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Electron Emission from a Hollow Cathode-Based
Plasma Contactor

John D. Williams*
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and
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Emissive and Langmuir probes were used to measure plasma potential profiles, plasma densities, electron
energy distributions, and plasma noise levels near a hollow cathode-based plasma contactor emitting electrons.
The effects of electron emission current (0.1 to 1.5 A) and contactor flowrate [2 to 10 seem (xenon)] on these
data are examined. Retarding potential analyzer (RPA) measurements showing that high-energy ions generally
stream from a contactor along with the electrons being emitted are presented and a mechanism by which these
ions are produced is postulated. This mechanism, which involves a high rate of ionization induced between
electrons and atoms flowing together from the hollow cathode orifice, results in a region of high positive space
charge and high positive potential. Langmuir and RPA probe data suggest that both electrons and ions expand
spherically from this potential hill region. In addition to experimental observations, a simple one-dimensional
model which describes the electron emission process and predicts the phenomena just mentioned is presented and
is shown to agree qualitatively with experimental observations.
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Nomenclature
= electron energy, eV
= magnitude of electronic charge, 1.60 x 10~19 C
= electron energy distribution function (normalized)
= contactor discharge current, A
•= electron current emitted by contactor, A
= ion current at re due to ions produced between re and

rB which flows from the potential hill region to the
cathode, A

= simulator discharge current, A
= electron current collected by simulator, A
= simulator filament cathode heating current, A
= streaming (or high-energy) electron current flowing

to the Langmuir probe when it is held at plasma
potential, A

= ion current at rA due to ions produced between rB
and r^ which flow from the potential hill region to
the downstream boundary, A

= current density of high-energy ions flowing from the
vicinity of the contactor to regions downstream of
it,A-m-2

= Boltzmann's constant, 1.38 x 10~23 J-K"1

= flowrate of neutrals supplied to contactor [seem
(Xe)—standard cubic centimeters per minute]

= mass of electron, 9.11 x 10~31 kg
= mass of ion, xenon: 2; 18 x 1025 kg
= neutral atom supply rate (from hollow cathode), s"1

= electron density, in"3

= neutral atom density, m~3

= density of ions on the cathode side of the potential
hill (i.e., those that flow toward the cathode), m~3

= density of ions on the downstream side of the
potential hill (i.e., those that flow toward the
downstream boundary) m~3
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P0 = ambient pressure measured far from the hollow
cathode, Pa

R(r) = volumetric production rate of ions at radius r,
s^-m"3

r = radius measured from the hollow cathode orifice, m
r\ = radius measured from the hollow cathode (used as

an integration variable), m
rA = radial position of the spherical shell at the

downstream boundary (i.e., at the base of the
potential hill), m

rB = radial position of the potential hill peak (or crest), m
re = radial position of the spherical shell boundary from

which electrons are supplied, m
T0 = neutral atom temperature measured far from the

hollow cathode, K
V = potential measured with respect to (wrt) the

contactor cathode, V
VA = potential at rA, downstream boundary potential (wrt

contactor cathode), V
VB = potential at rB, crest potential (wrt contactor

cathode), V
Vc = bias supply voltage (wrt contactor cathode), V
J/CD = contactor discharge voltage, (wrt contactor

cathode), V
FSD = simulator discharge voltage (wrt simulator cathode), '
ve = electron velocity, m-s"1
voc = velocity of neutrals flowing from the hollow

cathode, m-s'1
Z - axial position measured from the contactor cathode

along the tank/contactor center line, m
e0 = permittivity of free space, 8.85 x 10~12 F-m'1
\l/ = solid angle of the spherical sector through which

electron emission occurs, sr
\l/0 = solid angle of the spherical sector through which

neutral atoms expand as they exit the orifice of the
hollow cathode, sr

a+ = electron/neutral atom ionization cross-section, m2

Introduction

SEVERAL experimental1'3 and theoretical studies4"6 have
addressed the problem of controlling spacecraft electric

potential with respect to an adjacent environment using
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plasma producing devices. These studies involved electrody-
namic tether applications in which the plasma producing
devices provide relatively high current capacity "contacts" to
space plasmas at each end of the tether. Most of this work
concentrated on the processes that occur at the positively
biased "plasma contactor" (i.e., the one collecting electrons
from and emitting ions to the space plasma); and little atten-
tion was given to the negatively biased contactor that emits
electrons. This study addresses this deficiency by focusing on
the processes that occur near a plasma contactor emitting
electrons to a simulated space plasma in a laboratory environ-
ment. The plasma contactor used in these experiments is a
hollow cathode—a device derived from ion thruster neutral-
ization applications. The hollow cathode plasma source is
particularly well suited to charge control applications because
of its robust construction and long lifetime characteristics,
high electron emission current capabilities (in excess of 60 A),7
and capacity to produce a cool, neutral plasma.

Observations of the particles coming from a contactor emit-
ting electrons made using a retarding potential analyzer (RPA)
show that relatively high-energy ions stream away along with
the electrons being emitted. A mechanism is postulated in this
study that could explain this observation. An important part
of the mechanism is the high rate of ionization that occurs
when atoms and electrons are expelled simultaneously through
a small orifice as they are in a hollow cathode discharge.7'8 A
similar mechanism for the creation of high-energy ions has
also been proposed by investigators0'10 studying various elec-
tric arcs. A plasma contactor operating in this manner (emit-
ting both ions and electrons) should be well suited to space-
craft charging control because small changes in the potential
difference between the spacecraft and the ambient plasma
should cause the currents associated with the ion and electron
flow between the contactor and space plasma to be altered.
This would be expected in turn to facilitate the changes in
current required to prevent the spacecraft from becoming
either substantially positive or negative of the plasma sur-
rounding it in 3. variety of spacecraft charging situations. This
work describes recent experimental results obtained on a hol-
low cathode emitting a net electron current to a surrounding
ambient plasma and presents a first order, one-dimensional
model of the process.

Apparatus and Procedure
To study the electron emission process, the apparatus

shown schematically in Fig. 1 was constructed. Physically, this
apparatus consists of two plasma producing devices. The one
shown at the right and labeled "simulator" generates a simu-
lated ionospheric plasma. The other device, shown on the left
and labeled plasma contactor, is the focus of this study and is
biased negative relative to the ambient plasma to induce elec-
tron emission. Also shown are the power supplies and instru-
mentation needed to sustain and measure the characteristics of
the plasmas produced. The simulator and contactor devices
are separated by 2.7 m and are located within a 1.2-m-diam by
5.3-m-long vacuum chamber. The contactor utilizes a 6.4-mm-
diam hollow cathode that contains an electron emitting insert
fabricated by rolling 0.0i3-mm-thick tantalum foil into the
shape of a hollow cylinder and treating it with a low work
function coating [containing a double carbonate (BaCOjj
SrCO3)]. An orifice plate with a 1.0-mm-diam orifice caps the
downstream end of the hollow cathode tube. The contactor
anode is a 12-em-diam stainless-steel plate with a 1 cm o.d,/5
mm i.d. tantalum insert near its center. The tantalum anode
insert is aligned with the hollow cathode orifice and positioned
~ 2 mm downstream of it.

Physically, the simulator resembles a ring-cusp ion source
used in ion thruster applications.11 Plasma is generated within
it by collisions between high-energy discharge electrons and
neutral atoms. To increase the efficiency of this process, mag-
netic fields are used to shield anode surfaces and chamber
walls against direct loss of discharge electrons. The ring-cusp
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CONTACTOR

VACUUM TANK

a) Mechanical schematic

PLASMA
CONTACTOR

b) Electrical schematic

Fig. 1 Experimental apparatus.

magnetic field used in the simulator is induced by samarium
cobalt permanent magnets. To ensure good coupling between
the plasma produced within the source and the ambient
plasma region, the device was operated without extraction
grids. The simulator is equipped with a tungsten wire cathode
which is stretched diagonally across the 9-cm-diam open end
of the source. When it is heated to thermionic temperatures, it
emits electrons that are eventually collected at the simulator
body, which serves as the anode for this device as Fig. Ib
suggests. For most of the experimental results presented in this
study, the simulator discharge current and voltage were set at
0.5 A and 40 V, respectively, and the simulator flowrate was
set at 2.7 seem (Xe).

Typical tests were conducted by heating the contactor hol-
low cathode to a temperature where significant thermionic
electron emission could occur from the insert (~ 1300 K),
establishing a high expellant (xenon) flowrate through it, and
biasing its anode positive using the discharge supply to initiate
a cathode-to-anode discharge. Next, the desired contactor
flowrate and discharge current were established; the contactor
was biased relative to the simulator using the bias power
supply; and voltage, current, and probing instrument data
were collected. The voltages and currents measured during
typical tests are designated by the symbols shown within the
circles in Fig. Ib and defined in the nomenclature list. These
quantities include the contactor and simulator discharge cur-
rents and voltages, the bias voltage between the contactor and
simulator, and the contactor and simulator electron emission
currents.

The tank bias switch shown in Fig. Ib was installed so that
the vacuum tank could be allowed to float relative to the
contactor-simulator system or could be connected to the con-
tactor cathode. Experimental results were typically not af-
fected by the switch position and, consequently, it was left
closed for the tests described here. The plasma environment
produced between the contactor and the simulator was probed
using the various instruments shown in Fig. la. They include
an emissive probe, a Langmuir probe, and a retarding poten-
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tial analyzer (RPA). The RPA consists of a cylindrical Fara-
day cage with an orifice plate at one end—the orifice hole
diameter of 3 mm was selected to be smaller than the Debye
length of the plasma in which it is typically used. The Faraday
cage was held about 40 V below the potential of the plasma in
which it was immersed. The probe is operated by first sighting
the RPA orifice at the plasma contactor and then recording
the ion current to the probe collector as its voltage is swept
from 10 V below contactor cathode potential to about 100 V
above it. The details of the current/voltage traces obtained
and their analysis and interpretation are discussed in Refs. 7
and 12.

The plasma conditions associated with the experiments de-
scribed herein differ from those a satellite would see in low-
Earth orbit (LEO). It was not possible to match the LEO
conditions in part because the electron emission current signif-
icantly affected the plasma density throughout the vacuum
chamber in our experiments. This is unfortunate because it
prevented a detailed study of the effects of background
plasma density on phenomena that will occur near a contactor
in LEO. Furthermore, both the background plasma density
(~ 107-108 cm~3) and electron temperature (2-6 eV) were
higher than those in LEO. Accurate simulation of the LEO
environment is difficult to realize in a vacuum chamber not
only because of emission-current-induced effects, but also
because unrealistically large chambers would be needed to
prevent wall effects from dominating the tests. Although these
experiments were not conducted at LEO conditions, they do
facilitate an understanding of contactor phenomena. They
also provide data for validation of theoretical models which
can be used to predict plasma contactor performance under
LEO conditions.

Experimental Observations
Some of the phenomena observed in ground-based studies

of the process of electron flow from a hollow cathode-based
plasma contactor to a low-density ambient plasma can be
explained using the typical plasma potential profile shown in
Fig. 2; In this case, the contactor cathode, at zero potential
and zero axial position, was emitting 61 mA of electrons into
an ambient background plasma located about 1 m down-
stream of the contactor. A noteworthy feature of this poten-
tial profile is the hill structure that develops immediately
downstream of the contactor. It is postulated that this poten-
tial hill develops because the densities of both neutrals and
electrons (with sufficient energy to ionize them) are high near
the contactor. Under this condition, electrons that cause the
ionization and the electrons produced would typically be ex-
pected to have substantial kinetic energies after the ionization
event, arid they would be expected to leave the region quickly.
However, the more massive ions would be left behind, thereby
creating a region in which the ion density would tend to be
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Fig. 2 Plasma potential profile on the contactor/vacuum tank cen-
terline (contactor emitting electrons).
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Fig. 3 Retarding potential analyzer data measured in the expanding
plasma region (high contactor flowrate condition).

greater than the electron density. This positive-space-charge
density region would induce a potential hill like the one shown
in Fig. 2. It should be rioted that the plasma potential data of
Fig. 2 were obtained using a floating emissive probe, and these
probes indicate potentials that fall progressively further below
true plasma potential as they are moved into higher density
plasmas.13 Because plasma density is greatest at the hollow
cathode orifice, the emissive probe probably indicates poten-
tials that fall below actual values as the cathode is approached
at Z = 0. Hence, it is possible that the true crest of the hill is
higher and located at a different axial position than the one
indicated in Fig. 2.

Downstream of the potential hill, Fig. 2 shows that the
plasma potential is relatively constant from 15 to 60 cm. This
region is called the plasma expansion region because the
plasma density decreases in proportion to Z~2 there and this
in turn suggests a region of spherical plasma expansion.1 Gen-
erally, it appears that the plasma overexpands in this region.
This is demonstrated by Langmuir probe data1 which show
that the plasma density at the downstream end of the plasma
expansion region is below that of the ambient plasma region
(the region of constant plasma potential extending beyond 100
cm in Fig. 2). It appears that the intermediate double layer
(shown between 60 and 100 cm) enables accommodation of
this difference in plasma densities. These phenomena and
double layers in general are discussed in more detail by Hersh-
kowitz14 and the references he cites. The criteria that deter-
mine the location, geometry, and size of the intermediate
double layer probably depend upon the ion creation and loss
rates in the ambient and expanding plasma regions, the ion
and electron current densities, and interactions with the vac-
uum test facility walls. However, the details of its characteris-
tics have not been investigated in this study.
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Fig. 4 Electron energy distributions measured in the expanding
plasma region (high contactor flowrate condition).

A relatively low flowrate [2.3 seem (Xe)] and emission cur-
rent (61 mA) were selected for the measurements of Fig. 2
because these operating conditions yielded a sufficiently low
plasma density near the cathode which enabled the emissive
probe to detect the potential hill. As flowrate and/or electron
emission current were increased, the potential hill (as detected
by the emissive probe) began to disappear. To determine if this
was due to emissive probe inadequacy or an actual reduction
in the height of the potential hill, an RPA was positioned in
the plasma expansion region and used to measure the energy
characteristics of the ions coming from the vicinity of the
contactor. Two typical RPA traces (recorded with the RPA
positioned at Z = 20 cm and sighted at the contactor cathode)
along with their corresponding derivatives are shown in Fig. 3.
These data were obtained with the contactor operating at a
high flowrate [9.6 seem (Xe)], where emissive probe measure-
ments shqwed no evidence of potential hills at either the 130 or
1000 mA electron emission levels. The RPA curve and corre-
sponding derivative for the high emission current case
(/CE = 1000 mA) indicate that two groups of ions are present.
The first group induces the peak occurring near 15 V in the
lower plot and represents low-energy, thermal ions present in
the expanding plasma. The second group which exhibits a
greater energy spread is present as the tail on the solid curve
extending from 20 to 100 V (Fig. 3b). It is postulated that the
high-energy ions associated with this tail are created on a
potential hill located near the contactor cathode and that they
flow from there to the RPA where they are detected. The RPA
data corresponding to contactor operation at a low electron
emission current of 130 mA displays only one low-energy
group of ions. Hence, it is concluded that the potential hill is
still present at the 1000-mA emission current operating condi-
tion and that it is not present at the 130-mA one.

There are other differences between the plasmas measured
in the expanding plasma region at 130- and 1000-mA emission
currents and one of these, the difference in electron energy
distribution functions sensed by a Langmuir probe, is illus-
trated in Fig. 4. At a high emission current, the solid curve
suggests that two electron groups exist. One group, associated
with the lower energy peak, probably represents the thermal
electrons present in the expanding plasma. The other, higher
energy group contains electrons that have been accelerated
from the contactor cathode through the potential hill region
and into the expanding plasma without experiencing many
energy dissipating collisions. The electron distribution func-
tion corresponding to the low emission current condition
(7CE = 130 mA) indicates, on the other hand, only one, low-

energy group of electrons is present/Thus, Figs. 3 and 4 show
that both ions and electrons in the expanding plasma region
exhibit distribution functions that have thermal and high-en-
ergy components at a high emission current, while only the
thermal component is present at a lower electron emission
current. Note that the electron energy distribution functions
shown in Fig. 4 have been normalized with respect to their
maxima. They were computed from the second derivatives of
spherical Langmuir probe traces recorded digitally using a
Keithley 617 programmable electrometer and plasma potential
data measured using the emissive probe. The derivatives were
obtained by finding the discrete Fourier series representation
of the Langmuir probe trace, solving for the analytical deriva-
tive of this series, and applying a convergence filter.15 The
convergence filter artificially smooths the data and tends to
spread out quickly varying features of the Langmuir probe
trace. Smoothing errors introduced by the data-reduction pro-
cedure and plasma potential measurement errors yield distri-
bution functions (Fig. 4) that reflect only the qualitative dif-
ferences between the plasmas observed at the 130- and
1000-mA operating conditions.

It is also of interest to examine the effect of electron emis-
sion current on the axial profiles of the high-energy ion cur-
rent density measured using the RPA and the high-energy (or
streaming) electron current measured using the Langmuir
probe. These profiles have been measured over a range of
electron emission currents and the results are shown in Fig. 5.
The data in this figure correspond to a lower flowrate [4.1
seem (Xe)] than those of Figs. 3 and 4. At this lower flowrate,
high-energy ions were detected flowing from the contactor at
all four of the electron emission current levels shown (i.e., at
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Fig. 5 Experimental observations suggesting spherical expansion in
the region downstream of the potential hill.
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JCE = 126, 500, 1000, and 1500 mA). The lines drawn on the
two plots shown in Fig. 5 correspond to an inverse-square
dependence with axial position.

The high-energy ion current density is also shown to follow
the inverse-square dependence (Fig. 5a) and this suggests that
these ions are also expanding spherically from their point of
creation. In addition, the streaming electron current flowing
to the Langmuir probe also decreases as the inverse square of
distance as shown in Fig. 5b. Figure 5b shows that the stream-
ing electron current begins to decrease faster than with inverse
distance squared at large values of axial position and high
electron emission currents. This may be occurring either be-
cause the streaming electrons are being thermalized or their
presence is being masked by thermal electrons. In general,
however, the data presented in Fig. 5 suggest ions and elec-
trons are expanding from what is essentially a point source
near the potential hill. Because of this expansion behavior, the
region immediately downstream of the hill region is called the
plasma expansion region.

Both the high-energy ion and directed electron populations
present in the plasma expansion region can induce instabilities
as they pass through the thermal plasma there and this can
cause the plasma to be noisy (or turbulent). A coarse measure
of the turbulent intensity (the fraction of the energy in the
plasma expansion region that is in the form of turbulent
electrostatic fluctuations) is the square of the ratio of the rms
density fluctuations to the mean plasma density. This density
ratio can be measured qualitatively by monitoring the current
to a Langmuir probe when it is held near plasma potential and
recording the rms noise amplitude/mean current ratio. Figure
6 shows rms-to-mean current ratio vs axial position data mea-
sured at the operating conditions of Figs. 3 and 4. The data for
the 1000 mA operating condition suggest that the plasma is
very noisy near the plasma contactor [turbulent intensity
~ (0.32)2 = 10%] and less noisy ( ~ 2%) further downstream.
The opposite trend is indicated for the 130-mA operating
condition. The noise levels at 33 cm are shown to be compara-
ble thereby suggesting that phenomena occurring in the ambi-
ent plasma region determine the noise level at axial positions
greater than about 30 cm.

Theoretical Development
To gain some understanding of the potential hills that have

been measured at low emission currents and postulated at
higher ones, a simple model of the electron emission process
has been developed. Figure 7 shows a sketch of the postulated
physical arrangement in spherical geometry and a hypothetical
potential profile. The power needed to sustain the hill is as-
sumed to come from the electron emission current 7CE flowing
from the hollow cathode through the potential hill to a down-
stream boundary. As these electrons leave the electron source
surface, they are accelerated up the potential hill and they gain
sufficient energy to ionize neutral atoms. The resulting ions
will flow down the hill from the point where they were pro-
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Fig. 7 Spherical model diagram of the electron emission process.

duced. Ions produced to the left of the crest potential shown
in Fig. 7 will flow to the cathode and those produced to the
right of it will flow through the downstream boundary. The
electrons, which accelerate to the crest and then decelerate
after they pass it, will still have substantial kinetic energies as
they pass the downstream boundary. They represent the
streaming electrons mentioned in conjunction with Fig. 5.

The approach used to model this problem will be to write
equations that describe the electron and ion densities through-
out the region between the electron source and the down-
stream boundary and then apply Poisson's equation to solve
for the associated potential profile. Because the electron and
ion densities depend upon the potential profile, however, an
iterative solution technique must be applied to accomplish this
and obtain the steady-state, self-consistent solution for the
density and potential profiles. This model of the electron
emission process will be presented in terms of two sets of
equations. One set will pertain to radial locations between the
cathode and the potential peak (i.e., on the cathode side of the
potential hill). The other set will pertain to radial locations
between the potential hill and the downstream boundary (i.e.,
on the downstream boundary side).

The Cathode Side (re <r<rB)
The electron density at any point in this region can be

described approximately by assuming conservation of electron
energy and current, i.e.

and

JCE = ene(r)tr2ve(r)

(1)

(2)

Combining these equations and solving for the electron den-
sity gives

Fig. 6 Langmuir probe noise levels at high and low electron emission
currents (high contactor flowrate condition).

ne(r) = / 2eV(r) (3)
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This expression is only approximately correct because it ig-
nores both electrons which are produced in ionization events
and the effects of energy removal from the electron group due
to ionization and other inelastic collisions. Neglecting these
effects to make the problem more tractable limits its direct
applicability to the case where the inelastic collision rate ex-
pressed as a current is small compared to the electron emission
current. It is assumed that some mechanism for removing
low-energy electrons produced via ionization from the poten-
tial hill region is active. Although this mechanism is not de-
fined, it is noted that the current of these electrons should be
small so a negligible fraction of the kinetic power in the
streaming electrons would be required to remove them
through elastic collisions.

The rate of ion generation per unit volume [R (r)] at radius
r is given by

R(r) = ne (4)

The ionization cross-sections of Rapp and Englander-
Golden16 were used to calculate ion generation rates. In addi-
tion, the neutral atom density n0 appearing in this equation
was modeled as the sum of the neutral densities due to the
neutral flow from the hollow cathode (assumed to expand
spherically from the orifice) and the background neutral den-
sity in the vacuum environment of the test. Specifically, the
density n0 at radius r was approximated by

(5)

The density of ions at a radius r is determined by summing
the contributions of all ions produced at radii of greater
potential. Each of these ions will be accelerated from their
point of creation r\ to the radius of interest r. Hence, the
contribution to the density of ions at a radial location r (for
the region re<r<rB) due to ions generated with a negligible
initial velocity in a differential volume near /*! is

dnp(r) = r~ (6)

and the velocity of the ions created at ri once they reach r is
given by

]2e[V(ri)-V(r)]
(7)

The overall ion density at any radius r on the cathode side of
the hill is now found by integrating the differential density dnp
from r to rB. This yields

(8)np(r) = r
v(ri)

Combining Eqs. (3-8) and simplifying gives

(9)

The electron and ion densities determined using Eqs. (3) and
(9) can now be combined with Poisson's equation to describe
the variation in plasma potential on the cathode side of the
potential hill. Assuming spherical symmetry, Poisson's equa-
tion is

d2F
-T7 •dr2

2dF
- T~r dr e0

(10)

To utilize the equations just developed, it is necessary to
develop the equations describing conditions on the opposite
(downstream .boundary) side of the potential hill so all of them
can be solved simultaneously.

The Downstream Boundary Side (TB < r < rA )
Under the assumptions of this development, the equation

that describes the electron density in the region between the
potential crest and the downstream boundary is the same as
the one developed for application upstream of the potential
crest, namely Eq. (3). The ion density expression is obtained
by repeating the logical sequence used to derive Eq. (9). It is
found to differ from Eq. (9) only in the order of the integra-
tion; hence,

•.«-'"}£» two +^-}kTj

"1/2a+ dri (11)

Note that Eq. (11) shows an inverse-square dependence with
position and a linear dependence with emission current. This is
in qualitative agreement with the functional dependencies in-
dicated by the experimental data of Fig. 5a.

Equations (3), (9), (10), and (11) represent a relatively sim-
ple model of the electron emission process. They were solved
by first dividing up the region re to rA using closely and evenly
spaced node points. Next, the derivatives in Eq. (10) were
approximated using finite difference expressions. This allowed
algebraic equations arranged in matrix form to be written for
the potential at each node point. Electron and ion densities
were then calculated at each node point using Eqs. (3), (9), and
(11) and an initial estimate of the potential variation through
the potential hill region. The procedure of solving for the
densities and then the potentials at each node was repeated
many times until the potential profile stabilized.

It should be noted that the solution procedure treats the
electron source location re, the downstream boundary loca-
tion rA, the solid angles ^ and \l/09 and the potential at the
downstream boundary VA as parameters. The electron source
and downstream boundary locations are, however, not free
parameters. The values of re and rA are established physically
by the requirement that the electric fields be zero at these
locations (i.e., the space-charge limited condition applies). It
was postulated that the other parameters, namely the down-
stream boundary potential VA, and the solid angles ^ and ^0
are influenced by such factors as the cathode orifice size, the
anode configuration, and the plasma conditions beyond the
downstream boundary and they were treated as free parame-
ters. It is believed that an energy balance analysis could be
used to find the downstream boundary potential, but this was
not done in this preliminary study. To apply the model and
compare its predictions to experimental observations, VA was
set at the experimentally measured potential in the expanding
plasma region (typically measured at a radius of 20 cm) for
each electron emission operating condition studied. The solid
angles \l/ and \l/0 were arbitrarily set to 2ic (corresponding to
hemispherical geometry). There are other parameters appear-
ing in Eqs. (3), (9), (10), and (11) that are not determined
explicitly through the analysis (e.g., P0 and T0), but they were
controlled during the experiment so unique values could be
assigned to them.

Numerical Example
When Eqs. (3), (9), (10), and (11) were solved for the case of

an emission current of 1 A and values of the parameters given
in Table 1, the theoretical potential profile shown in Fig. 8a
was computed. By forcing the electric fields at re and rA to be
zero, the electron source and downstream boundaries were
found to be located at 4.6 and 14.4 mm, respectively. It is
noted that the electric field shown at re in Fig. 8a is indeed near
zero even though it does not appear to be so because of the
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Fig. 8 Typical computed electron emission results.

graphical scale. The crest potential of 153 V was located at 7.4
mm. This large potential was caused by the net positive (ion)
charge density in the region between 5 and 11.5 mm as shown
in Fig. 8b. The neutral atom density variation throughout the
potential hill region is shown in Fig. 8c. When this informa-
tion was combined with the data shown in Figs. 8a and 8b, the
ion production rate per unit volume was calculated and it is
plotted in Fig. 8d. By integrating the volumetric ion produc-
tion rate over the entire volume of the potential hill region, the
total ion current flowing from this region was calculated to be
4.10 mA. This ion current could be broken into components
of 1.94 mA (/+) and 2.16 mA (Jp) from the potential hill
region to the downstream boundary and to the electron source
boundary, respectively. These ion creation rates (expressed as
currents) are small compared to the emission current. This
suggests that the assumptions made in deriving this model are
probably valid and that very little power should be required
from the streaming electrons to remove low-energy electrons
(resulting from inelastic collisions) from the potential hill as
quickly as they are produced.

Comparison of Theory and Experiment
The procedures used to obtain the numerical results given in

Table 1 and Fig. 8 were applied to obtain additional solutions
over ranges of electron emission currents and flowrates. The
effect of electron emission current and flowrate on the current
density and maximum energy of ions flowing away from the
hollow cathode discharge were also measured using the RPA
described previously. The experimentally measured and nu-
merically predicted effect of emission current on these quanti-
ties are compared in Fig. 9 under conditions where the RPA
was positioned 20 cm downstream of the contactor. Figure 9a

Table 1 Numerical example data set

Inputs Outputs
/CE=1.0A
mc =4.1 seem (Xe)

(i.e., h = 1.72 x 1018 s'1)
P0 = 5.0 x 10~6 Torr

(i.e., 6.7 x 10~4 Pa)
T0 = 300 K
voc =458 m-s'1

Fig. 8
/+ = 1.94mA
Jp = 2.16mA
re = 4.6 mm
rB = 7.4mm
rA = 14.4. mm
VB = 153 V

ifro =2*
VA=22V

shows the high-energy ion current density increasing with elec-
tron emission current, at a smaller slope than the "theoreti-
cal" curve. The theoretical predictions of high-energy ion
current density were made by first finding the ion current
emitted from the potential hill region to the downstream
boundary for the particular electron emission current as ex-
plained in the numerical example of Table 1 and Fig. 8. Next,
this current was divided by the surface area at a radius of 20
cm (i.e., \//r2 « 27r(20)2 cm2 « 2500 cm2) tp obtain the current
density at this location. Although the two curves shown in Fig.
9a do not coincide, the agreement between the experiment and
numerical model is considered to be good considering the
assumptions made in the model. Uncertainties in experimental
conditions as well as in the ionization cross sections could
easily cause the level of error indicated in Fig. 9a. It is noted
that better agreement could be generated in this simple one-di-
mensional model by adjusting the solid angle ^ with each
electron emission current. However, it is felt that two-dimen-
sional (or possibly three-dimensional) effects probably deter-
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Fig. 10 Computed effects of electron emission current on the radii of
electron source, crest, and downstream boundaries.

mine the subtle trends in the experimental data so attempts to
adjust ^ to obtain better agreement cannot be justified.

Figure 9b contains a comparison of experimentally and
theoretically determined crest potentials. Again, relatively
good agreement and a similar trend for the crest potential to
increase with electron emission current for both curves is
shown. The computed positions of re, rB, and rA at the elec-
tron emission levels corresponding to Fig. 9 are shown in Fig.
10. The most notable trend in this figure is that larger values
of rA correspond to smaller values of electron emission cur-
rent. Together with Fig. 9b, this suggests that not only are
crest potentials greater at higher electron emission currents,
but electric field strengths are also higher. Although it was
generally not possible to measure the radii identified in Fig. 10
in the experiments, it is noted that the data of Fig. 2 (and
visual estimations of the extent of the luminous region imme-
diately downstream of the contactor) agree to first-order with
the computed radii of Fig. 10.

The effect of contactor flowrate on the experimentally mea-
sured and numerically predicted high-energy ion current and
crest potential are shown in Fig. 11. The theoretical predic-
tions (triangular arid solid circular data points) and experi-
mental measurements (circular and square data points) of
high-energy ion current density corresponding to the 130- and
1000-mA electron emission levels are shown to exhibit com-
parable magnitudes in Fig. 11 a. The theoretical crest potential
data for the 1000-mA condition shown in Fig. lib also show
good agreement with experiments, and the predicted and mea-
sured crest potentials show a similar trend (both decrease with
flowrate). However, the predicted and measured crest poten-
tials corresponding to the 130-mA condition do not show the
same trends. Note that current density measurements made at
an electron emission current of 130 mA (shown in Fig. 11 a)
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Fig. 11 Comparison of measured and computed effects of contactor
flowrate.
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Fig. 12 Computed effects of contactor flowrate on the radii of elec-
tron source, crest and downstream boundaries.

indicate, at a contactor flowrate of 9.6 seem, that no high-
energy ions are present. At this high flowrate and low electron
emission level, apparently no potential hill structure is needed
to assist electron emission from the high-density plasma near
the contactor hollow cathode. Convergent numerical solutions
could not be obtained at the 130-mA condition at flowrates
greater than 6 seem unless the downstream potential VA was
artificially increased to ~ 14 V (from actual measured values
of 8-12 V). Consequently, these data were not included oh
Fig. 11. The computed values of re, rB, and rA corresponding
to Fig. 11 are shown in Fig. 12. In this figure, higher flowrates
are shown to induce larger radii and these radii increase lin-
early with flowrate. It is noted that the trends shown in Fig. 11
could be dependent upon the contactor discharge current. At
a contactor discharge current other than 100 mA, a different
flowrate than the ~ 9.6 seem value associated with the figure
would be expected to eliminate the potential hill. The effects
of discharge current were not investigated and are not in-
cluded in the model because they are considered beyond the
scope of this paper.

The agreement between the numerical and experimental
results shown in Figs. 9 and 11 is considered to be good. In
addition, the rate of ion production (expressed as a current) in
the potential hill region is small compared to the electron
emission current for all of the comparisons made in these
figures. Hence, the rate of low-energy (secondary) electron
production is also small and it should be possible to remove
them as they are produced using a small fraction of the power
in the streaming electron beam. Recall their removal via an
undefined mechanism is assumed in the model. Several exper-
imental observations have been made which suggest that fun-
damentally different phenomena occur at certain emission
current and contactor flowrate condition ranges. For example,
high emission current and/or low-flowrate operating condi-
tions induce higher noise levels, higher anode voltages, and
generation of energetic ions when compared to low emission

current and/or high-flowrate operating conditions. At low
emission currents and high-flowrate conditions, a small, rela-
tively bright (luminous) spot is observed just downstream of
the contactor orifice. Operation of a hollow cathode discharge
under these conditions has been termed the "spot mode,"8

and a potential hill is not present under these conditions.
Conversely, at high emission currents or low flowrates, a
rather large (several centimeters in extent) luminous region
develops downstream of the contactor cathode. Operation of
a hollow cathode under these conditions has been termed the
"plume mode."8 A majority of the experimental evidence
presented here has been collected in the plume mode of opera-
tion, and the model has been developed to describe this opera-
tional mode. However, transitions from the plume to spot
modes have been observed experimentally and the^ model has
been seen to break down at conditions close to those where the
transition occurs. It is possible that operation in the spot mode
occurs at high flowrates when the neutral density is very high
near the contactor orifice region because the electrons suffer
many kinetic energy degrading collisions here and cannot ac-
quire the streaming energies needed to induce substantial ion-
ization and create a potential hill.

Conclusions
Experimental observations of- a hollow cathode-based

plasma contactor emitting electrons to a ambient plasma sug-
gest that a potential hill structure develops close to the contac-
tor cathode. It is postulated that the potential hill is created by
a region of positive space charge, and ions produced in this
region can gain substantial energies as they are accelerated
away from the region. By measuring the energies of these ions,
the height of the potential hill can be inferred. In general, an
increase in contactor flowrate tends to reduce the potential at
the crest of the hill, while larger emission current levels tend to
increase it.

A simple model that reflects the effects of ionization, ion
and electron acceleration, and the space-charge induced by the
ions arid electrons describes the essential features derived from
experimental observations of hollow cathodes emitting elec-
trons. Specifically, it yields magnitudes of potential hill height
and current density of ions flowing from the potential hill that
agree with experimental results. Furthermore, the predicted
effects of electron emission current and contactor flowrate on
these features agree with experimentally observed trends. It is
noted that the total current of ions emitted to the expanding
plasma is estimated to be small compared to the electron
emission current (i.e., typically less than 0.2%). This suggests
that only a small fraction of the electrons flowing from the
contactor to the expanding plasma interact with and possibly
ionize neutral atoms while they stream through the potential
hill region.
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