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Oscillations of low-current electrical discharges between parallel-plane electrodes.
II. Pulsed discharges in H2
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Measurements are made of damped oscillations in the current and voltage induced by a voltage pulse

applied to the stabilizing resistor of discharges in H& at pressure times electrode spacing values of 0.3 to
1 Torr cm (40—133 Pa cm) operating at voltages of 300 to 2100 V. The use of pulses ( 1 ms long and re-

petition rates of 10 Hz results in low ion bombardment of the cathode. For pulse currents of 0.01 to 5

mA (2X10 ' —10 A/cm ) and an electrode separation and area of 1 cm and 50 cm, the frequencies
and damping constants are 10—300 kHz and 2X10'—10' s ', respectively. The current densities are
small enough so that space-charge distortion of the electric field is small, but not negligible. At currents
below those for oscillation growth, the steady-state discharge voltage decreases as expected for a con-
stant negative diff'erential resistance. Values of 1000 to 4000 0, are obtained depending on pressure and
cathode condition. Transient models, developed in an accompanying paper, relate the frequencies,
damping constants, and onset of oscillation growth to ion transit times, electron ionization coefticients,
and ion-induced electron yields. The growth of discharge current immediately after the application of
the voltage pulse is also used to determine discharge parameters.

PACS number{s): 52.80.0y, 52.80.Hc, 52.40.Hf

I. INTRODUCTION

This is the second in a series of papers, designated pa-
pers I [1], II, and III [2], in which we describe measure-
ments of the electrical behavior of low-current electrical
discharges in low-pressure hydrogen between parallel-
plane electrodes and compare them with simple models.
The effects of the measurement on the electrode and
discharge properties are greatly reduced from those of dc
experiments, such as discussed in I, by replacing the
laser-induced photoelectron source by a pulsed voltage
and by using a nonintrusive current monitor. The princi-
pal experimental results are measurements over a wider
range of pressures of the negative differential resistance of
the discharge and of the frequency and damping constant
for oscillations induced by the voltage pulse. These re-
sults are found to be in good agreement with the simple
model of the discharge developed in paper III of this
series [2].

Pulsed electrical discharges in hydrogen have been the
subject of numerous investigations because of the unique
ability of these discharges to recover their insulating
properties quickly [3—5]. More recently, the develop-
ment of the discharge has been examined because of the
interest in fast, high-current switching discharges, called
pseudosparks [S]. Closely related to the present work are
the measurements by Morgan [6], by Jones and
Llewellyn-Jones [6], and by Csraf and Schmitz [7] of
current growth in H2 discharges subject to small overvol-
tages and small currents. Schlumbohm [8] followed the
growth of current at low pressures until the effects of
space-charge distortion of the electric field was
significant. For a single set of discharge conditions, he
obtained very good agreement between experiment and

theory. Nahemow and Wainfan [9] and Nahemow,
Wainfan and Ward [10] considered the development of
the cathode fall when Hz is subjected to a large voltage
pulse and to currents well above those considered here.
Pulsed techniques were used for a wide range of
discharge currents and pressures by Klyarfel'd, Guseva,
and Pokrovskaya-Soboleva [11]to avoid cathode heating.
The present paper is concerned with small overvoltages
and currents that lead to small space-charge distortion of
the electric field. Very recent experiments in our labora-
tory [12] extend the present measurements to moderate
currents and to the highly nonuniform electric fields
characteristic of a fully developed cathode fall. We are
not concerned with the large space-charge-induced dis-
tortions of the electric field that lead to the development
of streamers and arcs [13].

Measurements and analyses are reported of the current
oscillations following sudden increases in current through
low-current, low-pressure discharges in hydrogen. The
current densities are small enough so that the calculated
space-charge distortion of the electric field was small, but
not negligible. The E/n values (E/n is the ratio of the
electric field E to the gas density n) range from E/n for
which the electrons are in equilibrium with the gas to
very high E/n where nonequilibrium effects have been
observed in H2 [14]. As the pulse voltage applied to a
very low-current dc discharge is increased the transient
voltage and current wave forms change from an over-
damped wave form to a damped oscillation, to growing
oscillations, to damped oscillations, and finally to over-
damped wave forms. The region of growing oscillations
during the voltage pulse corresponds to the region of
self-sustained oscillations observed with dc discharges in
paper I and in earlier work [15,16]. The greater stability
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II. EXPERIMENT

The experiments were conducted in the discharge tube
described in Fig. 1 of paper I and most of the data report-
ed were obtained with the electrical circuit shown in Fig.
1 of this paper. The pressures were varied from 0.5 to 3
Torr for an electrode separation of 1.05 cm and an elec-
trode area of 50 cm . The dc voltage used to maintain
the discharge between pulses is supplied from a voltage-
regulated supply V& through the resistors R

&
and Rz.

The isolation resistor R, was usually 20 kA and the resis-
tance R& was varied from 10" to 5X10 0, . The voltage
pulses are supplied to Rz from the pulse generator
through a large capacitance. The discharge current was
measured with a wide-band (=200 MHz) operational
amplifier so as to keep the anode at ground potential and
make the effective monitor resistor R of paper I equal
to zero. The operational amplifier output was recorded
with a wide bandwidth (200 MHz) storage oscilloscope.
Similarly, the time-varying voltage across the discharge
tube was measured with a high-impedance compensated
voltage divider rated at =5-MHz bandwidth and record-
ed by the oscilloscope. A photomultiplier was used to ob-
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FIG. 1. Schematic of electrical circuit showing the MOSFET
semiconductor device used to generate the high-voltage pulse
and the operational amplifier used to monitor current.

and sensitivity of the pulse technique allowed measure-
ments in both the lower and upper regions of damped os-
cillations. Our principal interest is in the measurement of
damped oscillations at the lower currents and their com-
parison with a simple model developed in paper III. The
frequencies of the damped oscillations ranged from 10 to
300 kHz and the damping time constants were 10 ps to
0.5 ms. Only very limited records were saved of data in
the region of currents resulting in growing or undamped
oscillations or of overdamped oscillations. The present
damped oscillation experiments complement the earlier
impedance measurements for hydrogen discharges by Sig-
mond [15] at higher pressures and a smaller electrode
separation.

The experimental apparatus is described in Sec. II.
Representative current and voltage wave forms are dis-
cussed in Sec. III. Measurements of quasi-steady-state
voltage-current characteristics are presented in Sec. IV.
The results of measurements of the transient oscillations
resulting from the application of a pulse to the discharge
circuit are compared with theory in Sec. V. In Sec. VI
we present the results of current growth measurements in
these discharges.

serve the H emission with a measured response time of
(100 ns and recorded with the oscilloscope. The oscillo-
scope output was transferred to a personal computer for
disk storage and analyses.

The voltage pulses were produced by applying a 15—20
V pulse to the gate of a metal-oxide-semiconductor field-
effect transistor (MOSFET) and typically lasted for 0. 1 to
1 ms. The low impedance ( =2 0) of the MOSFET drops
the voltage at the low side of the coupling capacitor to
essentially ground potential. The large capacitor (15 pF)
couples the voltage pulse to the series resistor Rz. Oscil-
loscope measurements showed that the voltage developed
at the junction of R, and Rz was a fiat-topped pulse dur-
ing the times that the discharge voltage was oscillating.
Therefore Rz is the effective damping resistor for the
pulsed experiment and R, can be neglected in the data
analysis. With this circuit we obtain up to 1000 V pulses
with a rise time of about 100 ns and a nearly constant
voltage for several ms. The large voltage pulses allow
operation of the discharge at pulsed currents up to 100
mA for R& = 5 kA.

The use of a pulsed voltage rather than a dc voltage to
develop the high currents minimizes the bombardment of
the cathode and the resultant changes in the cathode con-
dition. For a 1-mA/cm (50-mA total current) pulse last-
ing for 100 ps, less than 10' ions/cm strike the cathode
per pulse. This means bombardment by less than the
equivalent of 1% of a monolayer. The fast atom Aux may
be several times this amount [17]. For a pulse repetition
frequency of 10 Hz, the ion Aux bombarding the cathode
between pulses is usually comparable with that during
pulses. Typically, the present experiments use 16 tran-
sients to obtain a good signal-to-noise ratio, although use-
ful data can be obtained from one transient at the higher
currents. Because of the reduced rate of drift of the
cathode conditions, one can measure small changes in
frequency or in the "steady-state" discharge voltage with
considerably more accuracy than with the dc discharge of
paper I.

Gas pressures are measured with a diaphragm-type
manometer with a stated accuracy of +0.01 Torr, where
1 Torr=133 Pa. The gas samples were taken from high-
pressure cylinders with a stated purity of 0.9999. The
rate of rise of pressure after overnight evacuation and
mild baking is =5 X 10 Torr/h. Unless noted other-
wise, the discharges are uniform in the radial direction as
reported in paper I and as observed visually from the side
of the discharge tube.

Considerable difficulty was encountered in obtaining
reproducible low-current dc discharge operating voltages
Vz. Especially at 0.5 Torr, the discharge voltage at
currents below about 1 pA was found to increase consid-
erably, e.g. , almost double, as the discharge was operated.
As observed previously [6,18], the change in discharge
voltage correlates with changes in the effective photoelec-
tric threshold [19], i.e., the photon energy at which the
photoelectric current reached 10% of its maximum
value. Using an Xe arc lamp and monochromator as a
source, the photoelectric threshold increased from 3.4 to
4.2 eV as the discharge operating voltage increased from
365 to 650 V at p=0. 5 Torr. An aging procedure in
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which the discharge was operated for =10 min at a
current of 0.5 mA and a pressure of 1 Torr of H2 was
adopted that resulted in voltages that were reproducible
to +5 V and drifted & 10 V/h. On the basis of the data
from paper I, this aging current gives a radially uniform
discharge.

III. VOLTAGE-CURRENT WAVE FORMS

Representative voltage, current, and optical emission
transients in response to a pulse of voltage applied to R&
are shown by the curves in Fig. 2. The voltage and
current wave forms from the model of paper III are
shown by the points. The applied voltage pulse (not
shown) has a 100-ns rise time to a magnitude of 27 V and
for R&=100 kQ produced a 1-V decrease in discharge
voltage and a steady-state current of 260 pA. Since the
magnitude of the voltage pulse used to obtain a given set
of discharge conditions depends on the value of Rz, we
characterize individual measurements by the steady-state
discharge current Iss rather than the amplitude of volt-
age pulse. The initial rise in the voltage across the
discharge is determined by the time constant of the cir-
cuit with no discharge, i.e., ROC =25 ps for Fig. 2, where
C is the total circuit capacitance and is primarily due to
cable capacitance. Note that initiating electrons are pro-
vided by weak dc discharge operating at = 10 pA in Fig.
2. A small initial current step (not observable in Fig. 2) is
caused by the displacement current Bowing between the
discharge electrodes as a result of the approximately
linear increase in discharge voltage for the first few mi-
croseconds. The initial increase of the electron and ion
currents through the discharge will be shown in Sec. VI
to follow the predictions of the model of paper III. Even-
tually the discharge current becomes large enough for the
voltage drop across Rz and the charge loss from C to
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FICz. 2. Representative voltage, current, and optical emission
wave forms in response to a rectangular pulse of voltage (not
shown) applied to the series resistor. Note the =0.8-V decrease
in voltage for an increase in steady-state current from 20 to 260
pA. The solid curves are experiment and the points are calcu-
lated using the model of paper III. pd =0.525 Torr cm,
Rq=10 A, and V~=707 V.

cause a decrease in discharge voltage. The current and
voltage then follow a damped oscillation until they reach
a steady state. Note that the small changes in the voltage
wave form, e.g. , (15% of the average discharge voltage,
are much more sinusoidal than are the large fractional
changes in the current wave form. The changes in volt-
age and current at the end of the applied pulse at 550 ps
in Fig. 2 are slow because of the high impedance and slow
recovery of the MOSFET modulator.

When the amplitude of the voltage pulse is raised to
sufficiently large values the amplitude of successive
current maxima increases with time during the pulse.
This transition from damped oscillations to growing or
undamped oscillations corresponds to the transition from
damped oscillations to self-sustained oscillations in paper
I. Some differences may occur because the current peaks
are too large to be described by the small-signal model
developed in paper III. In many cases the "growing" os-
cillations reached their final form too quickly for the
growth of successive cycles to be observed.

The fits of the model to the experimental current and
voltage wave forms shown by the points of Fig. 2 were
obtained by solving Eq. (10) and (11) of paper III. The
only adjustable constants in the calculation of these wave
forms are the amplitude of the voltage pulse and the de-
cay constant of the driving voltage wave form, which was
not measured. The effective ion transit-time, the
electron-impact ionization coefficient, and ion-induced
secondary emission yield used in the model are obtained
from fit of the model to angular frequency data and to the
discharge maintenance voltage data extrapolated to zero
current. This procedure is discussed in Sec. IV and in the
Appendix of paper III.

Figure 2 also shows the time dependence of light emis-
sion obtained using a photomultiplier and interference
filter peaked at H . The time dependence of the H emis-
sion follows very closely the time dependence of the
discharge current. As assumed in the model of paper III,
this behavior results from the short transit time of the
electrons and hydrogen ions compared to the oscillation
period.

IV. VOLTAGE-CURRENT CHARACTERISTICS
AND NEGATIVE RESISTANCE

In this section we are concerned with the change in
quasi-steady-state voltage from that used to maintain the
discharge at low currents, e.g. , the change of —0.8 V be-
tween t (0 and t =350—550 ps for a current change of
260 pA (5.2 pA/cm ) in Fig. 2. Figure 3 shows the mea-
sured quasi-steady-state discharge voltages for pressures
of 0.5 and 1 Torr as a function of quasi-steady-state
discharge current Iss. These plots differ from the
voltage-current plots of Fig. 3 of paper I in that the pulse
technique yields much more accurate values for the nega-
tive voltage changes than does the dc experiment with its
continually changing cathode conditions. Note that we
have plotted the measured voltages as a function of
current density because we expect the volt-ampere plot
and the lower limit for the undamped oscillation region
to scale with current density as the electrode area is
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FIG. 3. Discharge voltage vs quasi-steady-state current den-

sity for p=0. 5 and 1 Torr and R&=20 kO. The curves are
drawn through the points as a visual aid. Data are not available
for the dashed sections because of undamped or self-sustained
oscillations throughout the current pulse. The arrow shows the
predicted onset of undamped oscillations using the small-signal
model of paper III. Note the presence of a region for which the
voltage is independent of current for p = 1 Torr.

changed at fixed p, R&, and C. See Secs. III and IV of pa-
per III. We note that the low-current limit of the
discharge voltage is equal to the minimum breakdown
voltage at low initiating currents and we will refer to this
limit as the breakdown voltage Vz. The values of the
breakdown voltage increase considerably as the cathode
is aged by operating the discharge, especially when
operated at & 100 pA/cm . We have adopted the break-
down voltage as the measure of the cathode condition.

Models of the cathode fall applicable at current densi-
ties typical of the upper limit for undamped oscillations
also predict scaling of the discharge voltage with current
density as the electrode area is changed [20,21]. The hys-
teresis eFects often seen in voltage versus current data
[1,20,21] are not observed. For pd =0.525 Torr cm,
damped oscillations are observed over the current range
from 4 to 64 pA/cm (0.2 to 3.2 mA). For 64(Iss &440
pA/cm we observe either growing oscillations or un-

damped oscillations during the applied pulse. These os-
cillations have been labeled "undamped" in Fig. 3 and
correspond to the self-sustained oscillations of Sec. IV of
paper I. At Iss below 4 pA/cm and above 440 pA/cm
the current and voltage transients are overdamped. The
dashed lines in the region of oscillations for both pres-
sures are estimates of voltage change expected if the os-
cillations were suppressed as discussed in Sec. III C of pa-
per III.

The data of Fig. 3 show that for p = 1 Torr (pd = 1.05
Torrcm) the regions of damped and undamped oscilla-
tions are shifted to lower currents compared to those for

pd =0.5 Torr cm in agreement with the dc results of pa-
per I. In this case, damped oscillations are also observed
at average current densities of 80 and 100 pA/cm, i.e.,
they occur in the region of constant voltage versus
current for which constricted discharges are usually ob-
served. Apparently this region of constrictions was not
observed in paper I because the use of widely spaced R&
values.

We see from Fig. 3 that the voltage change from the
breakdown voltage is negative for currents below about
700 pA/cm at 0.5 Torr and 300 pA/cm at 1 Torr. In
particular, the voltage change shown in Fig. 3 for the
discharge operating with pd =0.525 Torr cm extrapolates
directly with the current for currents up to 440 pA/cm,
i.e., the discharge appears to have a constant negative
diff'erentia1 resistance. The constant negative differentia
resistance behavior is also found for p =0.35 and 1 Torr,
as shown by the data of Fig. 4.

The points of Fig. 4 show measured voltage changes
AV versus steady-state current for low currents and H2
pressures from 0.35 to 1 Torr and for an electrode separa-
tion of 1.05 cm. Various series resistances were used as
appropriate to the available voltage-pulse amplitudes and
desired currents, e.g. , R& was varied from 1 MA for the
lowest currents shown to 20 kA for the highest currents.
The solid line through the data corresponds to
diAerential resistance RD of —3.4 kQ or a normalized
negative differential discharge resistivity Rz =RD A /d
of —170 kA. Here 3 is the electrode area and d is the
electrode separation. While the values of RD shown in
Fig. 4 are very consistent, measurements with unpro-
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FIG. 4. Voltage decrease vs steady-state current for various
pressures at currents below and above the region of growing os-
cillations. The solid straight line corresponds to a constant
discharge differential resistance of —3.4 kQ. The symbols and
gas pressure are 4, 0.35 Torr; ~, 0.5 Torr; ~, 1 Torr. The open
squares are the results of numerical calculations using a non-
equilibrium electron and ion model as discussed in paper III.
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cessed cathodes are very badly scattered. Previous mea-
surements [15,22,23] of voltage-current characteristics
for similar discharges in Hz yield values for the normal-
ized negative resistivity R& range from 100 kA to 3 MQ.
The available data will be compared with theory for hy-
drogen in Sec. IV A of paper III. Also, the open squares
of Fig. 4 show approximate agreement between the pre-
dictions of the numerical model of Sec. IV 8 of paper III
for pd =0.5 Torr cm and experiment.

We next consider an implication of the absence of a
pressure dependence for the values of RD derived from
the sets of data of Fig. 4. The conventional [2,20,21] scal-
ing laws for discharges for which multistep ionization, ra-
diative loss, etc. are unimportant are that the observable
quantities, e.g. , discharge voltages Vz, V, and 6 V, should
scale with I /p and pd or more correctly, j/n and nd
See paper III for further discussion of scaling. The ab-
sence of a pressure dependence for the data of Fig. 4 for
d = 1.05 cm suggests that 6 V is proportional to
I/p (pd) =Id . An attempt to test the scaling with d
was unsuccessful because of difTiculties in obtaining
reproducible cathode conditions.

V. VOLTAGE-P ULSE-INDUCED
DISCHARGE OSCILLATIONS

In this section we are concerned with the angular fre-
quencies co and damping constants K obtained from analy-
ses of voltage wave forms such as that of Fig. 2. Since
the theory for the frequency and damping constant is a
small signal theory, the fitting of the damped sinusoid is
limited to times when the voltage oscillations have de-
cayed to only a few percent of the discharge voltage and
the current oscillations to less than 20% of the discharge
current. The functional forms used to fit the current i
and voltage U data are
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FIG. 5. Angular frequency vs current for pulsed discharges
in H2 for d = 1.05 cm and A =50 cm . At each pressure, the
line results from fitting Eqs. (3) and (4) to the experimental
points by adjustment of the parameter LIss. The squares, cir-
cles, and diamonds are for pressures of 1, 0.5, and 0.3 Torr, re-
spectively. The open points with central dots, the solid points,
and the open points are for series resistances R& of 20 kA, 100
kQ, and 1 MQ, , respectively.

i(t) =D exp( Irt )sin(c—vt+P&)

and

v(t) =6 exp( Irt )sin(cot +P—2),
where cu is the angular frequency, ~ is the damping con-
stant, and P, and Pz are the phase shifts. Measured angu-
lar frequencies and damping constants obtained from fits
to experimental current and voltage wave forms are
shown in Figs. 5 and 6 as a function of the pulsed
discharged current. No attempt has been made to ana-
lyze the phase-shift data. The series resistance R& used
varied from 20 kO, for the four highest currents, through
10 kQ for six intermediate currents, to 1 MA for three
lower currents so as to obtain the desired steady-state
currents with the available voltage pulses. These data
were obtained using an "aged" cathode.

A number of authors have developed models of the
response of parallel-plate discharges at low current to ac
voltages. In general, these models are the frequency rep-
resentations of temporal models used in the present ex-
periments. The relevant aspects of earlier work have
been reviewed and the temporal models developed in pa-
per III. The present model assumes that (i) space-charge
distortion of the electric field is small but not negligible,
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FIG. 6. Damping constant vs current for pulsed discharges
in H~ for d=1.05 cm. The upper set of lines and data is for
R~ =2X 10 0, the middle set for 10 Q„and the lower data for
10 Q. The square points and dot-dashed lines are experiment
and theory for p=1 Torr. Similarly, the circular points and
solid lines are for p=0. 5 Torr, and the diamond points and
dashed lines are for p =0.3 Torr. The vertical lines are the pre-
dicted currents for the transitions from damped to growing os-
cillations. The dotted lines are values of (2R&C) ' and are the
low-current limits of ~ for the various Rz values.
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where the equivalent discharge inductance L, and resis-
tance RD are discussed in III and are defined by

(4)

RD=
kr

Here Bg/BV is the change in round-trip electron number
gain with voltage, ki =By/BIss is the change in electron
emission per unit current caused by space-charge-induced
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FICx. 7. Schematic of equivalent circuit form of small-signal
model of pulsed discharges in H2.

(ii) times for significant changes in the electric field and
current are long compared to the ion transit time, (iii)
electron-impact ionization is given by the local-field-
equilibrium model, and (iv) secondary electrons are pro-
duced at the cathode only by ions and fast neutrals with a
yield that varies with the discharge voltage and with the
discharge current as the result of space-charge-induced
changes in the electric field at the cathode. Although the
neglect of photon-induced electron emission at the
cathode has been shown to be in error for hydrogen at
E/n (1000 Td [6,7], we will retain the formalism of ion
feedback and discuss deviations from this model in paper
III.

The results of the model are usually expressed in terms
of equivalent lumped-circuit elements, such as shown in
Fig. 7 and discussed in more detail in paper III. For ap-
propriate values of the circuit parameters, the application
of a voltage pulse results in damped oscillations of the
current through the discharge inductance I and
differential resistance RD and voltage across the capaci-
tance C, such as shown in Fig. 2. Figures 5, 6, and 8
show comparisons of the theory and experiment for the
angular frequencies, damping constants, and equivalent
discharge inductances. When co &)~, the model gives
the angular frequency ~ as approximately

I (
—RD)

(3)I C Rs

electric fields, ass is the steady-state value of the ion-
induced secondary emission coefficient, and T is the
effective ion transit time. A detailed discussion of the
differential resistance RD is given in Sec. IV of paper III.
According to Eqs. (3)—(5) the angular frequencies vary
approximately as the square root of the discharge current
as found previously [15] and as shown by the curves for
each pressure in Fig. 5. The deviations of values of co

given by Eq. (3) from those calculated using the complete
Eq. (20) of paper III are small for the circuit parameters
and currents of the experimental data in Fig. 5.

The experimental points in Fig. 5 are obtained by
fitting Eqs. (1) and (2) to data such as that of Fig. 2. The
series resistances R& used were smaller for higher
currents Iss and are indicated by the choice of symbol.
For each pressure a value of LIss = T/(Bg/B V ) is chosen
to fit Eqs. (3) and (4) to the experimental angular frequen-
cies using the measured differential resistance RD. The
resultant theoretical curves in Fig. 5 agree well with the
experimental points over the full range of currents exam-
ined.

The damping constant ~ given by the model of paper
III is approximately

1

2R C
(
—RD )Iss

2(LIss )

The points of Fig. 6 are the measured damping constants
from the data sets of Fig. 5 for pressures from 0.3 to 1

Torr and series resistances from 2 X 10" to 10 A. The
curves in Fig. 6 show the predicted values of ~ for an
average of the measured negative discharge differential
resistances (RD = —4000 0). The dotted lines show the
asymptotic limit of ~ at low currents, i.e., the first term
on the right-hand side of Eq. (6). The vertical lines show
the currents for which Eq. (6) predicts 1~=0 and a transi-
tion from damped oscillations to growing or undamped
oscillations. The experimental values of ~ tend to be ei-
ther in reasonable agreement with predicted ~ values or
to be larger than predicted. As discussed in paper I, a
slow drift in the quasi-steady-state discharge current Iss
during the measurement period can cause the apparent ~
values to increase. Except for the two highest current
points, the currents at which K values are obtained from
damped oscillations are to the left of the corresponding
vertical lines, i.e., the measurements lie within the region
of predicted damped oscillations. For example, for
R& =10 0 and p =0.5 Torr the solid squares lie near or
above the solid curve, while for p=1 Torr the solid
squares lie near or above the dot-dashed curve. The large
discrepancy between the ~ values measured at the two
highest currents for Rz =2 X 10 0 is consistent with the
failure of the small-signal and the nonlinear models (Sec.
III of paper III) to predict the observed transition from
undamped oscillations to damped oscillations at currents
near 440 pA/cm for 1 Torr shown in Fig. 3. This failure
is expected because of the very large space-charge-
induced distortion of the electric field at these currents
and pressure. Note that the experimental values of w are
rather close to the asymptotic limit of 1/2R&C, so that
unless the data is considerably more precise than ours it
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is difficult to determine RD from Eqs. (3)—(5).
The equivalent discharge inductance is calculated from

the measured angular frequencies co, circuit capacitance
C, and discharge differential resistance RD using Eqs. (3)
and (4). According to Eq. (4), the equivalent inductance
L is inversely proportional to the steady-state current Iss
so that the quantity LIss should be independent of
current. The experimental values of LIss shown by the
solid points in Fig. 8 are calculated from all of the co

values measured after reliable operation of the experi-
ment was obtained. The close grouping of the points for
0.3 and 0.5 Torr shows that the expected scaling with
current is verified. The variation of the LIss values with
breakdown voltage Vz is attributed to the changes in

cathode condition. The higher group of LIss values
shown in Fig. 8 for 1 Torr, including that from current
growth data discussed in Sec. VI, are all for currents

1.5 mA (50 pA/cm ). The lower group of points are
for currents ~0.8 mA (16 IMA/cm ). This difference sug-
gests that the small-signal model is beginning to fail at
the higher currents at this pressure. Figure 8 shows that
the current-normalized inductance decreases with in-
creasing pressure, while Sigmond [15] found this quantity
independent of pressure. An inverse dependence of LIss
on pressure has been reported by Weston [24] at high
discharge currents where the cathode fall is well

developed.
Figures 8 and 9 show the dependence of the current-

normalized discharge inductance LIss and the negative
discharge differential resistance (

—RD) on the break-
down discharge voltage V~ for various discharge pres-
sures. The changes in discharge voltage presumably
occur because of changes in the cathode condition, e.g. ,
changes in the ion-induced secondary-electron yield. We
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FIG. 9. Normalized negative discharge differential resistance
vs breakdown voltage for various pressures. The symbols and
pressures are i, 0.3 Torr; ~, 0.5 Torr; 1 Torr.

were unable to distinguish changes in discharge parame-
ters caused by the buildup of impurities for as long as
overnight from changes apparently caused by cathode
effects. The particularly large range of discharge voltages
observed at 0.5 Torr is the result of the slow variation in
the spatial (Townsend) ionization coefficient with E/n
[14,20] for E/n =3 kTd. For example, a small decrease
in the secondary-electron yield caused by a change in
cathode condition is compensated by a small increase in
ionization coefficient for steady-state operation. For a
slowly increasing ionization coefficient with F. !n or V,
this requires a large increase in V.

The data of Fig. 8 show that for a fixed pressure the
normalized inductance LIss increases with discharge
voltage. The discharge differential resistance, on the oth-
er hand, tends to decrease with increasing voltage at the
higher pressures, but the scatter is large. As the pressure
is increased, the average value of the normalized induc-
tances decreases rapidly, while the magnitude of the
discharge differential resistance increases. The solid
curves of Fig. 8 show the results of the model of paper III
after fitting to experiment at one value of the breakdown
voltage Vz. These results and the discharge differential
resistance will be discussed in paper III.

10 103
I I I I I I I

104

Breakdown voltage Ve (V)

FIG. 8. Normalized discharge inductance vs breakdown volt-

age for various pressures. The symbols and pressures are i, 0.3
Torr; , 0.5 Torr; ~, 1 Torr. The open square for 1 Torr is cal-
culated from the fit to experiment in Fig. 10. The solid lines are
calculated curves from paper III.

VI. CURRENT GROWTH

An additional source of information regarding low-
current discharges is the growth of current following the
application of voltage. Previous measurements for H2 in-
clude the formative time-lag data of Morgan and
Llewellyn-Jones and Jones [6] and the times for exponen-
tial current growth of Graf and Schmitz [7]. The same
basic information can be obtained from the growth of
discharge current immediately following the application
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of the voltage pulse to the circuit of Fig. l. In this case
the voltage across the discharge initially increases linear-
ly with time, so that the interpretation of the current is
more involved than when a step function of voltage is
used [6,7]. Thus, in paper III it is shown that the current
varies as

&0'

C)
$03

+ Ip ——5 PA
~ Ip ——100 pA

ln
I 1 Bg 1 BgV(r)dt = —arI TBV p T BV

(7)

where for the short times of interest V(t) =at.
Figure 10 shows that Eq. (7) gives a good description of

the current growth in H2 for 1 Torr for a 20:1 ratio of Ip
values, i.e., that the logarithm of the current varies as the
square of time. These data are obtained using an im-
provement in the experiment of Fig. 1 in that a bridge
circuit [12] is used to balance out the displacement
current Aowing through the discharge capacitance. The
overall behavior of the current and voltage for the Ip =2
pA/cm case is shown by the inset in Fig. 10. The
straight line of Fig. 10 compares Eq. (7) to the data and
yields a value of (I/T)t)g/BV=5. 4X10 s 'V ' and,
according to Eq. (4), corresponds to LIss=1.84X10
H A. This result is shown by the open square for 1 Torr
in Fig. 8. Using the data of the Appendix of paper III to
estimate t)g/BV, we calculate T to be =0. 1 ps. This
short time is roughly consistent with the free-fall motion
of H+ ions across the 1-cm gap with the applied voltage
of =450 V, i.e., at E/n )700 Td [25].
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FIG. 10. Discharge current growth in H& immediately after
application of voltage pulse to circuit. The points are from ex-
periments at 1 Torr with R&=20 kA. The squares and circles
are for IO=0. 1 and 2 pA/cm, respectively. The straight line
compares Eq. (7) to the data. The inset is a linear plot of the
current and voltage wave forms for Io =2 pA/cm .

VII. DISCUSSION

The experiments with pulsed hydrogen discharges at
low pressures and low to moderate currents described in
this paper show that (i) these discharges have the
voltage-current characteristics of a constant negative
differential resistance for wide ranges of current, (ii) volt-
age pulses produce damped oscillations for discharge
currents below those at which oscillation growth is ob-
served, (iii) the frequency of the induced oscillations
varies approximately as the square root of the discharge
current, (iv) the damping of the oscillations is in approxi-
mate agreement with a simple model, and (v) the mea-
sured values of the breakdown or low-current discharge
voltage, the negative differential resistance of the
discharge, and the apparent photoelectric threshold of
the cathode are very sensitive to the history of the
discharge, especially the cathode.

We have interpreted the measured values of the angu-
lar frequencies and damping constants of the transient os-
cillations in terms of a simple model. The agreement of
the measurements with the model for the reasonable pa-

rameters indicates that the model is a useful tool in un-
derstanding the measurements in terms of gas transport
and ionization coeScients and electrode properties, such
as ion-induced secondary-electron yields. The pulse tech-
nique significantly reduces the ion bombardment of the
cathode and so offers the possibility of a nonintrusive di-
agnostic. We have recently [12] extended the measure-
ments to currents of most practical discharges, e.g. , the
inset of Fig. 10, and are comparing the results with the
available models.
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