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One-Dimensional Hollow Cathode Model

Ira Katz,* John R. Anderson,’ James E. Polk, and John R. Brophyi
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109

Hollow cathodes with barium-rich inserts are used in ion engines as electron sources both in the discharge
chamber and to neutralize the ion beam. Future deep space missions will require hollow cathode lifetimes in excess
of the 28,000 h demonstrated during the International Space Station plasma contactor hollow cathode life test.
A hollow cathode model is developed based on the observation that xenon ion mobility is diffusion limited due
to resonant charge exchange reactions. Application of the model to the orifice region shows that the resultant ion
generation profile correlates with previously reported orifice erosion. Modeling of the insert region shows that
vapor-phase barium atoms are ionized almost immediately and electric fields accelerate the ions upstream from

the “emission zone.”

Nomenclature
C = eigenvalue associated with Bessel function
D,,D,,D; = ambipolar,electron, and ion diffusion rates,
m? s~
E; = xenon first ionization energy, 12.1 eV
E. = axial electric field strength, V- m~!
e = electron charge, 1.60 x 10~ C
f = fraction of neutrals with ion radial speed
1, = electron current, A
(), Ji() = zero-orderand first-order Bessel functions
Je = electron current density, A - m~2
k = Boltzman constant, 1.38 x 10723 JK~!
M = xenonmass, 2.20 x 107> kg
m, = electronmass, 9.11 x 1073 kg
n = plasma number density, m~>
n,, n;, ngy = electron, ion, and neutral number densities, m~>
n(0) = ion number density at centerline, m~>
n = plasma productionrate, m~> - s~!
n = radially averaged ion number density, m~>
p = xenon pressure, Pa
R = orifice radius, m
r = radial coordinate, m
T = neutral xenon temperature, K
T, T; = electron, and ion temperature, eV
T, = reduced temperature, K
Tyan = orifice wall temperature, K
Uy, Uj = electron and ion axial velocities, m - s~
u, = ion radial velocity, m-s~!
Ugcat = ion scattering speed, m - s7!
Uy, = ion thermal speed, m-s~!
Unall = ion velocity to orifice wall, m - s~
o = neutral axial velocity, m - s~!
b4 = axial coordinate, m
& = permittivity of free space,
8.85x10712C-v-l.m!
¢ = viscosity,Pa-s
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n = plasma resistivity, V-m- A~}

K = electron thermal conductivity, A/m

A = Coulomb log

Aot = first zero of zero-order Bessel function, 2.405

e, i = electron and ion mobility, m? - V=1 57!

b4 = ratio of circumference to diameter of a circle

OCEX = charge exchange cross section, m?

oen(T,) = Maxwellian averaged electron—neutral collision
cross section, m>

o(T,) = Maxwellian averaged ionization cross section, m?

TCEX = average time between charge exchange collisions
for a xenon particle, s

To = average time between electron collisions, s

T; = average time between ion collisions, s

Twall = average time between collisions with wall for a
xenon particle, s

Uei = electron-ion collision frequency, s~

Uen = electron-neutral collision frequency, s

wp = plasma frequency,s™!

Introduction

OLLOW cathodes are a critical component of most electro-

static and Hall effection thrusters. The record life of a hollow
cathodewas for the International Space Station plasma contactortest
runat NASA JohnH. Glenn Research Centerat Lewis Field.! During
this test, the hollow cathode performance changed after 23,000 h of
operation, and the cathode finally failed to restart after 28,000 h, or
justover 3 years. This enduranceis impressive and exceeds present
demands on a hollow cathode for solar electric propulsion missions.
However, on missions to the outer planets, electric thrusters will be
required to operate for more than 5 years.> Because of this need, we
have begun a systematic investigation to model the processes that
can cause hollow cathode performance degradation and failure.

In a hollow cathode, electrons transfer between neutral gas atoms
and ionized propellant through resonant charge exchange (CEX).
The CEX cross section between Xe and Xe* is so large at low ion
energiesand the densitiesare so high thatinsidehollow cathodes,ion
mobility is diffusion limited. When literature values for the cross
section® are used, at a cathode pressure of 10 torr, the ion mean
free path for resonant CEX is less than 5 x 107% m, much less than
cathode orifice dimensions. The model to be described builds on
the limited ion mobility to construct a set of fluid equations that
describe the cathode plasma. A straightforward application of the
model leads to a new description of hollow cathode processes.

In the orifice region, we have a new one-dimensional, variable
cross section model that extends the previous model of Katz et al.*
to include CEX collisions, a radial density profile, axial variation
in all parameters, and neutral gas viscosity. The model shows that
the axial variation of ion currents bombarding the orifice walls is in
agreement with published shapes of neutralizer orifice erosion
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Fig. 1 Schematic of hollow cathode operation.

In the insert region, the electron temperature from this model
agrees well with published spectroscopic measurements® and
langmuir probe measurements (see Ref. 7). The model shows that
vapor-phase barium atoms are quickly ionized. When the electron
impact ionization cross section®’ is integrated over a thermal dis-
tribution, barium atoms are ionized in less than a microsecond in
the insert region plasma, that is, much less than the atom tran-
sit time across the insert. Plasma electric fields transport barium
ions upstream. This is in contrast with previous work!® that only
included neutral barium diffusion and convection downstream by
neutral xenon gas. The effective velocities of barium ions are in the
opposite direction of the barium neutral model reported previously.

Background

A hollow cathode consists of a metal tube lined with a sintered
tungsten insert capped at one end by a plate with a small orifice,
as shown in Fig. 1. Electrons are emitted from the barium oxide,
calcium oxide, aluminate impregnated insert. Propellant gas, typi-
cally xenon, flows into the tube and exits, partially ionized, out of
the orifice. Electrons flow from the insert region, through the orifice
plasma to keeper and other anode surfaces. Whereas most of the
electrons emanate from the insert material, one of the results in this
paper is to show that electrons are generated by ionization of the
propellant gas and the circuit completed by ions impacting the inner
walls of the orifice. Calculations for NASA’s Solar Electric Propul-
sion Technology Application Readiness (NSTAR) ion thruster neu-
tralizer design'! operating at full power show that one-third of the
electrons are generated by ionization in the orifice.

The model presented builds on a previously published model of
orifice processes thatignored axial variation;instead, it treated “the
orifice as a cylinder containing a homogeneous neutral plasma.™*
The previous zero-dimensionalmodel also assumed that the ion loss
rate to the walls was the product of the wall area and the ion thermal
flux, assuming the ions had a Maxwellian velocity distribution with
the electron temperature. This simplifying assumption is removed
in the present work, where the ion motion is determined from the
ambipolar diffusionequation. Another approximationeliminated in
the present model is the use of a temperature-independent electron—
neutral elastic cross section. The earlier model included power loss
duetoradiation;however,radiationis neglectedin the presentmodel
because the plasma is optically thick and most of the radiation is
trapped inside the plasma.’

Orifice Plasma Model

Inside the orifice, the electron current density is the highest, and
classical electron scattering leads to resistive heating. These hot
electrons ionize a fraction of the xenon gas, and although most of
the ions hit the walls of the orifice, some escape downstream. These
ions provide charge neutralization for the electron current exterior
to the cathode.

Inthe model, neutral xenon gas and electronsenterthe orifice from
the insert region, neutral xenon and electrons exit downstream, and
xenon ions exit both upstream and downstream. The computational
region includes the orifice and the chamfered expansion region,
shown in Fig. 2. Most of the ions that are created in the orifice
recombine on the walls, as shown in Fig. 3. We assume that the
electrons behave as a classical fluid, that the neutral xenon gas flow
is Poiseuille flow, and that the ion flow is diffusion limited because

iChamfered

Orifice i Region

Insert Region

% Zorifice

]
Zplate

Fig. 2 Volume modeled includes the orifice and the chamfered region.

A’t Xe*
Outside the Cathode

T

Fig. 3 Most of the ions created in the orifice recombine on the walls.

Orifice Plate

of the short mean free path, <5 x 107% m, for resonant CEX with
neutrals. It is the very short ion mean free path for resonant CEX
that controls the plasma density radial profile and loss rates.

Mass Continuity Equations

With the assumption of quasi neutrality
n=n ~n, )

the local ionization rate links the steady-state continuity equations
for neutral xenon, xenon ions, and electrons:

AV oun =0 3)
eV j,=0 )

The electron current density is
je = —enu, (5)

The ion-generationrate is

n = 4o (T,)non/eT,2nm, 6)

The impact ionization cross section for xenon averaged over a
Maxwellian distribution of electrons at temperature 7, (in electron
volts) is*

o (T,) ~ 1072°[3.97+(0.643T,)— (0.0368T2) | exp(— E;/T.) (7)
Includingthe boundary conditionthat the ion flux to the orifice walls

is balanced by the neutral flux off the walls, and integrating over
the orifice radius, we obtain the following equations in the axial
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dimension z:

N . dugng
TR | —n+ 8_ + 27 Ruyqn = 0 (8)
Z
of ., Oun
nR|\n+—— ) —2nRuyyn =0 ©)]
0z
dJe
nRz(m 42 ) -0 (10)
0z

The electron current is related to the electron current density by
I, = nR?j, (11)

In the orifice, uya is chosen to be the average ion radial velocity
u, derived later. In the chamfered region, where the wall radius
expands at a 45-deg angle, the losses are lower because the flow
is nearly parallel to the walls. (The axial and radial velocities are
comparable.) A true assessment of wall losses in the chamfered
region requires a two-dimensionalcode. In the code, the wall losses
are computed using the velocity component perpendicular to the
wall; if this velocity component is directed away from the surface
in the chamfer region, wall losses are set to zero.

The electron continuity equationaccounts for the increasein elec-
tron currentdue to ionization. This currentis carried to the walls by
the ions. Our calculationsshow that the current from ionization can
account for one-third of the current at typical NSTAR neutralizer
operating conditions.

The average neutral gas velocity is determined assuming
Poiseuille flow:

R?dP i’
o 8¢ dz (12)

The temperature-dependent xenon viscosity is found using the cor-
responding states method.!? For xenon, the viscosity is

£ =23x 10_5Tr0‘965 for T, <1
¢ =23x 10707 H0B/T: for T, >1
T, =T/289.7 (13)

As discussed later, ions diffuse radially toward the orifice wall. An
ion that undergoesa CEX collisionbecomes a neutral with the same
velocity it had when it was an ion. Because of the large of CEX
collision cross section, a large fraction of the neutral xenon will
suffer CEX collisions and diffuse toward the wall at the ion radial
speed. This causes the viscosity to increase and is incorporatedinto
the model as an increase in neutral xenon temperature,

T = Ty + (M/O)[(fu,) + ] (14)
The fraction of neutrals that have the ion radial velocity is given by
f =1—expl—(n/no)tywa/Tcex] (15)

Heating of neutralsby CEX collisionsis consistentwith experiments
where neutral temperatures greater than the orifice wall temperature
have been observed."?

The upstream neutral density is determined by the requirement
that the sum of the steady-state neutral and ion fluxes entering the
orifice equal the specified gas flow rate through the hollow cathode.

Ion and Electron Momentum Equations

We assume that inertial terms are negligible in both the ion and
electron momentum equations, an assumption supported by the cal-
culations to follow. We also assume that the axial ion current is
small compared with the electron current. The electron momentum

equation takes the familiar form of a generalizedOhm’s law, as does
the ion momentum equation,

. on
Je = eDe_ + enMFEz (16)
0z
on
n(u; —”0)=—Dza_ +nu E, (17)
Z

For electrons and ions, the diffusion coefficients and the mobilities
are defined as

D, =t (eT,/m,) (18)
D; = 1,(eT; /M) (19)
He = T.(e/m,) (20)
wi =ti(e/M) 21

‘When the axial electric field is eliminated, the ion momentum and
electron momentum equations can be combined into a single equa-
tion,

i on if Je
n(u; = ug) = —(D[ + Z_D)B_z + l’j—(’;)

d i 'e
— D, —+ ”—(’—) (22)
0z H.\ e

Computational results show that the last term is nonnegligible and
that the applied electric field drives ions in the orifice upstream into
the insert region. Therefore, ions generated in the insert region do
not escape from the cathode.

The ion mobility is limited by resonant CEX with neutral xenon.
In the orifice the ion mean free path for CEX collisions is several
micrometers. The average time between ion collisions (in seconds)
is

T = 1/0cexMolsca (23)
Using this, the ambipolar diffusion coefficient is
D, = (1/ocexno)(e/M)[(T; + T.) /thsea] (24)

For relatively slow diffusion, such as in the insert region, the ion
scattering speed can be approximated by the ion thermal speed,

Uy = \/eT, /M (25)

However, in the orifice, the radial drift velocity frequently exceeds
the ion thermal speed, and we use

e = V13, + (; — up)? + u? (26)
The average collision time for electrons is given by
T = 1/(Uei + Uen) (27)

The electron—-ion coulomb scattering frequency is'*

o

Uy = 2.9 x 1072nAT, (28)
where the coulomb logarithm is
A=23—210(10"°/T?) (29)

The electron—-neutral collision frequency is

Uen = Uen(Te)nUV eTe/me (30)

A numerical fit to the electron—neutral scattering cross section av-
eraged over a Maxwellian electron distributionis®?

Oa(T) 6.6 x 107°{(T,/4 — 0.0 /[1 + (T./H"]} 3D
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Ion Radial Flow

As shown later, axial ion density gradients in the interior of the
orifice are small, and most of the ions produced are lost by diffusion
to the walls. Setting the diffusionloss rate equal to the ion production
rate yields

-V .[D,Vn] =1 (32)

Ignoring the axial density gradients and radial variationsin electron
temperature and neutral densities, we obtain

*n  1dn )
ﬁ-l-;g-l-Cn:O (33)

where

C? = nyo (T,)\/8eT,/xm, [ D, (34)

The solution to Eq. (33) is a zero-order Bessel function,
n(r) =n(0)J(Cr) (35)

Assuming that the ion density goes to zero at the wall, the constant
becomes

This eigenvalue leads to the following equation that determines the
electron temperature:

(R/ro1)noo (T,)\/8eT,/xm, — D, =0 37)

The radially averaged ion density is related to the ion density on the
centerline by

R
n= / n(O)JU(ﬂr)zm dr/nR2 = n(O)[M} (38)
0 R Aot

The radial ion flux at the wall is

(ho1)? 5

D, D, 2 g oy = D (39)
—D,— =n — =nb, nu,
ar R 2R

Substituting the ambipolar diffusion coefficient derived using the
CEX collision time, the effective radial drift velocity at the wall is

dor)’ T + T,
" = (Ao1) i( + ) 40)
2Rocpxng M Uscar
m10°-107  m 107-10"
D 10]9_ 102(] - 1020_ 102]

Energy Equation

The steady-state electron energy equation is
0=—V-(=2jT = kVT,) + nj> — rieE, (41)

where E; is the ionization energy of xenon, 12.1 eV. The plasma
resistivity is

n=1/er.0> (42)
and the classical electron thermal conductivity is'*
i =3.2(¢n’T, [m,) (43)

Following the analysis of Malik et al.,° it appears that the ori-
fice plasma is optically thick, and therefore, radiative losses are
neglected.

Insert Region Results

In the insert region, the electron current density is small, ex-
cept in the vicinity of the orifice. If we drop the electron cur-
rent terms and assume that the plasma is isothermal, we can use
the ion radial flow equations to determine the maximum pos-
sible temperature. The model yields an electron temperature of
1.1 eV compared with spectroscopic measurements of 1.1 eV
reported by Malik et al® For the insert geometry reported by
Domonkos et al.,” the model gives an electron temperature of 0.6
eV compared to 0.7-0.8 eV temperatures measured with langmuir
probes.

We havesolvedin two dimensionsthe isothermalambipolardiffu-
sion equationto obtain a plasma density distributioninside the insert
region (Fig. 4). The ion density in the orifice was fixed at 1022 m~3,
consistent with the results of the orifice calculations discussed in
the next section. The plasma density drops rapidly upstream of the
orifice. It can be shown analytically that if the radial variation were
a zero-order Bessel function the plasma density would decay expo-
nentially from the orifice.

Vapor-phase barium atoms are quickly ionized due to their low,
5.2 eV, ionization potential. Barium ions are accelerated upstream
by the potentials in the insert region as shown in Fig. 5; similar
potential variations have been measured using langmuir probes in
mercury hollow cathodes.!® Using this insert region electric field
and an approximate mobility ratio for barium ions in xenon,!” we
estimate that barium ions diffuse upstream with a velocity on the
order of meters per second. Thus, the effective barium pressure
abovethe activeinsertmaterial is lower than assumedin the previous
work,!? and this explains why the hollow cathode insert lifetimes are
consistentwith insertlife in vacuumdevices.'® Thisis also consistent
with the observation of barium deposits at the upstream end of the
insert after long duration tests.!3

O 10— 10"

o 1021_ 1022

Fig. 4 Plasma number density (per square meter) in the insert region calculated assuming uniform electron temperature.
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Orifice Results

We have applied the model to the neutralizer cathode of the
NSTAR ion thruster operating at the full power point.!® At this
operating point, the total cathode current is 3.26 A and the xenon
gas flow rate is 3.54 x 1077 kg/s.

Figure 6 shows the computed neutral xenon and ionized xenon
number densities in the orifice and chamfer regions. The ion
(plasma) density peaks near the center of the orifice and decreases
on either side as ions flow out both ends of the orifice. The neutral
xenon density decreases as the flow accelerates downstream. The
computed upstream pressure for this case is 6.3 kPa (47 torr). We
do not have good pressure measurements to compare with this esti-
mate; however,operatingpressuresin thisrange have been measured
experimentally”

The computed electron temperature, shown in Fig. 7, increases
from 1.1 eV in the insert region to about 1.5 eV at the center of the
orifice and then rises to about 2 eV as the flow enters the chamfer
region.

The calculated electron current through the orifice and chamfer
regions is shown in Fig. 8. Most of the ions produced in the orifice
diffuseto the wall, while the electrons produced from ionizationcol-
lisions are extracted downstream. Slightly over 1 A of ion current

Insert Region Ambipolar Potentials

Potential (V)

-0.0150 -0.0100 -0.0050
Axial Location (m)

-0.0200 0.0000

Fig. 5 Potential along the axis in the insert region.
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Fig. 6 Calculated neutral andion densities in the orifice and expansion
regions.
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Fig. 7 Calculated electron temperatures in the orifice and expansion
regions.
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Fig. 8 Calculated electron current in the orifice and expansionregions.

Fig. 9 Neutralizer cathode orifice showing erosion after long duration
test.
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Fig. 10 Calculated initial ion current density along the wall of the
uneroded orifice.

strikes the orifice wall at the NSTAR full power point. As a result
only about two-thirds of the electrons extracted from the neutralizer
cathode are supplied from the insert region. Hollow cathode neu-
tralizer orifice erosion has been reported after long duration tests.!
Typically, the greatest enlargement s at the downstream side of the
orifice, with the erosion diminishing toward the upstream end. For
example, Fig. 9 shows a section through the NSTAR neutralizer
hollow cathode orifice plate taken after the 8000-h life test. The
cylindrical orifice has been eroded into a conical shape, indicat-
ing an axial variation in the orifice environment. This same axial
variation in erosion pattern was also reported in the life test of the
International Space Station plasma contactor hollow cathode.! In
the present calculation (Fig. 10), the ion current density at the wall
follows a similar profile. Almost all of the ions generated are ac-
celerated radially into the orifice walls. We have not yet included
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double ions or sheath potentials into the model and are, therefore,
presently unable to calculate sputtering rates.

The diameter of the NSTAR neutralizer orifice nearly doubled at
the downstream end (Fig. 9) during the 8000-h test. Calculations
using twice the diameter of the NSTAR neutralizer design show
that the current density to the orifice wall decrease by over an or-
der of magnitude. Because the erosion rate is proportional to the
current density, the orifice erosionrate is expected to decrease com-
parably after the diameter doubles. This decrease in current density
to the wall occurs because the diffusion rate is lower for larger
diameters.

After the 8000-h test, the NSTAR discharge chamber cathode
orifice diameter decreased slightly due to deposited material.’ The
dischargechamber cathode orifice diameteris almost four times that
of the neutralizercathode, and over 15 A of electron current was ex-
tracted during operation. The model was applied to this cathode, and
it predicts that 0.2-A ion currentis collected on the orifice wall. The
maximum current density at the orifice wall is about 21 times lower
than that for the NSTAR neutralizerdesign, which is consistentwith
the fact that erosion was not observed.

Summary

We are developinga new model of hollow cathode processes that
accounts for the very short propellantion mean free path for resonant
CEX. Our first results, include descriptions of current generation,
operating pressure, and ion fluxes to orifice surfaces, as well as a
new barium transport model.

In the insert region, the model describes a weakly ionized, quasi-
neutral plasma with relatively slow diffusion-limited xenon ion
transport. Electron temperatures predicted by the model are in good
agreement with recentdata. Previous models assumed barium trans-
port was controlled by neutral gas convection.In our model, plasma
electric fields drive barium ions with velocities an order of mag-
nitude greater than and in the opposite direction from neutral gas
convection.

When applied to the orifice, we found that for small orifice diame-
ters a substantial fraction of the current was generated by ionization
of the propellant and subsequent recombination of the ions on the
orifice walls. This can resultin rapid erosion until the orifice diame-
ter increases enough to resultin a significant reductionin propellant
ionization in the orifice.

The ions charge exchange with neutrals many times as they are
accelerated toward the orifice walls. These multiple CEX collisions
act to heat the neutral gas far beyond the orifice plate temperature.
This heating increases the gas viscosity, accounting for the pressure
rise observed when a hollow cathode discharge is started.’

The distribution and magnitude of ionization in the orifice cor-
relates with observed orifice erosion. Additional work in this area,
including sheath potentials and double ion generation is needed to
allow prediction of orifice erosion rates.

Although the first results are promising, the work presented
here is not a complete description of hollow cathode operation.
To predict reliably hollow cathode performance and life, addi-
tional efforts are required to develop a fully two-dimensional code
that includes self-consistent models of insert electron emission,
plasma sheaths, multiple ion species, surface temperatures, and
radiation.
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