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Measurements of the Cathode Fall Characteristics
in an Electron Beam Ionized Discharge

PETER BLETZINGER, SENIOR MEMBER, IEEE

Abstract-Measurements of cathode fall characteristics and of the
influence of the cathode fall on the discharge properties of an electron
beam ionized discharge (EBD) are reported. Gases investigated included
methane, nitrogen, and argon. The cathode fall voltage was found to be
a function of discharge current, voltage, gas type and pressure, and the
rate of external ionization. At low discharge voltages, the cathode
sheath region was found to require microseconds to get established.
Added attaching gases had little influence on the cathode fall. Extrap-
olating to high rates of external ionization, the cathode fall voltage still
can be expected to be hundreds of volts for the gases investigated.

INTRODUCTION
IN ORDER to operate a gas discharge at higher pressures and

over longer periods of time in a diffuse mode, ionization by
external means is required. One of the possible sources for
this external ionization is a beam of energetic electrons, gen-
erally in the energy range of 150-300 keV. The electric field
applied to the discharge can then be maintained below the self-
breakdown limit. The operating time in the diffuse mode is
limited mainly by the power loading into the gas. The voltage
applied to the discharge electrodes determines the electric field
(or reduced electric field E/N where N is the neutral particle
density) in the discharge. Since the gas transport properties
are controlled by the reduced electric field, this configuration
allows control over specific discharge properties such as elec-
tron mobility. The field also determines the electron distribu-
tion function (EED) which in turn controls the excitation and
population of the energy levels of the discharge gas. This type
of discharge has been used for high-pressure electrical discharge
lasers. It also has been considered as the switching element in
high-speed switch applications, where the external ionization
allows both fast switch-on, but even more important, rapid
switch-off of high currents [1 ] .
Even though the external source provides the ionization in

the volume of the discharge, boundary conditions at the elec-
trodes still have to be fulfilled, for example, the requirements
for current continuity at the cathode. Therefore, this discharge
will also have a cathode fall in front of the cathode, which can
be compared to the cathode fall in a low-pressure self-sustained
discharge. Just as in the case of the self-sustained discharge,
this cathode fall also can have a major influence on the charac-
teristics of the externally ionized discharge. Especially at low
rates of external ionization, the current-voltage characteristics
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of an electron beam ionized discharge (EBD) display a very
nonlinear behavior, first observed by Velikhov et al. in nitrogen
[2]. They also calculated I-V characteristics using the con-
tinuity and Poisson equations. This calculation was later
refined by Zakharov et al. [3]. In the high-current regime,
the cathode fall for the case of a CO2 laser was investigated
both theoretically and experimentally by Leland et al. [4].
They found a decrease of the cathode fall voltage with in-
creasing discharge current similar to the behavior of the
cathode fall in the subnormal self-sustained discharge.
For applications of the EBD as a switch, the cathode fall

represents part of the voltage loss across the switch. It will be
shown that even at high levels of external ionization, this loss
still represents a nonnegligible portion of the voltage across the
discharge.
To minimize the voltage drop in the main part of the dis-

charge, gases with high electron mobility and therefore high
conductivity are of interest. Also, in order to shorten the
switch-off time, gases with a large attachment coefficient are
added. The measurements being reported here used methane,
nitrogen, and argon as the main gases and several added attach-
ing gases. The experimental results will be compared with
theoretical calculations and with the characteristics of cathode
falls in self-sustained discharges.

EXPERIMENT

A commercial thermionic cathode electron beam (e-beam)
was used in this experiment [5]. The electron energy could
be varied from 150 -200 keV; an energy of 175 keV was used
in these experiments. The e-beam had a cross section of 5 X 15
cm at the foil (0.5 mil titanium) and the total beam current in
pulsed operation could be varied from less than 1 mA/cm2 to
25 mA/cm2. The transmission through the foil was about 40
percent, resulting in e-beam current densities of from 0.4 mA!
cm2 to 10 mA/cm2 into the discharge volume. The discharge
section was part of a very high-vacuum closed-cycle stainless
steel flow loop. An externally driven fan provided flow speeds
variable to about 4 m/s and a heat exchanger in the flow path
was used to control the gas temperature. The discharge section
used machine glass-ceramic and fused quartz for wall insula-
tion. The anode consisted of a stainless steel grid at a distance
of 1 cm from the e-beam foil. The cathode was made .from
solid stainless steel and could be accurately positioned by a
micrometer adjustment such that the electrode separation was
variable from essentially zero to more than 3 cm. Varying the
distance between the discharge electrodes was the method
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used to measure the cathode fall voltage. The discharge was
operated in a pulsed mode in order to reach high discharge
currents. For lower currents, dc operation was possible. For
one particular parameter range, the peak current was held
constant and the discharge voltage was measured as a function
of electrode spacing. Extrapolating the discharge voltage to
zero spacing, the voltage remaining was assumed to be the
cathode fall voltage. The contribution of the voltage in the
anode fall was neglected, because it is known to be small [3].
Another method to measure field strengths in the EBD dis-
charge volume is to use probes [6]. However, one has to
consider effects such as probe shadowing and secondary emis-
sion. The biasing of the probes also can become very cumber-
some. For these reasons, probes were not used. The current
density across the discharge cross section was assumed to be
uniform. A check against the current collected by an insulated
section of well-defined area in a test cathode verified this
assumption. For the pulsed current and voltage measurements
transient digitizers with associated data reduction equipment
were used.

RESULTS

As was mentioned above, the cathode fall influences the I-V
characteristics of the EBD. This is particularly true for very
low amounts of external ionization. To illustrate this, the I-V
characteristics of discharges in argon, a mixture of argon and
nitrogen, and in pure nitrogen are shown in Fig. 1. All gases
were at atmospheric pressure and the discharge and e-beam
source were operated with dc. Note that only one ofthe argon
curves was measured with discharge voltage increasing. The
nitrogen curves also were measured with the discharge voltage
increasing, however only at a few operating points. As derived
analytically by Lowke and Davies [7], the current first rises
proportional to V112 at a very low rate. At a certain threshold
or "ignition voltage," an instability occurs (called a negative
differential conductivity by Averin et al. [8] ) and the discharge
switches to a much higher current at low voltage drop. The
voltage was as low as 200 V for 10 mA/cm2 discharge current
density in argon. If the voltage was subsequently decreased,
the unstable region was not encountered, the current decreased
monotonically. Particularly interesting is the fact that the
argon-nitrogen mixture apparently has a lower conductivity
under these conditions than pure argon although it is well
known [9] that this mixture has a higher electron drift velocity
than pure argon. Similarly, it was found that methane in this
operating range has a lower conductivity than that of argon
although the electron drift velocity in methane in this range
of E/N is at least an order of magnitude larger than that of
argon. The reason for these discrepancies is the additional
ionization provided by the cathode fall for discharge voltages
larger than the "ignition voltage." The I-V characteristics in
argon with the high conductivity can be modeled satisfactorily,
if two-stage ionization and secondary emission from the cath-
ode are invoked [10] .

For a higher discharge current regime, the detailed behavior
of the cathode fall voltage for nitrogen and methane at at-
mospheric pressure is shown in Figs. 2 and 3 for two different
e-beam current densities and for cases with an added attaching
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Fig. 1. I-V characteristics of e-beam ionized discharges at very low
external ionization rates (dc operation). Characteristics for argon and
argon/nitrogen were measured continuously with an X-Y plotter, for
nitrogen only a few datapoints per characteristic were measured. The
direction of measurement (increasing or decreasing discharge voltage)
is indicated with an arrow. All gases are at atmospheric pressure.
Curves are labeled with the e-beam current density (A/cm2) used.
Argon/nitrogen pressure ratio was 10: 1, electrode distance 2.2 cm.
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Fig. 2. (a) Cathode fall voltages (solid curves) and discharge currents
(dashed curves) as a function of discharge voltage in nitrogen and
nitrogen + 0.1 torr of C3 F8, i-atm total pressure. E-beam current
was 0.4 and 0.1 A for nitrogen and 0.4 A for nitrogen + C3F8. (b)
Reduced electric field for nitrogen and nitrogen + 0.1 torr of C3F8 as

a function of discharge voltage.

gas. Also shown are the discharge currents for the same oper-
ating parameters. As in the low-current region, the discharge
current at first rises very slowly with discharge voltage up to
the "ignition point." For the same range of discharge voltages
the cathode fall voltage has a value of about 70 percent of
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Fig. 3. (a) Cathode fall voltages (solid curves) and discharge currents
(dashed curves) as a function of discharge voltage in methane (at-
mospheric pressure) and methane + 18 toff of CF4. E-beam current
was 0.4 A. (b) Reduced electric field for methane and methane +
18 torr of CF4 as a function of discharge voltage.

the total discharge voltage. Beyond the ignition voltage, the
cathode fall voltage decreases sharply, having a negative slope
similar to the subnormal cathode fall in a self-sustained glow
discharge. As the external ionization is increased, the voltage
required to reach the high-conductivity regime is reduced.
Adding an electron attaching gas will considerably reduce the
discharge conductivity in the high-conductivity regimne, how-
ever the cathode fall voltages are relatively unchanged. This is
in agreement with theories for the cathode fall in electronega-
tive gases in self-sustained discharges [I11]. The behavior of
the reduced electric filelds is shown in Figs. 2(b) and 3(b). In
the low-current region most of the discharge voltage is taken
up by the cathode fall, therefore only in the high-conductivity
region can the electric field increase to higher values. The
measurements for the methane cathode fall voltages in the
high-current region are not as reliable as those for nitrogen.
At the higher discharge voltages, the discharge voltage increases
faster than linear with increasing distance. This could be caused
by the start of Townsend ionization in the volume of the
discharge.
As was pointed out in the theoretical study [IO] , the cathode

fall voltage will decrease with increasing external ionization.
A measurement of this relationship is shown in Fig. 4 for two
different discharge currents for methane at atmospheric pres-
sure. Only at very low e-beam currents does a higher discharge
current result in a higher cathode fall voltage. At higher rates
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Fig. 4. Cathode fall voltage in atmospheric pressure methane as func-tion of e-beam current density at discharge currents of 25 and 50 A.
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Fig. 5. Cathode fall voltage as a function of e-beam current for nitro-

gen, methane, and argon at atmospheric pressure.

of ionization, the dependency is below the level of measure-
ment accuracy. The important conclusion from these measure-
ments is that the cathode fall voltage decreases very slowly for
higher e-beam currents. Even for very large e-beam currents
the cathode fall voltage cannot be reduced below a few hundred
volts. As in the self-sustained discharge, the cathode fall also
depends on the type of gas used, as shown in Fig. 5 for nitro-
gen, methane, and argon, all at atmospheric pressure and 0.63-
A/cm2 discharge current density. As a point of reference, the
cathode falls in self-sustained normal low-pressure dischargesfor a nickel cathode in argon and nitrogen are quoted as 130
and 200 V, respectively [12]. Since the cathode material also
influences the cathode fall voltage, ahi attempt was made to
measure cathode fall voltages in materials other than stainless
steel. However, tests with a molybdenum cathode, which
according to [12] due to its lower work function has a con-
siderably lower cathode fall than either iron or nickel, did not
show any systematic decrease of the cathode fall voltage.Considering the vacuum conditions in the test chamber used,this is not too surprising, since even at base pressures in the
108 -torr range monolayers of gases build up very rapidly.These gas layers, typically hydrogen and oxygen, can increase
the cathode fall by as much as a factor of two and mask the
work function of the clean cathode material [13]. Under
vacuum conditions normally obtained in larger systems, a
decrease of the cathode fall by selection of special materials
therefore would seem to be rather difficult to achieve. Note,however, the observations of Velikhov et al. on oxide coated
cathodes [2] and of Maslennikov on heated cathodes [14].The EBD has been modeled with transport coefficients ob-
tained from Boltzmann transport calculations [15] . Consider-
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Fig. 6. Comparison of computed discharge voltages as function of
e-beam current at two different discharge currents with experimental
values for discharge voltages in atmospheric pressure methane. Also
shown are experimental values for discharge voltages with the cor-
responding values for the cathode fall voltages subtracted for methane
and methane + 18 torr CF4.

ing a methane discharge, which is recombination dominated,
one can obtain a relation between source strength, or e-beam
current, and discharge voltage. To obtain the discharge cur-
rent, the electron current density (neglecting the contribution
of the ion current) is:

j =nee VD

where ne is the electron density, e is the electron charge, and
VD is the electron drift velocity. For the recombination domi-
nated case, the electron density is given by

ne /j
where S is the electron source function (electrons/cm3 Is), a is
the recombination coefficient. Then

e2 a

D

Both a and VD depend on the reduced electric field and these
dependencies are known [15]. The electron source function
was obtained from tables [16]. With the discharge current
density j as parameter, the e-beam current density required for
a particular discharge voltage then can be computed Curves
for two discharge current densities are plotted in Fig. 6. The
experimental values for the discharge voltage at a correspond-
ing discharge current are seen to be much higher. However, if
the contribution of the cathode fall is substrated, a good agree-
ment with the theoretical curve is achieved. A similar series of
experimental points is shown for the case of methane with an
added attaching gas. Again the contribution of the cathode
fall has been subtracted and the increase in the discharge
voltage due to the attaching gas is noted. The experimental
values for the cathode fall with added attacher were essentially
the same as those for pure methane, in agreement with the
data in Fig. 2.
Lobanov et al. [17] have presented time dependent calcula-

tions of the cathode fall voltages in an EBD and also measure-

ments in nitrogen using probes. In their experiments, the
e-beam current was switched on 100l s before the discharge
current. They noticed a decrease of the cathode fall voltage
of about 50 percent over a period of 200 ,us. An example of
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Fig. 7. Time evolution of discharge current in pulsed operation for
atmospheric pressure methane. E-beam current was 0.4 A, the param-
eter is the discharge voltage.

the effect of the dynamic behavior of the cathode fall in
methane is shown in Fig. 7. The time for establishing the
cathode fall and for entering the high-conductivity region is a
function of the applied discharge voltage. As can be noted
from Fig. 7, for the lowest discharge voltage of 500 V it takes
more than 20 ps to reach equilibrium conditions, but for
voltages above 2 kV this time is only limited by the switch-on
characteristics of the e-beam (the discharge voltage is not
switched in this experiment).

CONCLUSIONS
The cathode fall voltage in a normal low-pressure self-sus-

tained glow discharge depends on the type of gas, pressure,
and the material of the cathode. For the subnormal self-
sustained glow discharge, the cathode fall voltage in addition
is a decreasing function of the discharge current. The cathode
fall voltage in the EBD for all the gases measured in the experi-
ments reported here was found to also depend on the type of
gas and the discharge current, but in addition it is a function
of the discharge voltage and the external rate of ionization.
A dependency on cathode material could not be measured for
the stainless steel and molybdenum surfaces investigated, how-
ever this may be due to surface contaminations, since the very
stringent vacuum procedures required for analysis of surface
effects could not be followed. In methane, measurements
were also performed at a lower pressure (200 torr). At this
pressure, the cathode fall was lower by a factor of 2.3 com-
pared to atmospheric pressure and averaged over e-beam cur-
rents from 0.05 to 1.75 A.
Since for switch applications, a minimal cathode fall voltage

is desired, the gas should be selected for this characteristic as
well as for maximum drift velocity. Fortunately, methane
meets both of these criteria. If the switching speed is to be
improved by adding attaching gases, the cathode fall voltage,
at least for the gases tested, will essentially be unaffected.

Finally, if the EBD is being modeled using available gas
transport coefficients and rate data, correction of the theoreti-
cal characteristics using the experimentatal values for the
cathode fall will result in good agreement between experimen-
tal and theoretical characteristics.
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Technical Notes

A New Method of Protecting Ion Source Accelerators against
Deterioration due to Source Breakdown

M. MATSUOKA, S. MATSUDA, H. NAGAMURA,
AND K. WATANABE

Abstract-A new countermeasure against the surge current due to
capacitive stored energy during source breakdown is proposed. The
effectiveness is confirmed both numerically and experimentally.

Ion sources in neutral beam injectors frequently suffer from
beam induced breakdown even after long-term conditioning.
Various countermeasures exist to protect ion sources from
deterioration due to breakdown [11, [2]. In this note, we
propose a new method which is simple, passive and, therefore,
reliable.
The applicability of this method has been confirmed in- the

accel power supply of the prototype NBI for JT-60 [3]. A
simplified schematic diagram is shown in Fig. 1. In the figure,
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Fig. 1. The schematic diagram of the accel power supply of the proto-
type NBI for JT-60.

RT 1 is a switch tube to cut the output within 20 ,us when source
breakdown occurs. The gradient grid voltage (Vg) is supplied
by voltage division with the tube RT2 and the resistor R. The
accel voltage (Vacc) of up to 100 kV is applied to the plasma
grids. c- is normally set to 30 kV lower than Vacc. Stray capac-
itance in this circuit is grouped into two sets. One, which is
charged up to Vacc, is the sum of the capacitance in the isola-
tion transformer for the plasma generators and the distributed
capacitance of the cable duct to the ion sources. This is as
much as 24 000 pF approximately and is shown as Ct. The
other, which is charged up to Vacc - Vg, is distributed in the
coaxial cable to the plasma grids, whose outer conductor is
fixed to Vacc potential. This is about 7000 pF and is shown as
Cg. LI represents the cable inductance and is about 60,H. A
ferrite core Lc of 30 ,uH, ±0.03 V - s with a resistor RC in the
secondary winding is present for the surge protection. This
protector is equivalent to the parallel connection of Lc and
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