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Temporal and constriction behavior of low-pressure, cathode-dominated argon discharges
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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
dischargeg~5 ms long at 1-3 Hereduce heating and improve the accuracy of differential voltage measure-
ments. Values of pressume times the separatiod of the parallel-plane electrodes are 0.12 to 2 Torrcm
corresponding to discharge breakdown voltages of 2 kV to 230 V. Discharge currents range o 20
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 pospB1663-651X97)05111-§

PACS numbeps): 52.80.Dy, 52.80.Hc, 52.40.Hf

I. INTRODUCTION for conditions very similar to those reported here.
Early models of these low-current discharges include the
We present measurements and comparisons with existingcognition of the effects of space charge by Rogowski and
models of the low to moderate current density behavior oto-workers[22] and of possible multistep ionization by
cathode-dominated, low-pressure discharges in Ar. The me&chade[10], analyses of the differential voltage effects in
surements include the quasi-steady-state, voltage-currebteakdown experiments by Lo¢B3] and by Crowe, Bragg,
characteristics and the behavior of damped oscillations. Thand Thomag24], and the pioneering numerical calculations
measurements and analyses of oscillation data and negativef Ward and co-worker§25,26. Of particular relevance to
differential-voltage-current ratiqabbreviated as NDVCR  the present paper are the analytical models of the differential
data are an application to Ar of the techniques used in preyoltage versus current and oscillations for other rare gases
vious measurements and analyses of low-current, lowf14,15,27. Most of the recent numerical calculatiofg7—
pressure discharges inHL—3]. We also present quantitative 30] of the temporal development and spatial characteristics
analyses of our photographs of constricted dischafdésd  of cathode-dominated discharges in Ar have been made for
in low-pressure Ar that we published earli@]. A pulsed conditions corresponding to our higher currents.
discharge technique allows measurements of both the tran- The study of very-low-current discharges makes possible
sient and quasi-steady-state discharge characteristics, whilee determination of volume and surface reaction rate coef-
minimizing the effects of electrode heating and sputtering. ficients and probabilities under relatively simple conditions.
In spite of the large amount of research on moderate- anfior these discharges, called “Townsend” or dark dis-
high-current, low-pressure, cathode-dominated, cold-cathodeharges, Townsend’s model of ionization growth by an elec-
gas discharges in Ar and Né,7,5,8,9, there has been rela- tron avalanche in a uniform electric field is a good first ap-
tively little work on discharges in parallel-plane geometry proximation[4,5,9). At these low current densities space-
for which space-charge effects are small, but not negligiblecharge electric fields are small and readily calculated. The
as is the case for the low-current portion of the work reportedesultant perturbations of the discharge are useful in distin-
here. Previous experiments at such low currents includguishing and measuring various nonlinear gas-ionization and
steady-state, voltage-current characteristics at relatively higblectrode phenomeri&]. These same nonlinear phenomena
pressures[10-15, measurements of the dependence ofare more important at higher current densities, but are
breakdown voltage on initiating currefit6], reports of self-  closely coupled with the large space-charge-field effects that
sustained oscillations at low currerit2,14,15,17, and very  greatly complicate the models used to interpret experiments
brief reports of measurements of cathode-fall discharge imf4,5,9. Evidence for the need to examine simple discharge
pedance versus frequenfd8—20. Very recently, measure- situations is the considerable confusion regarding the proper
ments of ion energy distributions at the cathodes of low-application of collision cross-section data in models of ion
current, low-pressure Ar discharges have been repdeld transport and gas heating caused by ions and by neutral at-
oms in the cathode regidi31].
Much of the recent work on low-pressure Ar discharges
*Also at Institute of Physics, P.O. Box 57, Belgrade, Yugoslavia.has been motivated by plasma processing applications, such
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rials [32]. In addition, discharges in Ar and other rare gases Quartz Wi“d°W\ _____
serve as a convenient testing ground for models of gas dis-

charge switches, lasers, ef83]. Optical emission from Ar cch
is often used as a diagnostic for these dischafgék where Camera :l
models generally assume that the excitation is only produced c
by electrons. Experiments within this laboratory have shown
[35—37] that this assumption is not valid for discharges with
significant cathode-fall voltages=(400 V), e.g., sputtering
discharges or high-power, capacitively coupled rf discharges

|, Gold Anode

as semiconductor etching and sputtering deposition of mate- l_
E
3
]

Ii Cathode

with highly asymmetric electrodes. Recent models of sput- Op. Amp. & Vo
tering discharges for materials analy$&8,39 make pos- Storage | — probeg: —— 4 A
sible more careful comparisons of models with experiments. Oscilloscope

An important aspect of cathode fall experiments and mod-
els concerns the development and properties of lateral con-
strictions of the discharget,5,7,4Q. We will follow quanti- Ziﬁ:ﬂf;r 58 gz&g‘g’
tatively the transitions in temporal and spatial behavior of

constrictions for currents well below their onset to near their _ _ o
disappearancl]. This includes observations of the delay in FIG. 1. Schematic of the drift tube, camera, and electrical circuit

the onset of constrictions and of associated growing oscilla¥sed for these experiments.

tions. This extends the work of Klyarfel'fil3,41] who re-  mission. Visual observations indicate that the window trans-
ported delays in the onset of constrictions. mission is spatially uniform, but no quantitative test of win-

In these experiments we have made only moderate effori§ow and/or detector uniformity of response is made.
to obtain highly reproducible discharge cathode surfacessypsequent tesf@5] show that nonuniformities of 20% in
Stable cathode surfaces can be obtained by heavy sputterifige optical transmission produced during evaporation of the
[42] or by heating to high temperatures in high vacu48].  gold or by sputtering during the experiment are readily de-
Our point of view is that we need to learn to work with tected visually. The stainless-steel end plate is coated with
surfacgs having arbltrary. charaqterlstlcs, such as might bﬁold sputtered by the discharge. The nominal spacing be-
found in plasma processing. This approach means that Wgyeen electrodes is 1.04 cm. In the present paper the elec-
must make enough different observations of breakdown voltygge separation is rounded off to 1 cm when citing experi-
age, current-growth rates, oscillation frequencies, Ofnental pd values. The measured capacitance, including
negative-differential-voltage-current relations, over a wideggples. of the cathode at poBtto ground is 250 pF and that
enough range opd to be able to extract the effective cath- of the anode at poirt to ground is 68 pF. The electrodes do
ode, anode, and gas parameters. Heandd are the pres- ot have the shaped electrodes required for operation at high
sure and the electrode spacing. Of course we do require thBQj and the maximum usefyd is about 10 Torr cm. The gas
the cgthode be stable enough to allow the necessary Se”esgﬂfessures are measured with a diaphragm-type manometer
experiments. _ _ _ with a stated accuracy of 0.01 Torr, where 1 Tor 133 Pa.

The apparatus and techniques used in these experimenffe gas samples are taken from high-pressure cylinders with

with low-pressure Ar discharges is reviewed in Sec. Il. They gtated purity of 0.9999. The rate of rise of pressure after
differential voltage-current data are presented in Sec. “'overnight evacuation and mild baking 4610~ Torr/h.

Section IV summarizes our damped oscillation data and Representative voltage and current wave forms for the
compares it Wlth a model. The radial spatlal scans of emis; ulsed-discharge technigf@,13] used in most of these mea-
sion ar_1d their ar_lalyses are presente_d in Sec. _V. Brief report§,rements are shown in Figs. 2 and 3. This pulsed technique
of portions of this work have been given previouf§/44l.  ha5 advantages over a continuous or dc discharge because it
minimizes gas and electrode heating, reduces sputtering of
the cathode, and simplifies the measurement of the differen-
tial voltages in the presence of drifting breakdown voltages.
Figure 1 shows a schematic of the apparatus used fdBecause of the short duration experiments, gas-phase colli-
these experiments. The drift tube and the associated circu$ions with impurities are not expected to be significant. On
for applying dc and pulsed voltages to the discharge arghe other hand, changes in the cathode surface condition can
identical to those used previoudl$,2]. The discharge tube be large. After aging the cathode with a 10 mA dc discharge
consists of parallel-plane electrodes surrounded by a closein H, for 10 min, we are able to rua 2 Torr argon discharge
fitting quartz cylinder and mounted in a bakable, stainlessat pulsed currents of up to 50 mA many days with only
steel chamber. The quartz and suitable feedthrough insulamoderate changes of discharge voltagel V) and without
tors prevent long path breakdown and allow operatiopdat ~ significant sputtering of cathode material onto the quartz cyl-
on the left-hand side of the Paschen cudk The cathode is inder. On the other hand, ruinous sputtering was encountered
78 mm in diameter and is made of gold-plated copper. Theluring measurements at 0.12 Torr and pulsed voltages and
central 60 mm of the anode is a quartz window mounted ircurrents~ 2000 V and~10 mA, respectively.
and electrically insulated from the stainless-steel chamber The dc power supply and high-voltage pulser of Fig. 1
end plate. The usable diameter of the window is 56 mm. Theupplies a voltage pulse<(1.2 kV) superimposed on a dc
window is covered with evaporated gold to about 60% transvoltage 1 kV), so as to cause a transition from a low-

Il. EXPERIMENT
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250 0 7 T T TABLE |. Discharge parameters.
o 240F |7 popied i:. e \ 4 P A E/n ¥, NDVCR K,
o I (Torr) V) (kTd) (VIA) (VIA)
> 230F T
5 | @l-‘ 7 - 0.12 205@:50 50 0.5 5500 1.502
> 220f | Discharge voltage 1 0.2 105G:10 15.3 0.18 27 000 3.89
[ ; | ' 0.3 550+35 053  0.05 90 000 7.8
2o ' ' ‘ 2 230+3 0.34 001 150000 428
S ol |
£ 20 I 7 . . . .
g | PN becau_se o_f the interaction of the series resi®grand t_he_
3 | f \ negative-differential-voltage versus current characteristic of
& or Current change T the dischargg4]. The breakdown voltages vary from 2 kV
% I L forapd of 0.12 Torr cm to 230 V for g@d of 2 Torr cm. See
z 0 5 2' "t é s Table | for details. Except as noteRs=200 K2 and R,
=0 for pressures of 0.13-0.3 Torr. For some of the 2 Torr
Time (ms) dataRs=1 MQ andR,= 200 K2, while for other runs these

resistors are interchanged. Voltage pulses with measured rise

FIG. 2. Representative voltage and current transients resultingmes of about 100 ns followed by an overshoot~e15%
from the application of the voltage shown in the upper solid curvelasting about 50 ns are obtained at poftin Fig. 1. The
to point A in the circuit of Fig. 1 for an Ar pressure of 2 Torr, voltage generated at this point is applied to the discharge
Rs=1M(Q, Ry=200 K2, and a breakdown voltage of 228 V. The type and its cable and electrode capacita@c@ot shown
dotted curve is the voltage at poiBtwhen no gas is present. The through the series resist®s. The upper solid curve in Fig.
middle trace shows the voltage across the discharge, while the lows shows a calculated voltage wave form at pon{46],
est trace shows the currehthrough the discharge tube. The solid while the associated dotted wave form shows the voltage
curves are experimental data and the points show fits of dampegppearing at the discharge tube electrodes in the absence of
sinusoids to the experimental data. gas.

The duration of the voltage pulses is roughly 5 ms at a
repetition rate of 1-3 Hz. At the highest currents the pulse
length is reduced te-200us to reduce the loss of charge
Yrom the storage capacitor and the resultant voltage drop.
Many of the data sets are obtained with a resi&gr used
as a current monitor in previous experimefts2], inserted
between the discharge tube and the operational amplifier,
i.e., between the discharge tube and the effective ground.
Because of the close proximity of this resistor to the dis-
charge, R, tends to raise the current threshold for self-
sustained oscillationgl]. See Ref[3] for a model including
the effects oR, . At 2 Torr even withR, equal to five times
the value theoretically required3] to damp the self-
sustained oscillations, there remains a range of currents for
which these oscillations are observed. Wienwas signifi-
cant, as for the 2 Torr data, measurements of difference in

current(2—100 uA) “keep alive” discharge to the desired
current(0.02—100 mA. The details of the circuit are given
in Fig. 1 of Ref[2]. The dc discharge present between pulse
operates at voltages slightly below the breakdown voltage

Voltage change (V) and Current (mA)

1ok Voltage x 0.05 voltage at pointB and C are used to obtain the discharge
. voltage.
20— L 1 L Fast voltage probes rated at 80 MHz bandwidth are used
0 ! 2 8 4 for measuring the discharge voltage transients. The current
Time (ms) and voltage transients are recorded using a 100 MHz storage

scope and then are transferred to a personal computer. The
%Itage scale of the oscilloscope-computer combination is
calibrated against a precision voltage supply. Resistors rated

FIG. 3. Representative voltage and current transients resultin
from the application of a pulse voltage to poiftin the circuit of
Fig. 1 for an Ar pressure of 0.12 Torr. In the upper set of wave +90 .
forms the applied voltage pulse 48400 V for 3.3 ms, while in the at +2% are used to determ_lne the current.
lower case it is~1000 V for 6.3 ms. The upper trace in each pair The charge-coupled semiconductor de\ﬂ@é_ZD) camera
shows the current through the discharge tube, while the lower USed(black and white Sanyo Model VDC 26P# mounted

trace shows the voltage change between the electrodes of the d@S Shown in Fig. 1 to record the spatial distribution of emis-
charge tube. In this cas®,=0. These traces show both the high- Sion across the cathode. The spatial resolution estimated
and low-frequency oscillations. The lower pair of wave forms showfrom the photographs is better than 0.5 mm. A “frame grab-
that low-frequency oscillations grow until the discharges switchber” is used to capture the video signal for processing by the
into a constricted mode. The solid curves are experimental dat&zomputer. The sensitivity of the camera presumably peaks in
The points show a fit of damped or growing sinusoid to the data irthe red, but no specifics are available. The camera is operated
the vicinity of the transition. with its automatic gain control disabled. The data were ana-
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lyzed by background subtraction and correction for nonlin-
earities introduced by the camera electronics. The nonlinear-
ity of the camera is determined by observing the diffused
image of a light-emitting diodéLED) driven by a constant-
current pulse a 1 Hzrate as the pulse length is varied from
10 us to 10 ms. We assume that the CCD elements integrate
the photon signal over the LED pulse length. Because the
camera exposure time is fixed at 16 ms, the temporal varia-
tion of the spatial dependence of emission can be sampled
only by turning off the discharge at various times.

The uppermost curve of Fig. 2 shows the applied voltage
at point A as calculated46] from the measured currents,
voltages, and circuit parameters. The middle solid curve of
Fig. 2 is obtained from the voltage difference between points
B andC and the measured dc voltage-current characteristics,
while the lower solid curve is the current measured by the
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operational amplifier. In Sec. Ill we will summarize the dis-

charge voltage-change observations and then in Sec. IV we 1
summarize the oscillation aspects of the wave forms. Be-

cause we do not use the balanced amplifier of Rfin the

present set of experiments, the initial rise in the current wave

form is caused by the capacitative coupling of the cathode

voltage change and we cannot analyze the initial discharge

current growth.

In addition to quasi-steady-state voltage and current FIG.4. Voltage decrease vs current increase from measurements
changes, the two sets of data of Fig. 3 show the presence &fch as shown in Figs. 2 and 3. The solid lines assume a constant
two modes of oscillations. This figure also illustrates thenegative differential voltage to current raiNDVCR). The dotted
change from a decay of lower-frequency oscillations in Fig_cgrves c_onnect the regions of cor_lstant NDVCR with th_e constant
3(a) to a growth of these oscillations in Fig(t8. The latter dlfferentl_al voltage where th_e discharges are ponstrl_cted. The
figure also shows a transition from a low-current and smaIPaShed line shows the behavior expected for a differential voltage

) ; g roportional to the square of the current. Note that the voltage de-
voltage-change mode to a higher-current and larger VOltag.eg_reases for 0.3 and 2 Torr have been multiplied by factors of 10 and

iOO, respectively. The breakdown voltages corresponding to these
Whta sets are given in Table 1.
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cussed in Sec. IV. When a discharge such as that shown
Fig. 3(b) is terminated before the transition in current and

voltage, e.g., prior to 1.2 ms, the spatial distribution is visu-,y gischarge maintenance currents. As for low-current dis-
ally observed to be diffuse. When the discharge pulse 'e“gtEharges in B, we have showi47] that at the higher pres-

is extended for all of the wave forms shown, the spatialg res the constant value for the NDVCR is consistent with
distribution of emission _mtegrated over all of the_ pulse ISspace-charge electric-field-induced changes in the net yield
concentrated near the discharge tube wall. We will show iny¢ ejectrons produced by positive ions arriving at the cath-
Sec. V B that after the transition to the higher-current mode,yq.
the constricted discharge rotates. As the current during the pulse is increased the voltage
decrease begins to rise more rapidly than linearly with cur-
rent. Eventually the voltage change makes a transition to a
region for which the discharge voltage changes very slowly
with current. A long historny4,5,8,9 of visual observations
Measurements of the voltage decrease during the quasdf light emission, as well as the quantitative data of Sec. V,
steady-state portion of the pulsed discharges, such as showhow that in the region with a nearly constant voltage the
in Figs. 2 and 3, are plotted versus the quasi-steady-stattischarge is constricted to a portion of the cathode. Because
current in Fig. 4. In cases where there is a slow change iof the nearly constant voltage and the claim that the current
voltage during the later portions of the pulse, e.g., Fi@,3 density is constanfsee below, the constricted region is of-
the wave form is extrapolated back to the beginning of theen called thenormal glowregion. The gaps in the data of
pulse to obtain the numbers shown. For each pressure thebég. 4 that occur in the transition region from constant
data show a linear portion at low discharge currents to withifNDVCR to constant voltage correspond to conditions where
the scatter of the data, i.e., a constant NDVCR. The definitarge amplitude oscillations in the current and voltage pre-
tion of the differential voltage used in this paper is thevent us from assigning unique currents and voltages. Al-
change in discharge voltage from the breakdown voltage othough we were often able to suppress these oscillations by
its equivalent, the discharge operating voltage extrapolatethcreasindR, [1,3], we could not eliminate them completely.
to zero current, while the voltage differences shown are the The upper limit to the current shown for 2 Torr has been
change from the discharge voltage between pulses to thextended in other experimenit$4] to about 0.1 A. For the
guasi-steady-state discharge voltage during the pulse. Thaurposes of this paper we simply note that the negative dif-
resultant errors in the differential voltages are small for ourferential voltage begins to decrease, i.e., the discharge volt-

lll. DIFFERENTIAL VOLTAGE
VERSUS CURRENT RESULTS
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FIG. 5. Angular frequencies obtained from fits to transient volt- s 0.2 Torr \
age and current wave forms vs the quasi-steady-state discharge cur- 8 -2000 v

rent. The solid points are from the high-frequency, early-time oscil- ' L L ' L
lations, while the open points are from the low-frequency
oscillations at later times. The crosses show the frequencies of self- Steady-state current (mA)
sustained oscillations. The solid lines show the predicted current

dependencénot magnitudgof the ion-feedback model of Refi3]. nusoids to data such as shown in Figs. 2 and 3 vs quasi-steady-state

The dashed lines simply connect data for 0.12 Torr, for 0.2 Torr’current. The straight lines are drawn through points from a given

and for 2 Torr. The dotted lines are predictions of the ion-feedbac : - . . .
. . . Th
model at 0.12, 0.3, and 2 Torr. Pressures in Torr and assomat%ata set. The dotted lines are damping coefficients predicted with

symbols are 0.12Y,V; 0.2,@,0; 0.3, A; 2, K. e ion fee(jback model of Reff3]. The solid and open points are
from the high-frequency and low-frequency oscillations, respec-

beai . 5 mA. Thi tively. Note the large scatter in the data at the intermediate pres-
age begins to rise, at currents near 5 mA. This current mar res, especially for 0.2 Torr. The symbols used for the various

the beginning of the transition to tfedove normabr abnor- pressures are the same as in Fig. 5, except that the three different

mal dischargd 4,5]. We will see that this is somewhat below types of upward pointing triangles show resuits from three different
the current at which the cathode would be covered by a uniggts of data.
form glow.

For the case op=0.12 Torr, the dashed line of Fig. 4 constant voltage region of Fig. 4. The damped oscillations
shows a quadratic current dependence of the voltage drophserved at currents abovex40 4 A are too fast to be
such as that predicted to result from second-order, spacemalyzed with the recording speed used. At currents above
charge electric-field-induced changes in the electron-impagy.1 mA the discharge is constricted and is expected to have a
ionization in the discharge gaj8,14,15,27,29 However, well-developed cathode-fall thickness of roughly one-eighth
because the value @fa/d(E/n)? is negative none of these of the electrode spacing, i.e., a pressure times cathode-fall
second-order perturbation models is applicable to the lowetthickness of about 0.25 Torr cfé,5]. The resultant shorter

FIG. 6. Damping constants from fits of damped or growing si-

pressure, higlte/n data of Fig. 4. ion transit times are expected to result in higher oscillation
frequencies at a given curreff7,49,5Q0 as observed in
IV. OSCILLATION RESULTS Fig. 5.

Because of the lowpd values of the present experiments
we expect an important feedback mechanism to be ion-

The experimental voltage and current wave forms of Figsinduced electron emission from the cath¢de,3,9,51. We
2 and 3 show oscillatory behavior representative of low-therefore compare our results with the predictions of (E6)
current, low-pressure pulsed discharges in Ar. The points aref Ref.[3] using discharge parameters obtained by fitting the
fits of damped sinusoids to the data, e.g., Efjsand(2) of  model to our measured breakdown voltages and NDVCR
Ref.[2]. The damped oscillations of Figs. 2 and 3 are similarvalues. See the Appendix for the discharge parameters used
to those obtained previouslyl-3] for low-current dis- in the model. The solid straight lines of Fig. 5 show that the
charges in K The data of Fig. 3 also show the presence ofmeasured angular frequenciesvary as the square root of
a low-frequency mode that does not appear to have beehe current as predicted by EQO) of Ref. [3] for small
reported previously. currents,w?s k, and largeRs. The numerical predictions of

The observed angular frequenciesand damping coeffi- the detailed model are shown by the dotted lines for 2, 0.3,
cients k are summarized in Figs. 5 and 6. Here the solidand 0.12 Torr. The predictions for 0.2 Torr essentially coin-
points are values from data such as shown in Fig. 2 and igide with the higher current portion of the predictions for 0.3
the high-frequency, early-time portion of FiggaBand 3b).  Torr. The decrease in the dotted curve below the square root
The crosses for 2 Torr show the frequencies of the selfbehavior at low currents for 0.3 is caused by the approach of
sustained oscillations plotted as a function of the average ab? to «, i.e., the approach to overdampifi.
the oscillatory currenf48]. The three highest-current points  The model predictions are about 20% smaller than experi-
for 2 Torr in Fig. 5 are from the low-current portion of the ment at 2 Tor{52] and 0.3 Torr, but are almost an order of

A. Frequency of oscillations
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magnitude too small at 0.12 Torr. Note that at 2 Torr a sig- 102
nificant contribution from photon feedback would raise the

calculated frequencies above the experimental values. Pro-

cesses of potential importance at very low pressures that 10
have been omitted from the simple ion feedback model are
(a) the significant backscattered-electron contribution to ion-
ization[35], (b) the fast-atom induced ionization in the gap
[35], (c) fast atom(or ion) excitation of Doppler shifted
far-uv resonance photons that are not absorbed by the Ar
atoms, (d) fast-atom induced electron emission from the 10k

43 mA |

T TTTT
PRI

window edge
window edge

Emissivity (arb. units)

cathode, ande) the distance required for electrons leaving ‘<§ §
the cathode to begin to produce ionizati@d. The first four A .
processes cause higher-current growth rates and higher oscil- T, 2 PSS I I | A9
lation frequencies and produce ions closer to the cathode -4 2 0 2 4
with resultant shorter effective ion transit times. The fifth Distarice from center of cathode (cm)

process causes ionization to occur closer to the anode and
tends to lower the frequencies. The magnitude of the neé pressure of 2 Torr. The solid curves are averages over several

contribution is currently unknown. Because of the small,jiacent lines obtained from CCD recordings of emission. The ver-
number of collisions involved, Monte Carlo calculations in- tica| dashed-dotted lines indicate the locations of edges of the semi-
cluding these processes would seem to be the easiest waytfansparent portion of the anode and the arrows show the position of
evaluate their effects. the quartz wall. The dotted curve is the spatial variation of the

The open points for pressures of 0.12 and 0.2 Torr in Figemission expected for excited atoms distributed as for the lowest
5 are from fits of exponentially damped or growing oscilla- order diffusion mode.
tions to the low-frequency oscillatory portions of wave
forms, such as shown in Fig. 3. In some cases the oscillationglue 1/(RR<C). The solid line for 0.3 Torr shows how the
that grow before the transition are also observed after theamping results for one day’s data extrapolate to zero near
transition where they decay to a low amplitude. We know ofthe current threshold for self-sustained oscillations. While
no valid model applicable at the very high electric field tothe discrepancy between the rising theory curve for 2 Torr
gas density ratiof£/n of the low-frequency oscillations and experiment appears serious, it should be noted that a
shown in Fig. 3 and summarized in Figs. 5 and 6. The facfactor of two reduction in the value &, used in the model
that they are associated with the onset of constrictions sugesults in reasonable agreement. This suggests that a more
gests that they are lateral oscillations, similar to those of theccurate model taking into account the capacitance from the
low-E/n model of Kolobov and Fial@27]. The role of rota- anode to ground is required. The calculated damping is not
tion of these constrictions, discussed in Sec. V B, is unvery sensitive to other parameters, i.e., the electron yjeld
known. in the ion-feedback model.

The low-frequency results of Fig(l§ show that only for
B. Damping of oscillations 0.12 Torr are growing oscillations observed with sufficient

clarity to obtain quantitative results. Again, we have no
model for the damping or growth of the low-frequency os-
cillations. Unfortunately, the model of Kolobov and Fiala
i527] is not applicable at the higlE/n for which low-
requency oscillations are observed.

FIG. 7. Emission profiles from near the center of the cathode at

Measured damping coefficienksare shown in Fig. 6 as a
function of the quasi-steady-state current. Rait of this
figure showsk values from fits of damped sinusoids to the
high-frequency oscillations in the current and/or voltage suc
as shown in Fig. 2 and the very early portions of the wave
forms of Fig. 3. The points plotted at zero damping are the
currents at which self-sustained oscillations begin. The V. CONSTRICTIONS
damping at high frequencies for a pressure of 0.12 Torr is | this section we present examples of the emission data
not shown because plotting the very large currents usegdhowing the development of lateral constrictions of low-
would compress the low-current data too much. The larg@yessure discharges in Ar. Measurements at 2 Torr provide
scatter in the damping data at 0.3 Torr is probably caused byyantitative emission profiles that are compared with recent

changes in the cathode electron yield. While scattexin mogels. Measurements at 0.12 and 0.2 Torr show that there
values is expected because of drift in the oscillation freg 5 delay in the onset of a rotating constriction.

guency during the measurement and the resultant erratic can-
cellation of the later portions of the oscillating wave form
[1], there is little scatter in the frequency data at this pres-
sure. Representative emission profiles for various final pulsed
The solid curves in Fig. 6 are chosen to connect dataurrents at a pressure of 2 Torr are shown in Fig. 7. At this
points for a given data set, while the dotted curves are calpressure the emission photographs of R&f.show that the
culated from Eq(21) of Ref.[3] using discharge parameters discharge constricts to a disk near the center of the electrodes
presented in the Appendix. As predicted by E28) of Ref.  vertically and somewhat to the left horizontally at currents
[3] for high frequencies and small enough currents, thédrom 85 uA to 4 mA. The relatively small asymmetry of
damping data for 0.12 Tornot shown scatter about the these constrictions shown in the false color pictures of Ref.

A. High pressure
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[6] may be caused by a tilt of as much as 0.005 rad of the , . . . -
cathode relative to the anodlg3]. The positions of the pro- Difuse :E‘i,“sc: §°£Z‘J§’ o : Difluse
files of Fig. 7 are shown by the vertical lines of the photo- 10
graphs of Ref[6]; i.e., they are along vertical lines passing
near the emission maximum. Transient voltage and current
wave forms are available for each of thegsed othey pro-
files. Such transient data from other experiments have been
reported briefly{54].

At low currents, i.e., for quasi-steady-state values of less
than 29 uA, the data of Fig. 7 show that the discharge is
diffuse. At 19 uA the discharge emission has roughly a
Bessel function spatial distribution as shown by comparison
with the dotted calculated cury&5]. For mean currents dur-
ing the applied voltage pulse from 30A to 85 uA the
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current and voltage wave forms show self-sustained oscilla- M /0

tions. There is little change in the shape of the spatial profiles alowt A

for currents from 3QuA to 0.18 mA. For quasi-steady-state 10 102 107! i 10

currents from 85uA to at least 4 mA the current and voltage

transients show that the quasi-steady-state discharge voltage Current (mA)

is nearly independent of current. At the lower currents the

time required for damping the oscillations is500 us, FIG. 8. Measured ratio of the total emission to the current
while at the higher final currents the transient decays monotsquares and of average current densityriangles for Ar dis-
tonically in <200 us. charges at 2 Torr. The crosses are estimates taking into account

The data of Fig. 7 and the pictures of RE] show that emission from the region between the window and the quartz wall.
for currents above 85@A these constricted discharges are The open points indicate runs where the discharge undergoes self-
relatively uniform. The area of the bright region grows with sustained oscillations during the pulse. The vertical broken lines
current and at our highest current of 4.3 mA the dischargéeparate the regions of diffuse, constricted-oscillatory, and
has filled a large part of the cathode. It should be kept inconstricted-stable discharges. The dotted lines are drawn to indicate

mind that the window diameter is only 72% of that of the trends in the data. The da_shec_i line shows the current da_ansity ex-
. B . ected for a fundamental diffusion mo¢@essel functiohdistribu-
cathode so that we have to estimate the discharge area in tﬁe
- o . . on of current.

outer region. The uncertainties in the relative magnitudes o
the profiles are estimated from the scatter in the total emis-
sion measurements shown in Fig. 8, i.2.20% [56]. This  density than ours. In the remainder of this section we will
scatter appears to result from drift in the discharge currenassume that the emissivity is proportional to the current den-
caused by changing cathode conditions. For currents from gity and neglect the possibility that the constant ratio of the
to 4 mA the spatial distributions of emission are more com-upper set of data of Fig. 8 is an accident resulting from
plex than those shown, i.e., in addition to the slightly off- compensating changes in the efficiency of excitation and in
center core there is @ shaped region of emission extending the current density.
to near the wall that is of comparable but lower intensity. The triangles of Fig. 8 show values of the average current
Remnants of this structure are barely noticeable on the rightlensity, which is defined as the measured current divided by
hand-side of the 4.3 mA picture of ReB]. the area for which the emission exceeds 50% of the peak

Figures 8 and 9 show some of the properties of the conemission. The crosses show the data after correction for the
stricted discharges derived from the digital photographs ofstimated emission from outside the window opening. This
Ref. [6]. In particular, the squares and crosses in the uppetlata show that the measured average current density varies
portion of Fig. 8 show that the ratio of the total emission toby less than 50% as the current is increased through the
the discharge current is independent of the current. The meaegion of stable constrictions. If the peak value of the current
sured relative values of the total emissigguares have density were constant as the profile changed from roughly
been multiplied by factors of as much as {cémpared to a that of a Gaussian at0.1 mA to a flat-topped profile at
maximum of 2 to correct for the estimated portion of the ~10 mA we would expect a 30% decrease in the average
discharge hidden from the camera to yield the crosses. Bgurrent density. On the average, the observegD% varia-
definition, these ratios are also equal to ratios of the meation the average current density with current is consistent
emissivity to the average current density. The constancy ofvith the claims in the literaturg¢4,5,8,9 that the current
these ratios is consistent with the assumption that the excitalensity within a constriction is constant as the current in-
tion process for the observed radiation is a linear function otreases.
the current density, i.e., that multistep processes are not im- At currents below 0.1 mA, the current density varies rap-
portant for excitation in our discharg¢57]. Note that the idly with current. A comparison of the diffuse and oscillatory
current density rangésee lower set of pointffor currents  data for~28 uA shows that in the oscillatory case the dis-
above 0.1 mA is rather limited. Although this conclusion charge is much more constricted. The values shown for the
appears contrary to the findings of Lawkdral. [58] for He  two lowest currents are subject to considerable uncertainty
discharges, we note that their experiments with He were corbecause of the noisy signals. We have attempeted to reduce
ducted at more than an order of magnitude larger currenthe uncertainty by evaluating the peak signal from an aver-
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FIG. 9. Area of the 50% intensity contour$riangles and 0 1 2 3 4
crossesfor Ar discharges at 2 Torr. The crosses, open points, and Time (ms)

broken lines are as in Fig. 8. The horizontal dashed lines show the

electrode area and the area of the 50% intensity contour expected FIG. 10. Emission transients showing rotating constrictions for

for a fundamental diffusion mod@essel function distribution of ~ Ar at 0.2 Torr. The lowest curve shows the corresponding current

excitation. The dotted curves are scaled from the theory of Holldransient. The emission is observed through apertures located at the

and Nyiri[29], while the solid curves are scaled from the theory of angular positions indicated. The vertical dashed line indicates the

Fiala, Pitchford, and BoeUf0]. time of onset of the rotation and the slanted lines allow one to
follow the progression of the pattern. Note that the circumferential

L . . intensity is highly nonuniform from the beginning of the discharge.
age of the emission data over a small region contairig

pixels near the apparent center of the constriction. The labels at the top and the vertical chain lines of Figs. 8
The primary purpose of Fig. 9 is to compare our resultsand 9 show the ranges of current for which these discharges
with recent theoretical predictiori29,30 presented in Sec. in Ar at 2 Torr are in the diffuse, low-space-charge mode; the
V C. The points of Fig. 9 show the current dependence of thaelf-sustained-oscillation mode; the constricted, constant-
areas within which the intensity exceeds 50% of the peakoltage mode; and in the diffuse, above-normal-current
emission. As in Fig. 8, the solid points show data obtainednode. Because of rapid darkening of the window, we did not
from discharges for which the current and voltage are conobtain emission data in the abnormal current region.
stant during most of the pulse. The open triangles are aver- Very limited data show spatial distributions similar to
ages from runs in which the current and voltage are highlfhose of Fig. 7 for a pressure of 0.3 Torr. As suggested by the
oscillatory. The crosses indicate the areas estimated by exoughly flat voltage region in Fig. 4 for 0.3 Torr, constric-
trapolating the observed emission to the quartz wall. Becaug#ns are observed at currents from about 1 mA to at least 3
the emission is not spatially uniform, the correct areas shoul@A-
lie between the triangles and the crosses. Extrapolation of the
data of Fig. 9 to the area of the cathode is expected to yield B. Low pressure
the normal currenf4,7,5,8,9 when there are no significant At 0.12 and 0.2 Torr Ar pressures and at the higher cur-
boundary effects near the quartz wall. These data give apents the time-integrated CCD camera photographs show the
proximately 9 mA for the normal current and the normal emission to be distributed in a ring near the edge of the
current density of 18@A/cm?. Published dat§5] give con-  window. Ring-shaped emission patterns have been reported
siderably larger values for a typical cathode material, i.e., Féor N, by Brewer and Miller[59] and by us for H [1].
(Au is not listed. At low currents the area of the 50% emis- Figure 10 shows the results of measurements designed to
sion contour rises toward, but remains below, the value for @etermine whether the observed emission for 0.2 Torr is
Bessel function distribution of exciting electrons. from a rotating constriction. These experiments use a photo-
As was pointed out in connection with Fig. 4 the voltage multiplier that detects emission thrdug 1 in. diameter cir-
across the discharge rises significantly at currents betweenctlar aperture tangent to the edge of the window to observe
and the 9 mA at the intersection of an extrapolation of thethe emission at four positions 90° apart. The oscilloscope is
50% area data and the electrode area in Fig. 9. This effettiggered from the current wave form shown in the bottom
means that the current at the onset of the abnormal cathodeace. Note that the constrictiqa) requires about 15@s to
fall depends on the definition of the onset used and so igevelop,(b) begins at the same circumferential posit{@0°)
uncertain by a factor of two. over the period of roughly an hour required to obtain the
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data, (c) reaches its maximum intensity at180°, i.e., ap- charge radius. Using the gas discharge scaling parameters
proximately the direction toward which the 2 Torr constric- discussed in the Appendix, their calculations scale to pres-
tions are shifted and the suggested location of the distance stiresp of 1 and 2.5 Torr. Thus, the result of the application
closest approach of the electrodé&d, changes considerably of their model for ourp of 2 Torr should lie between the
in measured emission signal but not in curr@mtvoltage as  dotted curves shown and would be significantly higher than
it rotates, ande) rotates at a frequency about an order ofour data. We note that their choice of electron yield per ion
magnitude smaller than that of the low-frequency current and0.0J) is very close to that we derived from breakdown data
voltage oscillations of Fig. 5. Note that the initial portion of and present in the Appendix. Whether the use of a better fit
the emission signal varies significantly with circumferentialof the dependence of ion mobility o/n (see Appendix
position, and its maximum is near or at the point of initiation would improve the fit of theory and experiment is not obvi-
of the constriction. Such circumferential nonuniformities of ous to us.
the generally diffuse discharge are shown by picturest An aspect of the constrictions evident in the model Hollo
shown at 0.2 and 0.12 Torr at currents below those at whichand Nyiri [29] is that there is a sheath like decrease in the
constrictions develop. We conclude that the constricted reaxial current density near the side wall over 10—-15% of the
gion develops near the wall, i.e., that it essentially touchesadius. This behavior causes the saturation of the area of the
the quartz wall of the drift tube, and moves along the wall at50% of peak emission contour with increasing current at
a roughly constant velocity. It would be useful to examineabout 80% of the area of the electrodes. The wall losses
whether the centering of these low-pressure discharges coufusing these sheaths are presumably responsible for the ex-
be improved by making the electrodes more nearly parallelPerimentally observed increase in discharge voltage as the
Finally, we present some details regarding the transitiorflischarge area approaches the electrode area as discussed in
to the constricted discharge in the hope that they will aid inSec. V A. Another feature of the model is that at low currents
the development of a model. For the data set of Fig. 3 at 0.1their published spatial solutions apparently do not approach
Torr the delay of the transition to the constricted form of the Bessel function behavior characteristic of the fundamen-
discharge is observed to decrease from 1.2 to 0.35 ms to otal mode diffusion solution discussed above. This difference
ms as the current prior to the transition is increased from 5.55 responsible for the failure of the dotted curves of Fig. 9 to
mA to 7.5 mA to 11 mA, respective|y_ From the measuredrise at low currents, as observed experimentally. The model
buildup constant and delay time in the data of Fig. 3 the of Ref.[29] predicts that for the higheyR the mean current
calculated amplitude of the oscillation at the beginning of thedensity is nearly constant for a wide range of currents as in
pulse is about 1% of the amplitude of the current and voltag&id. 8.
change at the transition; i.e., the initial perturbation of the Very detailed models of low-pressure discharges in Ar
discharge appears small. At 0.2 Torr an initial current of 1.5has been developed by Fiala, Pitchford, and B4éal. In
mA leads to a delay time of 0.15 ms, as shown in Fig. 10. Ircomparing their predictions with our experiment one must
several cases at this pressure the initial portions of the cukeep in mind that they use the high and constant electron
rent and voltage traces were very noisy. The frequency of th¥ield per ion expected for a very clean cathdé®]. We
oscillations after the transition, which is more readily deter-assume from Ref.29] that for an electrode separation that
mined from the voltage wave form, is initially close to that includes all of the cathode faJ#,5] the spatial and current
before the transition. As the pulse continues a stronger conscaling varies apR andl. Then the areas of the 50% con-

ponent at half this frequency often develops. tours estimated from the ionization contours of Figs. 4 and 7
of Ref. [30] scale to the solid curves of Fig. 9 at scaled
C. Comparison with models pressures of 0.4 and 1.15 Torr. Assuming that the predicted

, ~ ) i areas continue to decrease with increasing prespuvee
Hollo and Nyiri[29] have calculated the spatial profiles of expect our data fop=2 Torr to lie below their predictions,

the current density of constricted discharges in a dimensionss gpserved. Although an extension of this md@&] gives
less form that allows scaling to approximately the conditionshe observed approach to the Bessel function spatial distri-
of our experiments. Their model makes use of simplifications,;tion behavior at low currents, we see no evidence of a
such as the “local field” approximation, analytic ionization minimum area in the limited number of cases solved. Be-
coefficients, a constant ion mobility, a linear variation of the .5,;se many of the recent and detailed mofeés33 of the
electric field with distance, and neglect of the higher radial,5ihode fall are for much more complicated electrode geom-

derivatives of the position of the ionization front. The calcu- gtries than ours, comparisons with our experiments are not
lated profiles are qualitatively similar to these of Fig. 7, bUtpossibIe.

direct comparisons with those of Fig. 7 are not useful be-
cause of differences in parameters and the complexity of the
resultant figure. The authors show that for an electrode sepa-
ration that includes all of the cathode f&#,5] the scaling The experimental results presented in this paper provide
varies apR andl [29], whereR is the electrode radius and some of the quantitative data needed to test the large number
| is the total discharge current. Note that the usual scalingf computer codes being developed to describe low-pressure
with the pd, whered is the length of the cathode fall or the electrical discharged30,33,38,3% Verification of these
electrode separation, is absent because of the simplifiecbdes in the relatively ideal geometry and wide range of
model. experimental parameters of our experiments offers the pos-
We show by the dotted curves of Fig. 9 their predictionssibility of separating out the various contributions to gas ion-
of the mean area of the constricted region scaled to our diszation, electron emission from the cathode, electron back-

VI. DISCUSSION
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scattering from the anode, and heavy particle collisions. Thénization coefficient, the effective yield of electrons per ion

simple geometry also makes it easier to test for the effects ddrriving at the cathode, the rate of change of this yield with

space-charge electric fields at low currents and to test scalindjischarge current, and the ion drift velocity. In this model the

laws at all currents. escape probability for electrons emitted from the cathode is
The measurements at low currents of the negativeincluded in the effective yield expression. We use the circuit

differential-voltage-current ratio and of the frequency andresistances and capacitance discussed in Sec. Il. We also

damping of transient oscillations in the voltage and currensummarize the parameters used in Sec. V C to scale the mod-

wave forms presented in Secs. Il and IV provide a test of theels of constrictions to our experiments.

applicability of models of the nonlinear ionization and feed- The empirical formula for the spatiélownsend ioniza-

back processes in an Ar discharge. In particular, we find thation coefficiente; normalized to the gas densityis

a model assuming the dominant nonlinear effect is the

change in ion-induced electron emission at the cathode a;In=5x10"2! exd — 170 E/n)]

caused by space-charge enhancement of the electron yield 0

explains the experimental oscillation results at 2 and 0.3 +3x10" 7" exfl —700(E/n)]

Torrcm rather well. This model is the same as that used —1.5x10 2 ex{ — 10000(E/n)], (A1)

successfully to explain the oscillations in current and voltage

for low-current, low-pressure discharges i3 Bl. At 0.12  \yhereE/n is the ratio of the electric field at breakdown to
and 0.2 Torr cm this model fails to explain the observedi,e gas density in Td and 1 0 2 vVm?2.

oscillation fr_eqL_Iencies by a large factor and we do not yet Tne ionization coefficients given by EGA1) are used to
have a convincing explanation. calculate the effective yield of electrons per ion arriving at
At discharge currents below the normal current we usegpq cathodey; using the condition that at breakdown the

spatially dependent emission measurements as well as cWlioqyct of the excess electron multiplication and the yield
rent and voltage wave forms to follow quantitatively the equal unity[4] or that

transition from diffuse discharges to constricted discharges.
We find that the average current _densr_[y W|th|n a constriction y,=1[exp(e;d)—1], (A2)
is approximately constant as claimed in the literature on the

basis of very limited data. Our data for Ar show that thehered is the electrode separation. The results of these cal-
mean emissivity is a linear function of the average currentyjations are given in Table I. It is convenient to approxi-
density, as expected for single-step excitation of the emisgate these results by

sion. This observation is in contrast to, but consistent with,
the two-step excitation reported for the cathode region of He y,={0.01+0.64 (E/n)/30000>3[ 1+ (E/n)/30000}.
discharges at current densities an order of magnitude higher. (A3)
The comparison of experiments with recent models of
constrictions is limited by the problems of scaling the models  Thjs approximation is good te- 15%. In Eq.(A3) the
to the experiment. The model of Holland Nyiri[29] is in E/p values are those at the cathode; i.e., we assume that the
semiquantitative agreement with our experiments except abn mean-free-path ion is small enough that ion energy is
low currents where space-charge effects are small and thgstermined by the local electric field at the cathode. It must
model apparently does not approach the fundamental diffupe kept in mind that the electron yields discussed here are
sion mode solution. In view of the simplicity of the model gffective values that include contributions from fast Ar at-
the fit to experiment is surprisingly good. The model of oms produced in charge-transfer collisions of Arith Ar
Fiala, Pitchford, and BoeuB0] predicts the general trend of g.q reaching the cathode with significant energy
our data, but needs to be extended to higher pressures a[@l,38,39,61,3ﬁ This fast atom contribution is expected to
discharge radii and to a lower elgctron yield per ion_at thepe large at the higheE/n of Table I. Equation(A3) is used
cathode for a more direct comparison with our experiment. 5 calculate the electric field or voltage-dependent portion of
Eq. (8) of Ref.[3].
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APPENDIX: DISCHARGE CONDITIONS " =4(E/n)/[l+O.OOKE/n)lE]l/S. (Ad)
Here we summarize the discharge parameters required for
the model of ion feedback, i.e., by E420) and(21) of Ref. In order to make comparisons with the model of Hollo
[3], when used to calculate the frequencies of Fig. 5 andnd Nyifi we need to find approximations to the ionization
damping constants of Fig. 6. These parameters are the spati@efficient and ion drift velocity that follow their adopted
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functional form. We have approximated Eé1) in theE/n
range of our 2 Torr experiments by

a;In=3.1X10"2° exff — 5004 E/n)] (A5)
and have approximated the ion drift velocity by
W, =2.5E/n). (A6)

where the units are as given above. EquatiaB) is a rea-
sonably good fit to experiment for the needed rangg&/of,
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but Eqg.(A6) has the wrong dependence Bin and is valid
only for a narrow range oE/n.

These parameters are used as follows: the coefficients ap-
pearing in Eqs(A5) and (A6) are used to calculate the val-
ues ofpR and| from the parametera and|a? of the nu-
merical calculations. Then the theoretical values&f are
scaled to our radius of 3.9 cm to obtain the scaled pressures
shown in Fig. 9. The discharge areas calculated from the
50% radius of the theoretical current density profiles in Figs.
5 and 6 of Ref[29] were multiplied by the square of the
ratio of our electrode radius to their dimensionless radius of
2 units.
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