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Fluid Model of Plasma Qutside a Hollow Cathode Neutralizer

D.E. Parks,* M.J. Mandell,t and I. Katz}
S-Cubed, La Jolla, Calif.

The present study analyzes the capability of a fluid model of electron transport to explain observed properties
of the external plasma of a hollow cathode neutralizer used to neutralize a beam emerging from an ion thruster.
Calculations reported here show that when the effective collision frequency in such a model is near the plasma
frequency, the resulting electric potential and electron temperature variations are in qualitative agreement with
values measured in the plume mode of the hollow cathode. Both theory and experiment show strong variations
of temperature and potential within a few centimeters of the cathode orifice.

Nomenclature

=kinetic energy of an electron

=electric field

=net current density

=Boltzmann’s constant

=scale length for variation of macroscopic plasma
properties

=clectron mass

=electron density

=density of ions (+) and electrons (= ); i= +, —

=scalar electron pressure

=magnitude of electron charge

=heat flux

= position vector

=collisional drag force between electrons and ions

=e¢lectron temperature

=V_V,

=drift velocity of electrons

. =drift velocity of ions

=jitter velocity of electrons

=electron density fluctuation

=plasma resistivity

=thermal conductivity of plasma

=coefficient defined by power law dependence of x on
8, k=mx’ 6= with m a pure number

=mean free path for pair collisions between electrons

=Debye length

=effective collision frequency

= electron-ion collision frequency

=7 -1

=electric potential

= frequency of oscillation of fluctuating field

=electron plasma frequency
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Introduction

HE purpose of the present study is to show that when an

effective collision frequency near the electron plasma
frequency is used in a classical fluid model of electron
transport, the resulting electric potential variations and
electron temperatures are in qualitative agreement with values
measured beyond the orifice of a mercury hollow cathode
neutralizer. The same conclusion had been reached in
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previous applications of the fluid model to the study of
neutralized ion beams. !

It is proposed to explain the plasma properties observed in
the aforementioned experiments in terms of anomalous
resistance of the plasma to the flow of electron current. The
calculations are based on fluid equations expressing con-
servation of charge, momentum, and energy. The classical
(ignoring thermoelectric effects) form of the equations of
electron transport is adopted,?> but reduced values of the
transport coefficients are permitted.

While the plasma is not a collision dominated fluid, ran-
domization of electron velocities may still occur through
enhanced levels of fluctuating fields, such as those initiated by
streaming instabilities. The fluctuating fields are probably
effective in coupling neutralizer electrons into the bulk plasma
and in equalizing the mean drift of electrons with ions in the
system. Such effects are often approximated by introducing
an effective collision frequency, ».

Competition between collective and collisional effects is
controlled by the density. Within a few centimeters of the
orifice the electron densities satisfy AL 103 ¢cm~3, and their
velocity distribution is characterized by temperatures 6
between about 1 and 5 eV. The Debye length

A, =T743V0/n cm

is typically small compared to distances L ~1 ¢m, over which
there is a substantial variation of macroscopic plasma
properties such as density, potential, and temperature. On the
other hand, the mean free path for pair collisions

A= 102E%6% /n~7 cm, E<b

for electrons of energy E (eV) is typically long compared to L,
so that, as previously asserted, the behavior of the plasma is
controlled by collective rather than collisional effects. Since
Np <L, the plasma is quasineutral, departures from neutrality
amounting roughly to

dn/n~(N,/L)?~1074,

the space around the neutralizer is strongly shielded from
surface potentials. This is in contrast to the situation that
prevails in charging of spacecraft in geosynchronous orbit,
where effects of space charge are entirely negligible and
potentials are determined as solutions of Laplace’s equation.
Although collisionless, neutralizer and thruster-generated
plasmas exhibit macroscopic behavior similar in many
respects to that of a collisional plasma. Such behavior is
perhaps not totally unexpected in view of the fact that in both
nonequilibrium and equilibrium plasmas electrons are
scattered by fluctuating electric fields. A primary difference
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between the equilibrium and nonequilibrium cases is the
magnitude of the fluctuating fields.

Several investigators have measured properties of thruster-
generated plasmas.3® In the experiments of Sellen and
Bernstein®® and Ogawa et al.”® on cesium ion beams
neutralized by electrons from a hot wire, measurements were
made of the density, potential, and electron temperature in
the beam plasma. The potential difference between the
neutralizer wire and the plasma could be varied by changing
the position of the wire, the large potential differences
(electron injection voltages) occurring when the wire was
completely withdrawn from the beam plasma. An important
result of the Ogawa experiments was that over a wide range of
conditions electron density # and plasma potential ¢ were well
correlated by the barometric law

n(r) =constexp [go(r)/kT] (1)

The approximate validity of the barometric law was further
verified by Kaufman.®

Siegtried and Wilbur conducted probe measurements of the
plasma temperature and potential outside a hollow cathode
operating in both plume and spot modes.!® In the plume
mode, the measurements show strong variations of potential
and temperature within a centimeter or so of the orifice. Such
results cannot be explained on the basis of a barometric law.
We anticipate, however, that the observed behavior should be
explained in terms of the anomalous resistivity of the plasma
to the flow of electron current. Thus the primary objective of
the following sections of the report is to determine the
capability of simple transport models to explain, at least
qualitatively, the experimental results.

The next section summarizes the fluid equations for the
electrons in terms of conservation of charge, momentum, and
energy and discusses the method of solution. Application of
the equations to the exterior plasma of a hollow cathode and
the results are discussed in the following two sections. The
final section summarizes this study and the conclusions drawn
from it.

Approximations for Electron Gas
Consider that the plasma is in a steady state and that
quasineutrality pertains throughout the bulk plasma (that is,
away from electrodes and collecting surfaces). The electrons
and ions cach satisfy the particle continuity equation
v-nV,=0 (i=+,—-) ?2)
with #n_=n_=n. The momentum equation simplifies
considerably if the electron drift velocity ¥ is small compared
to the random velocity and if the velocity distribution is nearly
isotropic. Then, in the absence of magnetic fields,

vp+gnE=R (3)
In a classical plasma dominated by collisions, R is composed
of a part proportional to the relative motion u=V_~V_
between electrons and ions, leading to plasma resistivity, and
to a thermal part proportional to the gradient of electron
temperature, which is frequently neglected. In this ap-
proximation,
Vp+gnk=nnqj 4
where
p=nkT=nb ' 5)
is the electron pressure, j is the net current density, and the
plasma resistivity 5 is related to the electron-ion collision

frequency v, by

n“1:(wi/47r)(1/vci) 6)
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If the plasma is nonresistive and isothermal, Eq. (4) yields the
barometric law, Eq. (1).

If the plasma is not collision dominated, randomization of
electron velocities may still occur through the enhanced levels
of fluctuating fields in the plasma, such as occur for electron
two-stream instabilities, or electron-ion instabilities of the
ion-acoustic or Bunemann type.!"!2 These mechanisms are
probably effective in coupling neutralizer electrons into the
bulk plasma and in equalizing electron and ion mean drift
velocities. They are often approximated by introducing an
effective collision frequency, », in place of ».

The determination of electron temperatures in the plasma
requires consideration of the energy balance equation.
Making the same approximations in the equation expressing
conservation of energy that were made in the momentum
equation, yields

v -qg=nj? (7

The heat flux ¢ contains new features. Classically, ¢ contains
two terms: one proportional to the relative drift velocity
between electrons and ions, and the other proportional to the
gradient of electron temperature.?

For the initial calculations, we ignore the drift con-
tributions to the energy flux and the electron-ion heating, and
assume that the heat flux is proportional to the temperature
gradient. The energy balance equation thus assumes the
simple form

YV -kVi+7/2=0 8)

The theoretical basis expressed by Eqgs. (4) and (8) is
dependent on the existence of strongly fluctuating electric
fields to randomize the velocities of electrons in the vicinity of
the neutralizer. If such fields exist and oscillate at a frequency
w, the effective collision frequency seen by electrons would be
of order

V~wp<E2)/n0

where (E?) is the mean square amplitude of the fluctuating
field. In a classical collisional plasma,

(E?y~nb/n\},
and » reduces to the ordinary classical collision frequency. In

general for a field oscillating at frequency w, the jitter velocity
of electrons is

V=qE/mw
so that
3 n q2(E?) ] w?
—nf~ - 2y =15 = — —L2(f?
2n 2m<v ? 2 mw? 81T w? (ES

Thus, for w~ W, the mean energy density of fluctuating fields
and the mean particle energy density are comparable and
v~ua, exceeds v,; by a factor nAj, ~ 107, In this circumstance,
the required condition of strong turbulence would exist near
the neutralizer.

Equations (2-8) have been incorporated into a two-
dimensional R-Z computer code. For the present applications,
the ion density is a specified function of position and ion
velocities are set to zero. The net current in the plasma is given
by

j=ol—Vo+(qg/n)Vpl &)

The code determines electrostatic potentials by solving
v -j=0. It is necessary to iterate between this equation and
the temperature equation [Eq. (8)], since the pressure is a
function of temperature. On the various boundary regions,
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either isothermal or insulating boundary conditions may be
specified. Since, in practice, we take « to have a power law
dependence on 8, xk =m«k’ 6™~ the equation actually solved is

-V V("= /0 (10)

For convenience, the transport coefficients ¢ and «’ are
calculated by a single isolated subroutine. The conductivity o
may depend on both density and temperature, and «’ on
density only. The present version assumes a relaxation rate
proportional to the plasma frequency so that

o=n"(e?/m) (1/8.98«) (11)

where the parameter « is taken to be 0.51. By the classical
Weideman-Franz law,

K:;jo(k/q)zT (12)

If we measure temperature in eV, k= q, so that k' = %o0.

Application to Neutralizer Plasma

Siegfried and Wilbur!® conducted experiments to determine
the density, electric potential, and electron temperature in the
exterior plasma produced by a hollow cathode neutralizer.
The experimental results together with essential geometrical
features, discharge current /,, discharge voltage V, and
ampere equivalent neutral mercury flow rate /n are given in
Figs. 1 and 2. The plume mode discharge occurred between
the hollow cathode and an anode a few centimeters down-
stream from the 0.75-mm-diam orifice of the hollow cathode.
Measurements were also made for spot mode operation, but
the corresponding theoretical analysis -has not been per-
formed.

For theoretical analysis of the plume mode results, a
version of the code was constructed with 0.002-m radial
resolution and 0.004-m axial resolution and applied to the
region downstream from the keeper. lon density, falling
according to the inverse square law from a point source [ ¢cm
behind the keeper, was normalized to a density of 10'8 m -3
on axis in the keeper plane. A current of 2 A, assumed to flow
uniformly through a 1-cm radius keeper, was distributed in
proportion to the ion density at the downstream boundary of
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Fig. 1 Cathode plasma potential and electron temperature
profiles—plume mode (from Ref. 10).
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the computational grid. The electron temperature was set to 1
eV at the keeper plane in approximate conformance with the
measured value; a null heat flux condition, V0=0, was
applied at all other boundaries to simulate the effect of an
electron repelling sheath.

The theoretical results (Figs. 3 and 4) show, in agreement
with experiment, a sharp rise in both temperature and
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Fig. 2 Cathode electron density profiles—plume mode (from Ref.
10).
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Fig. 3 Computed electron temperature on axis as a function of
position downstream from keeper plane.
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Fig. 4 Computed electron potential on axis as a function of position
downstream from keeper plane.
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potential, followed by a gradual drop as one proceeds
downstream from the keeper. The quantitative agreement
between theory and experiment is quite good. (Observe ex-
panded scales along axes in Figs. 3 and 4.)

Discussion

Theory and experiment agree in exhibiting strong structure
in temperature and potential profiles downstream from the
orifice of the neutralizer. Theoretically, the spatial structure is
obtained within the context of a quasineutral plasma; that is,
the structure a few millimeters downstream from the orifice is
not associated with Debye screening effects. Such screening
effects should not be present, since owing to the high plasma
density N~10'2 cm~-3, the Debye screening length, A\,
~10-3 c¢m, is much shorter than the observed length scale of
potential and temperature variations. Reducing » by an order
of magnitude below w, would lead to nearly flat temperature
and potential profiles, thus destroying the agreement between
theory and measurement. The spatial extent of strong tur-
bulence within which v~ w,, is not known, nor are the con-
ditions for its occurrence. Resolutions of such questions,
requiring separate equations for the intensities of waves in the
plasma, is beyond the scope of this study.

Effects of magnetic fields, which may be several Gauss near
the neutralizer, have been ignored. This is justified in the
present model since effective collision frequencies
w,~5X% 1012 s are much greater than the electron cyclotron
frequency.

It would be informative to carry out calculations without
the specification of ion density as a prescribed input quantity.
Such calculations would involve an independent deter-
mination of degree of ionization from appropriate rate
equations and a knowledge of the flow rate of neutral mer-
cury through the orifice. Whether or not such an augmented
model would yield the observed plasma density and the
transition from plume to spot mode at larger discharge
currents has not been determined.

Conclusions
The consequences of the assumption that the electron gas in
the exterior plasma of a hollow cathode neutralizer operating
in the plume mode is effectively collisional have been
analyzed. It is found, in agreement with previous studies,!
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that v ~w, is required to give calculated plasma properties in
agreement with measured ones.

In conclusion, further work should be performed to test the
qualitative and quantitative capabilities and limitations of
fluid models of thruster-generated plasmas, and to better
understand the relationship between such models and the
underlying plasma physical mechanisms embodied in the
Vlasov equation.

Acknowledgments
This work was supported by NASA Lewis Research Center,

' Cleveland, Ohio under Contract NAS3-21762.

References

'Parks, D.E., Mandell, M.J., and Katz, I., “Fluid Model of
Neutralized Ion Beams,”’ ATIAA Paper 81-0141, Jan. 1981.

2Braginskii, S.I., “Transport Processes in a Plasma,”” Reviews of
Plasma Physics, Vol. 1, Consultants Bureau, New York, 1965, pp.
205-311.

3Kerslake, W.R., Byers, D.C., and Staggs, J.F., “SERT II:
Mission and Experiments,’” Journal of Spacecraft and Rockets , Vol.
7, Jan. 1970, pp. 4-6.

4Byers, D.C. and Staggs, J.F., ““SERT: Thruster System Ground
Testing,”” Journal of Spacecraft and Rockets, Vol. 7, Jan. 1970, pp.
7-14.

5Sellen, J.M. Jr., Bernstein, W., and Kemp, R.F., “Generation
and Diagnosis of Synthesized Plasma Streams,’’ Review of Scientific
Instruments, Vol. 36, March 1965, pp. 316-322.

6Bernstein, W. and Sellen, J.M. Jr., “‘Oscillations in Synthetic
Plasma Beams,”’ Physics of Fluids, Vol. 6, July 1963, pp. 1032-1033.

7Ogawa, H.S., Cole, R.K., and Sellen, J.M. Jr., “Factors in the
Electrostatic Equilibration Between a Plasma Thrust Beam and the
Ambient Space Plasma,”” AIAA Paper 70-1142, Aug. 1970.

80gawa, H.S., Cole, R.K., and Sellen, J.M. Jr., “Measurements
of Equilibration Potential Between a Plasma Thrust Beam and a
Dilute Space Plasma,’’ AIAA Paper 69-263, March 1969.

9Kaufman, H.R., “Interaction of a Solar Array with an Ion
Thruster Due to the Charge-Exchange Plasma,’”” NASA CR-135099,
Oct. 1976.

10Siegfried, D.E. and Wilbur, P.J., ““An Investigation of Mercury
Hollow Cathode Phenomena,’” AIAA Paper 78-705, April 1978.

IKrall, N.A. and Trivelpiece, A.W., Principles of Plasma Physics,
McGraw-Hill, New York, 1973, pp. 449-458.

12Bunemann, O., “Dissipation of Currents in Ionized Media,”
Physical Review, Vol. 115, Aug. 1959, pp. 503-517.



