expected to result in higher oscillat
frequencies at a given current@27,49,50# as observed in
Fig. 5.

Because of the lowpd values of the present experimen
we expect an important feedback mechanism to be i
induced electron emission from the cathode@4,5,3,9,51#. We
therefore compare our results with the predictions of Eq.~20!
of Ref. @3# using discharge parameters obtained by fitting
model to our measured breakdown voltages and NDV
values. See the Appendix for the discharge parameters
in the model. The solid straight lines of Fig. 5 show that t
measured angular frequenciesv vary as the square root o
the current as predicted by Eq.~20! of Ref. @3# for small
currents,v2@k, and largeRS . The numerical predictions o
the detailed model are shown by the dotted lines for 2, 0
and 0.12 Torr. The predictions for 0.2 Torr essentially co
cide with the higher current portion of the predictions for 0
Torr. The decrease in the dotted curve below the square
behavior at low currents for 0.3 is caused by the approac
v2 to k, i.e., the approach to overdamping@3#.

The model predictions are about 20% smaller than exp
ment at 2 Torr@52# and 0.3 Torr, but are almost an order

-
ur-

l-

lf-
nt

r,
k
ed

FIG. 6. Damping constants from fits of damped or growing
nusoids to data such as shown in Figs. 2 and 3 vs quasi-steady
current. The straight lines are drawn through points from a giv
data set. The dotted lines are damping coefficients predicted
the ion feedback model of Ref.@3#. The solid and open points ar
from the high-frequency and low-frequency oscillations, resp
tively. Note the large scatter in the data at the intermediate p
sures, especially for 0.2 Torr. The symbols used for the vari
pressures are the same as in Fig. 5, except that the three diff
types of upward pointing triangles show results from three differ
sets of data.
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56 5925TEMPORAL AND CONSTRICTION BEHAVIOR OF LOW- . . .
magnitude too small at 0.12 Torr. Note that at 2 Torr a s
nificant contribution from photon feedback would raise t
calculated frequencies above the experimental values.
cesses of potential importance at very low pressures
have been omitted from the simple ion feedback model
~a! the significant backscattered-electron contribution to i
ization @35#, ~b! the fast-atom induced ionization in the ga
@35#, ~c! fast atom ~or ion! excitation of Doppler shifted
far-uv resonance photons that are not absorbed by the
atoms, ~d! fast-atom induced electron emission from t
cathode, and~e! the distance required for electrons leavi
the cathode to begin to produce ionization@4#. The first four
processes cause higher-current growth rates and higher o
lation frequencies and produce ions closer to the cath
with resultant shorter effective ion transit times. The fif
process causes ionization to occur closer to the anode
tends to lower the frequencies. The magnitude of the
contribution is currently unknown. Because of the sm
number of collisions involved, Monte Carlo calculations i
cluding these processes would seem to be the easiest w
evaluate their effects.

The open points for pressures of 0.12 and 0.2 Torr in F
5 are from fits of exponentially damped or growing oscil
tions to the low-frequency oscillatory portions of wav
forms, such as shown in Fig. 3. In some cases the oscillat
that grow before the transition are also observed after
transition where they decay to a low amplitude. We know
no valid model applicable at the very high electric field
gas density ratiosE/n of the low-frequency oscillations
shown in Fig. 3 and summarized in Figs. 5 and 6. The f
that they are associated with the onset of constrictions s
gests that they are lateral oscillations, similar to those of
low-E/n model of Kolobov and Fiala@27#. The role of rota-
tion of these constrictions, discussed in Sec. V B, is
known.

B. Damping of oscillations

Measured damping coefficientsk are shown in Fig. 6 as a
function of the quasi-steady-state current. Part~a! of this
figure showsk values from fits of damped sinusoids to th
high-frequency oscillations in the current and/or voltage s
as shown in Fig. 2 and the very early portions of the wa
forms of Fig. 3. The points plotted at zero damping are
currents at which self-sustained oscillations begin. T
damping at high frequencies for a pressure of 0.12 Tor
not shown because plotting the very large currents u
would compress the low-current data too much. The la
scatter in the damping data at 0.3 Torr is probably caused
changes in the cathode electron yield. While scatter ink
values is expected because of drift in the oscillation f
quency during the measurement and the resultant erratic
cellation of the later portions of the oscillating wave for
@1#, there is little scatter in the frequency data at this pr
sure.

The solid curves in Fig. 6 are chosen to connect d
points for a given data set, while the dotted curves are
culated from Eq.~21! of Ref. @3# using discharge paramete
presented in the Appendix. As predicted by Eq.~28! of Ref.
@3# for high frequencies and small enough currents,
damping data for 0.12 Torr~not shown! scatter about the
-
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value 1/(2RSC). The solid line for 0.3 Torr shows how th
damping results for one day’s data extrapolate to zero n
the current threshold for self-sustained oscillations. Wh
the discrepancy between the rising theory curve for 2 T
and experiment appears serious, it should be noted th
factor of two reduction in the value ofRA used in the model
results in reasonable agreement. This suggests that a
accurate model taking into account the capacitance from
anode to ground is required. The calculated damping is
very sensitive to other parameters, i.e., the electron yieldg i
in the ion-feedback model.

The low-frequency results of Fig. 6~b! show that only for
0.12 Torr are growing oscillations observed with sufficie
clarity to obtain quantitative results. Again, we have
model for the damping or growth of the low-frequency o
cillations. Unfortunately, the model of Kolobov and Fia
@27# is not applicable at the highE/n for which low-
frequency oscillations are observed.

V. CONSTRICTIONS

In this section we present examples of the emission d
showing the development of lateral constrictions of lo
pressure discharges in Ar. Measurements at 2 Torr prov
quantitative emission profiles that are compared with rec
models. Measurements at 0.12 and 0.2 Torr show that th
is a delay in the onset of a rotating constriction.

A. High pressure

Representative emission profiles for various final puls
currents at a pressure of 2 Torr are shown in Fig. 7. At t
pressure the emission photographs of Ref.@6# show that the
discharge constricts to a disk near the center of the electro
vertically and somewhat to the left horizontally at curren
from 85 mA to 4 mA. The relatively small asymmetry o
these constrictions shown in the false color pictures of R

FIG. 7. Emission profiles from near the center of the cathode
a pressure of 2 Torr. The solid curves are averages over se
adjacent lines obtained from CCD recordings of emission. The v
tical dashed-dotted lines indicate the locations of edges of the s
transparent portion of the anode and the arrows show the positio
the quartz wall. The dotted curve is the spatial variation of
emission expected for excited atoms distributed as for the low
order diffusion mode.
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5926 56Z. LJ. PETROVIĆAND A. V. PHELPS
@6# may be caused by a tilt of as much as 0.005 rad of
cathode relative to the anode@53#. The positions of the pro-
files of Fig. 7 are shown by the vertical lines of the pho
graphs of Ref.@6#; i.e., they are along vertical lines passin
near the emission maximum. Transient voltage and cur
wave forms are available for each of these~and other! pro-
files. Such transient data from other experiments have b
reported briefly@54#.

At low currents, i.e., for quasi-steady-state values of l
than 29mA, the data of Fig. 7 show that the discharge
diffuse. At 19 mA the discharge emission has roughly
Bessel function spatial distribution as shown by compari
with the dotted calculated curve@55#. For mean currents dur
ing the applied voltage pulse from 30mA to 85 mA the
current and voltage wave forms show self-sustained osc
tions. There is little change in the shape of the spatial profi
for currents from 30mA to 0.18 mA. For quasi-steady-sta
currents from 85mA to at least 4 mA the current and voltag
transients show that the quasi-steady-state discharge vo
is nearly independent of current. At the lower currents
time required for damping the oscillations is;500 ms,
while at the higher final currents the transient decays mo
tonically in ,200 ms.

The data of Fig. 7 and the pictures of Ref.@6# show that
for currents above 850mA these constricted discharges a
relatively uniform. The area of the bright region grows wi
current and at our highest current of 4.3 mA the discha
has filled a large part of the cathode. It should be kep
mind that the window diameter is only 72% of that of th
cathode so that we have to estimate the discharge area i
outer region. The uncertainties in the relative magnitudes
the profiles are estimated from the scatter in the total em
sion measurements shown in Fig. 8, i.e.,620% @56#. This
scatter appears to result from drift in the discharge curr
caused by changing cathode conditions. For currents fro
to 4 mA the spatial distributions of emission are more co
plex than those shown, i.e., in addition to the slightly o
center core there is aC shaped region of emission extendin
to near the wall that is of comparable but lower intensi
Remnants of this structure are barely noticeable on the ri
hand-side of the 4.3 mA picture of Ref.@6#.

Figures 8 and 9 show some of the properties of the c
stricted discharges derived from the digital photographs
Ref. @6#. In particular, the squares and crosses in the up
portion of Fig. 8 show that the ratio of the total emission
the discharge current is independent of the current. The m
sured relative values of the total emission~squares! have
been multiplied by factors of as much as 1.7~compared to a
maximum of 2! to correct for the estimated portion of th
discharge hidden from the camera to yield the crosses.
definition, these ratios are also equal to ratios of the m
emissivity to the average current density. The constanc
these ratios is consistent with the assumption that the ex
tion process for the observed radiation is a linear function
the current density, i.e., that multistep processes are not
portant for excitation in our discharges@57#. Note that the
current density range~see lower set of points! for currents
above 0.1 mA is rather limited. Although this conclusio
appears contrary to the findings of Lawleret al. @58# for He
discharges, we note that their experiments with He were c
ducted at more than an order of magnitude larger cur
e
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density than ours. In the remainder of this section we w
assume that the emissivity is proportional to the current d
sity and neglect the possibility that the constant ratio of
upper set of data of Fig. 8 is an accident resulting fro
compensating changes in the efficiency of excitation and
the current density.

The triangles of Fig. 8 show values of the average curr
density, which is defined as the measured current divided
the area for which the emission exceeds 50% of the p
emission. The crosses show the data after correction for
estimated emission from outside the window opening. T
data show that the measured average current density v
by less than 50% as the current is increased through
region of stable constrictions. If the peak value of the curr
density were constant as the profile changed from roug
that of a Gaussian at'0.1 mA to a flat-topped profile a
'10 mA we would expect a 30% decrease in the aver
current density. On the average, the observed,50% varia-
tion the average current density with current is consist
with the claims in the literature@4,5,8,9# that the current
density within a constriction is constant as the current
creases.

At currents below 0.1 mA, the current density varies ra
idly with current. A comparison of the diffuse and oscillato
data for'28 mA shows that in the oscillatory case the di
charge is much more constricted. The values shown for
two lowest currents are subject to considerable uncerta
because of the noisy signals. We have attempeted to re
the uncertainty by evaluating the peak signal from an av

FIG. 8. Measured ratio of the total emission to the curre
~squares! and of average current density~triangles! for Ar dis-
charges at 2 Torr. The crosses are estimates taking into acc
emission from the region between the window and the quartz w
The open points indicate runs where the discharge undergoes
sustained oscillations during the pulse. The vertical broken li
separate the regions of diffuse, constricted-oscillatory, a
constricted-stable discharges. The dotted lines are drawn to ind
trends in the data. The dashed line shows the current density
pected for a fundamental diffusion mode~Bessel function! distribu-
tion of current.
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age of the emission data over a small region containing'50
pixels near the apparent center of the constriction.

The primary purpose of Fig. 9 is to compare our resu
with recent theoretical predictions@29,30# presented in Sec
V C. The points of Fig. 9 show the current dependence of
areas within which the intensity exceeds 50% of the p
emission. As in Fig. 8, the solid points show data obtain
from discharges for which the current and voltage are c
stant during most of the pulse. The open triangles are a
ages from runs in which the current and voltage are hig
oscillatory. The crosses indicate the areas estimated by
trapolating the observed emission to the quartz wall. Beca
the emission is not spatially uniform, the correct areas sho
lie between the triangles and the crosses. Extrapolation o
data of Fig. 9 to the area of the cathode is expected to y
the normal current@4,7,5,8,9# when there are no significan
boundary effects near the quartz wall. These data give
proximately 9 mA for the normal current and the norm
current density of 180mA/cm2. Published data@5# give con-
siderably larger values for a typical cathode material, i.e.,
~Au is not listed!. At low currents the area of the 50% emi
sion contour rises toward, but remains below, the value fo
Bessel function distribution of exciting electrons.

As was pointed out in connection with Fig. 4 the volta
across the discharge rises significantly at currents betwe
and the 9 mA at the intersection of an extrapolation of
50% area data and the electrode area in Fig. 9. This e
means that the current at the onset of the abnormal cath
fall depends on the definition of the onset used and s
uncertain by a factor of two.

FIG. 9. Area of the 50% intensity contours~triangles and
crosses! for Ar discharges at 2 Torr. The crosses, open points,
broken lines are as in Fig. 8. The horizontal dashed lines show
electrode area and the area of the 50% intensity contour expe
for a fundamental diffusion mode~Bessel function! distribution of
excitation. The dotted curves are scaled from the theory of H´
and Nyirı́ @29#, while the solid curves are scaled from the theory
Fiala, Pitchford, and Boeuf@30#.
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The labels at the top and the vertical chain lines of Figs
and 9 show the ranges of current for which these discha
in Ar at 2 Torr are in the diffuse, low-space-charge mode;
self-sustained-oscillation mode; the constricted, consta
voltage mode; and in the diffuse, above-normal-curr
mode. Because of rapid darkening of the window, we did
obtain emission data in the abnormal current region.

Very limited data show spatial distributions similar
those of Fig. 7 for a pressure of 0.3 Torr. As suggested by
roughly flat voltage region in Fig. 4 for 0.3 Torr, constric
tions are observed at currents from about 1 mA to at lea
mA.

B. Low pressure

At 0.12 and 0.2 Torr Ar pressures and at the higher c
rents the time-integrated CCD camera photographs show
emission to be distributed in a ring near the edge of
window. Ring-shaped emission patterns have been repo
for N2 by Brewer and Miller@59# and by us for H2 @1#.
Figure 10 shows the results of measurements designe
determine whether the observed emission for 0.2 Torr
from a rotating constriction. These experiments use a ph
multiplier that detects emission through a 1 in. diameter cir-
cular aperture tangent to the edge of the window to obse
the emission at four positions 90° apart. The oscilloscop
triggered from the current wave form shown in the botto
trace. Note that the constriction~a! requires about 150ms to
develop,~b! begins at the same circumferential position~90°!
over the period of roughly an hour required to obtain t
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FIG. 10. Emission transients showing rotating constrictions
Ar at 0.2 Torr. The lowest curve shows the corresponding curr
transient. The emission is observed through apertures located a
angular positions indicated. The vertical dashed line indicates
time of onset of the rotation and the slanted lines allow one
follow the progression of the pattern. Note that the circumferen
intensity is highly nonuniform from the beginning of the discharg
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data,~c! reaches its maximum intensity at'180°, i.e., ap-
proximately the direction toward which the 2 Torr constr
tions are shifted and the suggested location of the distanc
closest approach of the electrodes,~d! changes considerabl
in measured emission signal but not in current~or voltage! as
it rotates, and~e! rotates at a frequency about an order
magnitude smaller than that of the low-frequency current
voltage oscillations of Fig. 5. Note that the initial portion
the emission signal varies significantly with circumferent
position, and its maximum is near or at the point of initiati
of the constriction. Such circumferential nonuniformities
the generally diffuse discharge are shown by pictures~not
shown! at 0.2 and 0.12 Torr at currents below those at wh
constrictions develop. We conclude that the constricted
gion develops near the wall, i.e., that it essentially touc
the quartz wall of the drift tube, and moves along the wal
a roughly constant velocity. It would be useful to exami
whether the centering of these low-pressure discharges c
be improved by making the electrodes more nearly para

Finally, we present some details regarding the transit
to the constricted discharge in the hope that they will aid
the development of a model. For the data set of Fig. 3 at 0
Torr the delay of the transition to the constricted form
discharge is observed to decrease from 1.2 to 0.35 ms to
ms as the current prior to the transition is increased from
mA to 7.5 mA to 11 mA, respectively. From the measur
buildup constantk and delay time in the data of Fig. 3 th
calculated amplitude of the oscillation at the beginning of
pulse is about 1% of the amplitude of the current and volt
change at the transition; i.e., the initial perturbation of t
discharge appears small. At 0.2 Torr an initial current of
mA leads to a delay time of 0.15 ms, as shown in Fig. 10
several cases at this pressure the initial portions of the
rent and voltage traces were very noisy. The frequency of
oscillations after the transition, which is more readily det
mined from the voltage wave form, is initially close to th
before the transition. As the pulse continues a stronger c
ponent at half this frequency often develops.

C. Comparison with models

Holló and Nyirı́@29# have calculated the spatial profiles
the current density of constricted discharges in a dimens
less form that allows scaling to approximately the conditio
of our experiments. Their model makes use of simplificatio
such as the ‘‘local field’’ approximation, analytic ionizatio
coefficients, a constant ion mobility, a linear variation of t
electric field with distance, and neglect of the higher rad
derivatives of the position of the ionization front. The calc
lated profiles are qualitatively similar to these of Fig. 7, b
direct comparisons with those of Fig. 7 are not useful
cause of differences in parameters and the complexity of
resultant figure. The authors show that for an electrode s
ration that includes all of the cathode fall@4,5# the scaling
varies aspR and I @29#, whereR is the electrode radius an
I is the total discharge current. Note that the usual sca
with the pd, whered is the length of the cathode fall or th
electrode separation, is absent because of the simpl
model.

We show by the dotted curves of Fig. 9 their predictio
of the mean area of the constricted region scaled to our
of
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charge radius. Using the gas discharge scaling parame
discussed in the Appendix, their calculations scale to pr
suresp of 1 and 2.5 Torr. Thus, the result of the applicatio
of their model for ourp of 2 Torr should lie between the
dotted curves shown and would be significantly higher th
our data. We note that their choice of electron yield per
~0.01! is very close to that we derived from breakdown da
and present in the Appendix. Whether the use of a bette
of the dependence of ion mobility onE/n ~see Appendix!
would improve the fit of theory and experiment is not obv
ous to us.

An aspect of the constrictions evident in the model Ho´
and Nyirı́ @29# is that there is a sheath like decrease in
axial current density near the side wall over 10–15% of
radius. This behavior causes the saturation of the area o
50% of peak emission contour with increasing current
about 80% of the area of the electrodes. The wall los
causing these sheaths are presumably responsible for th
perimentally observed increase in discharge voltage as
discharge area approaches the electrode area as discus
Sec. V A. Another feature of the model is that at low curre
their published spatial solutions apparently do not appro
the Bessel function behavior characteristic of the fundam
tal mode diffusion solution discussed above. This differen
is responsible for the failure of the dotted curves of Fig. 9
rise at low currents, as observed experimentally. The mo
of Ref. @29# predicts that for the higherpR the mean current
density is nearly constant for a wide range of currents a
Fig. 8.

Very detailed models of low-pressure discharges in
has been developed by Fiala, Pitchford, and Boeuf@30#. In
comparing their predictions with our experiment one m
keep in mind that they use the high and constant elec
yield per ion expected for a very clean cathode@60#. We
assume from Ref.@29# that for an electrode separation th
includes all of the cathode fall@4,5# the spatial and curren
scaling varies aspR and I . Then the areas of the 50% con
tours estimated from the ionization contours of Figs. 4 an
of Ref. @30# scale to the solid curves of Fig. 9 at scale
pressures of 0.4 and 1.15 Torr. Assuming that the predic
areas continue to decrease with increasing pressurep we
expect our data forp52 Torr to lie below their predictions
as observed. Although an extension of this model@27# gives
the observed approach to the Bessel function spatial di
bution behavior at low currents, we see no evidence o
minimum area in the limited number of cases solved. B
cause many of the recent and detailed models@30,33# of the
cathode fall are for much more complicated electrode geo
etries than ours, comparisons with our experiments are
possible.

VI. DISCUSSION

The experimental results presented in this paper prov
some of the quantitative data needed to test the large num
of computer codes being developed to describe low-pres
electrical discharges@30,33,38,39#. Verification of these
codes in the relatively ideal geometry and wide range
experimental parameters of our experiments offers the p
sibility of separating out the various contributions to gas io
ization, electron emission from the cathode, electron ba
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56 5929TEMPORAL AND CONSTRICTION BEHAVIOR OF LOW- . . .
scattering from the anode, and heavy particle collisions.
simple geometry also makes it easier to test for the effect
space-charge electric fields at low currents and to test sca
laws at all currents.

The measurements at low currents of the negat
differential-voltage-current ratio and of the frequency a
damping of transient oscillations in the voltage and curr
wave forms presented in Secs. III and IV provide a test of
applicability of models of the nonlinear ionization and fee
back processes in an Ar discharge. In particular, we find
a model assuming the dominant nonlinear effect is
change in ion-induced electron emission at the cath
caused by space-charge enhancement of the electron
explains the experimental oscillation results at 2 and
Torr cm rather well. This model is the same as that u
successfully to explain the oscillations in current and volta
for low-current, low-pressure discharges in H2 @3#. At 0.12
and 0.2 Torr cm this model fails to explain the observ
oscillation frequencies by a large factor and we do not
have a convincing explanation.

At discharge currents below the normal current we u
spatially dependent emission measurements as well as
rent and voltage wave forms to follow quantitatively th
transition from diffuse discharges to constricted discharg
We find that the average current density within a constrict
is approximately constant as claimed in the literature on
basis of very limited data. Our data for Ar show that t
mean emissivity is a linear function of the average curr
density, as expected for single-step excitation of the em
sion. This observation is in contrast to, but consistent w
the two-step excitation reported for the cathode region of
discharges at current densities an order of magnitude hig

The comparison of experiments with recent models
constrictions is limited by the problems of scaling the mod
to the experiment. The model of Hollo´ and Nyirı́ @29# is in
semiquantitative agreement with our experiments excep
low currents where space-charge effects are small and
model apparently does not approach the fundamental d
sion mode solution. In view of the simplicity of the mod
the fit to experiment is surprisingly good. The model
Fiala, Pitchford, and Boeuf@30# predicts the general trend o
our data, but needs to be extended to higher pressures
discharge radii and to a lower electron yield per ion at
cathode for a more direct comparison with our experime
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APPENDIX: DISCHARGE CONDITIONS

Here we summarize the discharge parameters require
the model of ion feedback, i.e., by Eqs.~20! and~21! of Ref.
@3#, when used to calculate the frequencies of Fig. 5 a
damping constants of Fig. 6. These parameters are the sp
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ionization coefficient, the effective yield of electrons per io
arriving at the cathode, the rate of change of this yield w
discharge current, and the ion drift velocity. In this model t
escape probability for electrons emitted from the cathod
included in the effective yield expression. We use the circ
resistances and capacitance discussed in Sec. II. We
summarize the parameters used in Sec. V C to scale the m
els of constrictions to our experiments.

The empirical formula for the spatial~Townsend! ioniza-
tion coefficienta i normalized to the gas densityn is

a i /n55310221 exp@2170/~E/n!#

13310220 exp@2700/~E/n!#

21.5310220 exp@210000/~E/n!#, ~A1!

whereE/n is the ratio of the electric field at breakdown
the gas density in Td and 1 Td510221 V m2.

The ionization coefficients given by Eq.~A1! are used to
calculate the effective yield of electrons per ion arriving
the cathodeg i using the condition that at breakdown th
product of the excess electron multiplication and the yi
equal unity@4# or that

g i51/@exp~a id!21#, ~A2!

whered is the electrode separation. The results of these
culations are given in Table I. It is convenient to appro
mate these results by

g i5$0.0110.64@~E/n!/30000#1.3/@11~E/n!/30000#%.
~A3!

This approximation is good to615%. In Eq.~A3! the
E/n values are those at the cathode; i.e., we assume tha
ion mean-free-path ion is small enough that ion energy
determined by the local electric field at the cathode. It m
be kept in mind that the electron yields discussed here
effective values that include contributions from fast Ar a
oms produced in charge-transfer collisions of Ar1 with Ar
and reaching the cathode with significant ener
@31,38,39,61,36#. This fast atom contribution is expected
be large at the higherE/n of Table I. Equation~A3! is used
to calculate the electric field or voltage-dependent portion
Eq. ~8! of Ref. @3#.

A second parameter in Eq.~8! of Ref. @3# is that of
kI5]g i /]I . In the present calculations we have obtainedkI
from measured values of the NDVCR using Eq.~23! of Ref.
@3#. Results are given in Table I. The experimental NDVC
values have previously been compared with predictions
the ion-feedback and other models@47#.

The final discharge parameter needed for the ion-feedb
model of Ref.@3# is the ion drift velocityW1 . An analytic
approximation to the values of Ref.@62# for a wide range of
E/n is

W154~E/n!/@110.007~E/n!1.5#1/3. ~A4!

In order to make comparisons with the model of Ho´
and Nyirı́ we need to find approximations to the ionizatio
coefficient and ion drift velocity that follow their adopte
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functional form. We have approximated Eq.~A1! in theE/n
range of our 2 Torr experiments by

a i /n53.1310220 exp@2500/~E/n!# ~A5!

and have approximated the ion drift velocity by

W152.5~E/n!. ~A6!

where the units are as given above. Equation~A5! is a rea-
sonably good fit to experiment for the needed range ofE/n,
E

e
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s

a-
but Eq.~A6! has the wrong dependence onE/n and is valid
only for a narrow range ofE/n.

These parameters are used as follows: the coefficients
pearing in Eqs.~A5! and ~A6! are used to calculate the va
ues ofpR and I from the parametersa and Ia2 of the nu-
merical calculations. Then the theoretical values ofpR are
scaled to our radius of 3.9 cm to obtain the scaled press
shown in Fig. 9. The discharge areas calculated from
50% radius of the theoretical current density profiles in Fi
5 and 6 of Ref.@29# were multiplied by the square of th
ratio of our electrode radius to their dimensionless radius
2 units.
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