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Nomenclature

magnetic field strength

coefficient in Eq. (17)

electric field strength

beam ecurrent

neutral current (equivalent)

ion production rate (equivalent current)
neutral current density

current densities parallel to and perpendicular to

magnetic field

beam current density and electron current

Boltzmann constant

chamber length

ion mean free path

ion mass

average number of collisions
electron, ion and neutral densities
ionization probability

dimensionless parameters, Eq. (6)
maximum ion cross section in Eq. (6)
anode radius

electron cyclotron radius, and rms value
electron temperature

ionization potential

excitation potential

plasma potential

mean thermal energy

radial plasma potential difference
ion speed

atomic mass, amu

electron anode loss, ev/ion

discharge loss, ev/beam ion
collisional loss, ev/ion

electron wall loss, ev/ion

discharge loss ev/plasma ion
nominal propellant utilization efficiency

electron-electron and electron-neutral collision fre-

quencies
ion production rate
ionization coefficients
zero field conductivity
lonization cross section

ratio of beam current to total current to screen
mean collision time

ratio of total ion current to beam current
electron cyclotron frequency

€ 4 6
o

€
-

Introduction

INCE its introduction in 1960, the mercury bombard-

ment ion thruster has been the subject of extensive re-
search and development programs. Bombardment thrusters
have been operated with ion chambers ranging in diameter
from 2.5 em? to 150 cm.* The marked success of these pro-
grams is evident, i.e., from Table 1, which shows a comparison
between the performance levels of the first thruster concept!
and the recent SERT II thruster module.#® Improvements
in performance have been primarily the result of experi-
mental optimization. For example, improved permanent
magnet design® has eliminated the need for power consuming
electromagnets. Cathode life has been significantly ex-
tended by replacing refractory metal cathodes by oxide- .
coated emitters.”® Because of its ability to withstand ex-
posure to air after ground testing of flight hardware, the
hollow cathode design® is presently being used in SERT II
thrusters. Discharge power consumption has been sub-
stantially reduced by improvements in ion extraction con- .
cepts®1® as well as by using optimized magnetic field con-
figurations,.

Understanding of the physical processes governing thruster
performance has not kept pace with experimental progress
for two reasons. First, up to the present time laboratory
experience and calculations using simple theoretical approxi-
mations have sufficed to lead to major increases in thruster
performance. Second, and probably of greater significance,
the complex physical processes are so strongly coupled in the
discharge plasma that their experimental isolation and
measurement has proved to be exceedingly difficult. The
purpose of this paper is to survey and evaluate the present
understanding of the physics of the discharge chamber.
Ideally, an accurate theoretical model of the discharge pro-
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Fig. 1 Section view of SERT II thruster.!?

cess could lead to further significant improvements in thruster
design and performance.

Electron Bombardment Ion Thruster

Vaporized mercury, generally introduced at the upstream
end of the thruster, is ionized in the chamber (Fig. 1) by
means of electron bombardment.!'~1% The electrons are
provided by a cathode and gain sufficient energy for ioniza-
tion from the cathode-anode potential difference. Present
mercury thruster desighs use an axially symmetric diverging
magnetic field to inhibit electron flow to a cylindrical anode.
The sources of these electrons are the cathode emission and
secondary electrons released in the ionization process. The
primary (or cathode) electrons lose energy and are redis-
tributed as a result of inelastic ionizing and exciting collisions
with mercury atoms. Some of the primaries escape across
the magnetic field to the anode without suffering any in-
elastic collision. As a result, the electron distribution in the
ion chamber is generally non-Maxwellian.

Ions are extracted from the chamber by means of a grid
system. The sheath at the plasma-grid boundary sustains
the electric field necessary to direct ions into the beam. The
characteristics of this sheath depend upon grid geometry,
plasma density, electron temperature, and the nature of the
electron and ion charge distributions within the plasma and
sheath regions. '

There also are sheaths at all boundaries between the
plasma and the thruster components (the anode, cathode,
chamber wall, and in the case of the more recent thruster
configurations,®? at pole piece surfaces and the hollow

* cathode baffle). These sheaths strongly couple to the plasma
and thus greatly affect plasma characteristics.

The discharge energy supplied to the thruster is consumed
in several ways. Ionization and excitation of the mercury
propellant result from inelastic collisions with electrons.
The plasma in the ion chamber is optically thin (radiation is
not appreciably readsorbed by the plasma) so that excited
atoms and ions in the plasma lose energy by radiation.
Wall recombination is also responsible for a large fraction of
energy consumption.'* In this process ions produced in the
plasma volume are accelerated to chamber walls by potential

" .gradients in the plasma and in plasma sheaths. Also, the
recombined neutral particles leaving the walls have a definite
probability of being reionized or excited, hence absorbing
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Table 1 Comparison of thruster performance between
first thruster and present SERT II module

First thruster? SERT II45
Cathode power, w 40 27
Magnet power, w 180 0
Beam power, w 500 750
Estimated cathode life, hr 50 10,000
ev/beam ion 1250 250-300
Thrust level, mlb 1.0 6.2
Propellant utilization, % 80 85
Over-all power efficiency, % 27-33 . 86

“additional discharge energy. Finally, plasma (secondary)

electrons, randomized primary electrons and primaries
which have no particle encounters thermally dissipate their
kinetic energy at the anode.

Other mechanisms for energy consumption, such as elec-
tron-plasma wave interactions, two-stream and other hydro-
magnetic instabilities and plasma turbulence may exist.
Although low-frequency disturbances {of the order of several
kilohertz) have been observed in bombardment thrusters,'
little is known about their origin at present.

Ton chamber performance characteristics are typically
displayed as shown in Fig. 2. Here ion production cost (in
electron-volts of energy required per beam ion produced)
is plotted as a function of propellant utilization efficiency,
Jz/Jx, the ratio of beam current to total propellant flow ex-
pressed as an equivalent current. In general, such curves
have a relatively flat, or linear, portion at low utilization
efficiency, rising rather steeply at high propellant utilization
efficiency.

Theoretical Models of the Plasma Discharge

The principal theoretical approaches are summarized in
Table 2. Most of the important plasma processes and po-
tential problem areas were recognized in Kaufman’s! pioneer-
ing work. Simple continuum equations of a fully ionized,
two-component plasma were used to describe the steady-
state motion of electrons across a uniform magnetic field.
Ton and neutral equations of motion were neglected, and the
resulting expression for electron current density components
parallel and perpendicular to the uniform magnetic field were
obtained

ji = loo/(1 + w?)]E 1)
ji = [—era/(1 + *7?)]E X B/|B| @)

where jj is the current density parallel to the magnetic field,
ji is the current density normal to the uniform magnetic
field, oy is the zero-field conductivity, w is the electron cyclo-
tron frequency, 7 is the time per collision, E is the electric field
and B the magnetic field. The importance of minimizing the
radial potential gradient to minimize ion flow to the chamber
walls was recognized. From Eq. (1) an approximate ex-
pression for this gradient has the form

AV, =~ 100 -V-12/mn2r 2o R ®

where AV, is the radial potential difference, J_ is the elec-
tron current, V_ is the electron thermal energy in volts, n, is
the plasma density in em™, r. is the electron eyclotron
radius in ¢m, o, (cm?2) is the lonization cross section, and B
is the chamber radius. Consideration also was given to
cross-field diffusion. The average number of primary elec-
tron collisions oceurring in the diffusion process is

Ncol} = ‘(R/Tc)2 (4)

This analysis resulted in order-of-magnitude calculations
sufficient for the initial thruster designs. However, spatial
variation of plasma parameters in the discharge cannot be
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accurately assessed from such calculations. Kohlberg!s:?
presented a calculation based on the collisional Boltzmann
equation’® to determine whether the electron distribution is
established by a “weak” plasma or ‘“‘strong” plasma condi-
tion. The weak plasma condition presumes that electrons
establish a steady-state distribution by means of electron-
neutral atom collisions. The strong plasma condition pre-
sumes that electron-electron collisions dominate. The
calculation begins with the assumption of a weak plasma and
shows that the electron distribution depends on local proper-
ties of the electromagnetic field as well as on the electron-
neutral collision frequency. From this model an electron
temperature is derived which varies as B~2% Because of the
fact that this variation was not observed experimentally and
that the experimentally determined electron temperatures
were about a factor of three below calculated values, Kohi-
berg concluded that the electron distribution was established
by the strong plasma condition,

Vee > Ven (5)

where v, is the electron-electron collision frequency and
Ven the electron-neutral collision frequency. These collision
frequencies are those for momentum transfer only. In addi-
tion, radial profiles of plasma density and potential were
calculated from continuity equations. These calculations
were found to approximate experimental probe measure-
ments for plasma densities of the order of 10! cm ™2,

Kaufman!® returned to the problem and presented a method
for scaling gross performance characteristics, based upon a
consideration of over-all discharge performance curves (Fig.
2). A rough performance correlation was effected by de-
fining a nominal propellant utilization 7new in terms of the
minimum ev/ion, and obtaining expressions for (ev/ion)min
and 7aem in terms of dimensionless parameters;

Py = jlQW(#/R)*, P: = jLQ:W (6)

where j, is the neutral current density, [; the ion chamber
length, @; the maximum first ionization cross section (in
units of wap2 = 0.88 X 1071 c¢cm?), W the atomic mass in
amu, 7. the electron cyclotron radius for an rms secondary
electron speed, R the ion chamber radius and j,. the ion beam
current density. Measurements of (ev/ion)min and 7pem for
a variety of source geometries and operating conditions can be
correlated when plotted against Py and P;. Because of the
multitude of approximations and assumptions required to
yield concrete relations between wvariables, the resulting
correlation was accurate only to within £50% on (ev/ion)min
and about £209, on the calculation of 7uom.

Masek,?® Knauer,?! and Cohen?? presented analyses based
upon more detailed considerations of hydromagnetic equa-
tions of motion than used in the Kaufman analyses. The
problems studied differed from one another, although the
fundamental physical considerations were similar. Masek
sought to obtain expressions for the potential gradients and
ion fluxes in the plasma. Ion mobility as well as electron
mobility and collisional diffusion were included. The diffi-
culty here rests with the long ion mean free path for momen-
tum transfer collisions. This situation led to expressions in-
volving an indeterminant ion mobility coefficient. Using
measured density profiles and estimating the value of the
ion mobility, it was possible to obtain reasonable agreement
between measured and calculated density profiles in some
cases.?

In Knauer’s analysis an attempt was made to derive the
appropriate equations for the plasma density distribution and
energy balance, as well as to apply the analysis to deriving
thruster scaling criteria.?! Collisional diffusion of electrons
across the magnetic field to the anode was considered as the
dominant process in establishing the plasma radial density
profile. An attempt was made to include a spatial electron
temperature distribution and an average inelastic collision
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Table 2 Theoretical models of the plasma discharge in a

Kaufman thruster

Author Analytical approach Comments
Kaufman?! Continuum equations of a Simplest analytical approach.
(1960) fully ionized plasma. Recognized most of the major

Kohlbergis,17
(1963)

Kaufman®
(1965)

Masek20
(1966)

Cohen??
(1966)

Shaw?2
(1966)

Knauer?!

Masek?
(1969)

Approximate analysis of the
inelastie collision
processes.

Uses plasma kinetic equa-
tion to obtain form of the
electron distribution
function.

Includes momentum trans-
fer collisions only.

Tonization rate included in
electron continuity equa-
tion from which radial
plasma density and po-
tential are calculated.

Evaluate over-all source per-
formance in terms of
minimum ev/ion and
propellant utilization at
twice minimum ev/ion.

Derived dimensionless cor-
relation parameters [Eq.
(16) 1.

Bohm criterion for ion di-
rected velocity.

Hydromagnetic continuum
equations including mo-
mentum transfer collisions
only, ideal gas law as equa-
tion of state, and second
order ion drift in ion
mobility.

Equation for ions and Max-
wellian electrons used to
solve for current fluxes in
cylindrical coordinates.

Stability analysis of Ka-
domtsev and Nedospasov
specialized to case of
radial electric field with
azimuthal perturbation in
potential and density.

Hydromagnetic equations of
motion for ions, electrons,
plus continuity equations
used to calculate currents.

Calculation of anomalous
electron loss across uni-
form magnetic field.

Boltzmann-Vlasov equation
used to obtain general
steady-state continuity
and momentum conserva-
tion equations for three-
component plasma (ions,
primary and Maxwellian
electrons), with numerical
techniques required to
solve equations.

One dimensional, concentric
cylindrical symmetry,
uniform magnetic field
(axial) and uniform elec-
tron temperature
assumed.

Hydromagnetic continuum
equations including spa-
tial variation of electron
temp. through energy
equations.

Continuity equations in-
cluding average ionization
rates.

Radial electron drift from
collisional diffusion.

Semiempirical calculation of
ion currents using Bohm
criterion.

Calculation of volume ion
production costs for Max-
wellian and primary elec-
trons.

Comparative calculations of
energy consumed per
beam ion from volume
costs.

Electron anode loss caleula-
tions.

problems, although did not
analytically assess them.

Analysis uses microscopic ap-
proach,

Assumptions and approxima-
tions required limit
applicability.

Neglects primaries and ion
motion in plasma volume,
magnetic field divergences,
excitation collisions.

Expands somewhat on simple
analysis used in Ref. 1, but
requires many assumptions
to make problem tractable.

First attempt to directly in-
corporate experimental per-
formance data in a theo-
retical model.

Some agreement between
measured potential profiles
and theory for certain op-
erating conditions.

Density distribution from ex-
Pperiment.

Neglects primary electrons,
magnetic field divergences.

No explicit inclusion of ex-
citation and ionization
processes in plasma eqgs.

Calculates effect of instability
growth on anomalous elec-
tron transport in bombard-
ment thruster (e.g., theory
applied to special problem).

Tonization by primaries ne-
glected; monuniformities in
magnetic - field neglected.
Obtains good agreement
with measured critical mag-
netic field.

Includes effect of ion accelera-
tion in electric field in a
tractable way.

Represents a one-dimensional
approximation to aectual
thruster plasma.

Experimental correlation be-
tween measured thruster
densities and theory of
same order as other analo-
gous approaches.

Theory sketchy and difficult
to assess accurately.
Contradictions in current
derivations, but introduces
some interesting analytical
concepts for macroscopic
approach to thruster per-
formance caleulations.

Attempts to use power bal-
ance equations to derive
expressions for density dis-
tribution.

Model can be used to caleu-
late thruster performance
characteristics from plasma
parameters.

Depends on accurate Lang-
muir probe data.

Probably most useful ap-
proach to date to under-
standing discharge energy
losses.

Semiempirical approach.
Depends on measured elec-
tron temperatures and
densities.
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. frequency. The complexity of the problem was expanded

to require a consideration of the distribution of arc power
supplied to the plasma. Unfortunately, simplifications intro-
duced to make the problem tractable led to certain incon-
sistencies in the analysis. For example, the diffusion "co-
efficient used presumes a uniform electron temperature, but
the final expression for electron current incorporates a spatial
temperature variation. _

Cohen?®? specialized the hydromagnetic stability theory of
Kadomtsev and Nedospasov?® for the discharge plasma; in
particular, the direction of the applied electric field became
radial rather than axial (as in the positive column). In
this theory, the growth of an azimuthal perturbation on the
electric field produced large electron losses to the. anode.
These losses exceed by several orders of magnitude the
losses predicted by collisional diffusion theory. This ex-
cessive electron flow is termed “anomalous” diffusion in the
literature. Some -experimental evidence!®2+2 indicates that
anomalous diffusion may oceur in the mercury thruster.

A theoretical treatment of one-dimensional, low-pressure
plasma discharges has been applied to the Kaufman thruster
by Shaw.® The analytical approach is comparable in
certain respects to the analyses of Kohlberg!”-'® and Masek.?
The Boltzmann-Viasov? form of the plasma kinetic equation

is used to derive equations of continuity and momentum-

conservation for a three-component plasma consisting of ions,
primary electrons and Maxwellian electrons. In some
respects the calculations are more comprehensive than those
of Kohlberg and Masek in that a complete set of plasma com-

" " ponent equations, including the effect of ion production, are

solved for the plasma parameters. In addition, the effect
of the long ion mean free path is included in a more tractable
way than in Masek’s work. The equations represent a one-
dimensional approximation to the actual thruster configura-
tion. Numerical methods are required in order to obtain
solutions that can be correlated to experiment.

Shaw’s analysis yields reasonable -agreement with the
measured radial ion and Maxwellian electron density dis-
tributions.?® Poor correlation is obtained between the

- measured and calculated primary electron density distribu-
. tions.

Although this lack of correlation was attributed in
Ref. 26 to a lack of one-dimensional symmetry in actual
thruster configurations, it may well be the result of the
approximations used in deriving one-dimensional continuum
equations for the primary electrons. It is of interest to note
that in the general approach used in Shaw’s work, the only
elastic collisions considered important are electron-neutral
This is in opposition to
Kohlberg’s result given by Eq. (5), that electron-electron
Coulomb collisions must dominate the low pressure discharges
of bombardment thrusters.

The most recent approach, by Masek,® is essentially a
semi-empirical analysis. This work and that of Knauer et

" al,? represent the most comprehensive Langmuir probe

studies of bombardment thruster plasmas reported to date.
Rather than start with microscopic equations of motion (as
did Kohlberg and Shaw) or macroscopic equations (as did
Masek,? Kaufman'¥ et al.), Masek uses current flux, ion
production and energy balance calculations to determine
thruster performance. These calculations provided reason-
ably accurate phenomenological descriptions of the two
oxide-cathode thrusters (15 em diam and 20 em diam) in-
vestigated. Various phenomena such as ion and electron
wall losses, ion production cost (in electron volts per plasma
ion produced) and beam extraction efficiency were deter-
mined in several different ways. The results of the different
approaches were then compared and were found to be in
general agreement. The analysis used required detailed
probe measurements of such plasma parameters as ion and
electron densities and electron temperature as functions
of location in the chamber. Such measurements are quite
tedious to obtain and would be subject to the characteristics
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of the specific thruster configuration investigated. This is
the most- important limitation to generalizing the approach
to an arbitrary thruster configuration. In estimating over
all thruster performance the essential relations required are
between the beam current and the grid extraction system,

JB = ¢J1‘ (7)

and between the volume ion production cost (ev/plasma ion)
and the cost to produce a beam ion (ev/beam ion),

€g = W€ (8)

Here Jp is the beam current, ez the beam ion production
cost, and J; is the Bohm current® to the extractor grids
determined from the relation

Ji= Z <nivz’)jA/ 9

]

where A4; is a concentric element of extraction grid area.
The ion density n; and speed v; are determined from probe
measurements of density and electron temperature, respec-
tively, for each area element. The parameter e, is the vol-
ume ion production cost. The parameter ¢ is the fraction
of the total Bohm current to the screen grid that goes into
the extracted beam. This fraction is nearly equal to the
fraction open area of the screen. Also, w is the ratio of the
total ion current in the ion chamber (i.e., current to the walls
plus beam current) to the beam current. The concept of
using the Bohm criterion (i.e., that the ion speed at a sheath
edge is that corresponding to a kinetic energy equal to one-
half the electron temperature) to calculate ion current to the
walls was initially introduced in thruster analysis by Kauf-
man.' At that time, however, the required measurements of
plasma density and electron temperature near a wall were
unavailable. This particular model of the discharge will be
further considered in other sections of this paper.

To summarize, existing theoretical models of the discharge
have been primarily directed toward calculating certain
plasma parameters (such as radial plasma density and po-
tential distributions and particle flux in the plasma volume).
The success of these models in predicting thruster perform-
ance has been very limited. The general approaches have
included models based on kinetic equations of motion (miero-
scopic) and the hydromagnetic continuum equations of
motion (macroscopic).

Discussion

* For convenience, the discussion is divided into five specific
areas. This division is somewhat artificial, since ecupling
between various phenomena in the real problem is generally
quite strong.

Electron Distribution in the Ion Chamber Plasma

There are at least two important reasons for seeking a
detailed knowledge of the electron distribution in the dis-
charge chamber. First, in the bombardment thruster
collisions between mercury atoms and primary electrons and
electrons in the Maxwellian ‘“tail” produce ionization. In
Ref. 28, it was concluded that the primaries are one to two
orders of magnitude more effective in ionizing mercury than
are the high energy Maxwellians. Thus, from the viewpoint
of producing more uniformity in distribution to reduce grid
erosion?® (and possibly radial potential gradients), a uniform
distribution of primaries is desirable. Second, the electron
distribution determines other plasma characteristics. For
example, electron temperature, plasma potential and ion
production depend on the electron distribution. The poten-
tial distribution affects the ion flow to chamber walls and the
beam extraction system. The ion production and current
flow in turn strongly influence such thruster parameters as
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propellant utilization and discharge energy consumption per
beam ion produced.

The first Langmuir probe measurements of the electron
distribution in the plasma of a Kaufman bombardment
thruster were reported by King and Kohlberg® and simul-
taneously by Strickfaden and Geiler.2 The latter researchers
associated the non-Maxwellian nature of the probe voltage-
current characteristic with a monoenergetic distribution of
high energy electrons (primaries) superimposed upon a low
energy Maxwellian distribution. (Such double distributions
had been observed earlier by Medicus®-3! in neon fireball
discharges.) When plotted semilogarithmically, the current-
voltage characteristics are as shown in Fig. 3 (see Ref. 32). It
is seen that subtracting the primary electron contribution from
the actual probe trace yields the characteristic linear slope on
the corrected curve. The hypothesis that there are two dis-
tinct populations is often a simplification of the actual distribu-
tion. Under some operating conditions, the observed probe
characteristics are not amenable to this simplification.2! In-
elastic and elastic collisions produce a spread in the primary
energy.

Experimental determination of the actual energy dis-
tribution would involve measurements of the second deriva-
tives of Langmuir probe characteristics.®® In general such
measurements are tedious and inaccurate, although Medicus?*
has presented a graphic technique that simplifies the measure-
ment. The method is based on the fact that the current to a
small probe is produced by electrons with kinetic energies
equal to or greater than the electron-retarding probe poten-
tial. Tangents are constructed to the probe current-voltage
characteristic near the “knee” of the curve corresponding to
the plasma potential. It is shown in Ref. 34 that the electron
energy distribution ¢(U) is given by a relation of the form

g(U) ~ U™V*Af,/AU (10)

where Aj, is determined by the intersection of two adjacent
tangents with the current axis of the current-voltage char-
acteristic, AU is the voltage increment corresponding to the
two tangent lines intersection with the probe characteristic,
and U is the probe voltage at the center of the voltage incre-
ment AU. The procedure requires very accurate measure-
ments of the probe characteristic. Further study is required
to determine whether this technique could be applied to
thruster discharges. Probe measurements have, however,
yielded much useful information concerning the nature of
the distribution. Probe current-voltage characteristics (Fig.
3) have been used to determine local primary and Maxwellian
electron densities as well as local electron temperature and
plasma potential in operating ion thrusters. From such
measurements it has been concluded that, on the average,
the ratio of primary to Maxwellian electrons for mercury
thrusters generally is of the order of 0.1 or less.

Excitation and Ionization Processes in the Chamber

The most recent attempts to assess the effect of ionization
and excitation processes on thruster performance have been
based on the volume ion production cost calculations of
Dugan and Sovie.® A method was presented for calculating
the energy costs to produce an ion in low density (tenuous)
plasmas, such as are found in thrusters. Here the Gryzin-
ski®-%7 semiclassical calculation of the cross section for in-
elastic electron-atom collisions was used. This theory pre-
sumes that the inelastic electron-atom collision can be treated
as a classical two-body encounter between the incident and
bound electrons. The method yields ionization cross sections
that are in good agreement with experimentally measured
values.

In order to obtain excitation cross sections the Gryzinski
calculation was modified in Ref. 35 to account for quantum
mechanical effects associated with the bound electronic con-
figuration of excited states. In particular, certain computa-
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tional rules were introduced to account for allowed and for-
bidden transitions as well as for different electron spin states.
The excitation cross sections obtained by this method were
then used to obtain volume ion production costs in helium,
argon and cesium plasmas. Two cases were considered,
assuming 1) a pure monoenergetic electron beam impinging
on a cold background gas, and 2) Maxwellian electrons inter-
acting with the neutral gas. For the latter case, the ion
production cost is given by

volume ion cost (ev/ion) = ionization potential +

Y (excitation coefficients)
— : 11)
ionization coefficiénts

wheré the summation on the right side is over the excitation
coefficients to all possible excited states of the atom. These
coefficients were obtained by averaging the calculated excita-
tion cross sections over a Maxwellian electron energy
distribution.

Dugan and Sovie presented a general two-level (ground
state plus an average excited state) atom theory for the
Maxwellian case which is of particular importance for mer-
cury bombardment thrusters. The theory enables calcula-
tion of the volume ion production cost for any atomic species.
The average excited state can be obtained once the ionization
potential and first excited state energy are specified. Atoms
for which the ratio of the first excited state energy to ioniza-
tion energy is less than 0.45, are assigned a mean excited state
energy equal to the energy of the first excited state. For
values of this ratio greater than 0.45, the mean excited state
energy is taken to be the average of the ionization and first
excited state energies.

Mickelsen® has used the theory to discuss the volume ion
production costs for mercury. Figure 4 shows the normalized
ion generation loss plotted against the ratio of first excitation
potential U, to ionization potential U,;. An estimate of the
minimum volume ion production costs for a typical Max-
wellian mercury plasma of the bombardment thruster can
be obtained from the figure. Assuming an electron tem-
perature of about 5 ev, and excitation energy of about 4.7 ev
and an ionization potential U; equal to 10.4 ev, the value of

KT, U [nevuor\n/ui]0 -

~10 3.02
;5 E)
3.95
5.37

[(evlloN)/U;]/[‘EV"ON’/Ui]oA 35

NORMALIZED ION-GENERATION ENERGY LOSS,

IS N N N U R S

S
w
&

RATIO OF FIRST-EXCITATION TO FIRST-IONIZATION
POTENTIAL, UyiU;

Fig. 4 Normalized ion-generation energy loss calculated
from a general-atom theory.%.%
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"the parameter kT./U. is about 0.5 and the value of U,/U, is
about 0.45. The normalized ion-generation energy is 0.7.
The value of (ev/ion/ U)o .35 to be used is 9.86, so that (ev/ion)
is 72 ev/ion. This value is approximately 2.5-3 times smaller
than the best measured ev/beam ion in mercury bombard-
ment thrusters, indicating the existence of other modes of
energy consumption in the ion chamber.

Based on the procedure of Ref. 35, ion production rates
and energy costs per mercury ion resulting from inelastic
electron-atom and electron-ion collisions were calculated by
Masek.?? Assuming that ionization occurs only from the
ground state the volume ion production rate is given by the
expression,

Bi = No[AmZm + N2, (i0ns)/sec-cm? (12)

where 7, is the local neutral mercury atom density, 7., the
local Maxwellian electron density, and #, the local primary
electron density. The ionization coefficients X, for Max-
wellian electrons and Z, for primaries are obtained by averag-
ing over experimental ionization cross sections.? The densi-
ties n., and n, were obtained from probe measurements.
Because accurate measurements of neutral density in the dis-
charge chamber are not available, n, was calculated from the
mass continuity equation. Caleulation of the ion production
rates for each term of Eq. (12) showed that primaries play a
major role in the ionization process. In addition, Masek
calculated the energy cost to produce a plasma ion using the
locally measured primary and Maxwellian electron densities

and the procedure outlined in Ref. 25. The results of this
" calculation are shown in Fig. 5, where €.’ is the local (position
dependent) collisional loss. The total collision loss would
require averaging over the entire plasma volume. It should
be noted from the figure that for an electron temperature of
5 ev, the local collisional loss is about 50 ev/ion. The ~25%,
discrepancy between Masek’s value and Mickelsen’s® calcula-~
. tion (Fig. 4) is probably due to the difference between calcu-
lated excitation cross sections used to obtain Fig. 4 and the
experimental single transition cross sections used in obtain-
ing Fig. 5. 1In the latter figure ion excitation is included and

is significant only for primary electrons. The curves of Fig. -

- 5 are based on the assumption that the ground state ion and
neutral populations are equal. The figure also illustrates
the fact that primary electrons can have a major role in the
ionization process. (This conclusion is valid only for mer-
cury bombardment thrusters. Probe measurements in
cesium bombardment thrusters® reveal the absence of
primary electrons in the discharge plasma. Ionization oc-
curring in the plasma volume of cesium thrusters is due to
collisions with Maxwellian electrons only. The analysis of
such thrusters is a unique problem in itself and is thus outside
the scope of the present study.)

Discharge Energy Required to Produce a Beam Ion

So far we have considered the discharge energy costs re-
quired to produce a plasma ion by means of collisions with
electrons. If no other energy loss mechanisms prevailed,
and if all plasma ions could be extracted as beam ions, then
the ev/ion calculations of the preceding section would also be
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indicative of energy costs to produce a beam ion. Unfortu-
nately, other loss mechanisms do exist. Calculations of
discharge energy losses from a consideration of basic plasma
processes should be one of the major objectives of a theoretical
(or semiempirical) model of the discharge. Some of these
additional loss processes include radiation losses, wall re-
combination, anomalous electron loss to the anode and
charge exchange losses at the grid extraction system.

In the preceding section radiation losses were accounted
for by de-excitation of atoms to the ground state. As was
indicated earlier, the plasma is optically thin and essentially
all the radiation escapes from the plasma volume. However,
metastable states of the atom with lifetimes of the order of
milliseconds could return to the ground state by means of
collisions with other Hg atoms or through resonant energy
transmission with a foreign atom. In addition, collisions
between electrons and metastable mercury atoms could con-
tribute to the volume ion production cost. Dugan and Sovie®
have studied electron collisions with metastables in tenuous
helium plasmas. Again, the Gryzinski method for calculating
cross sections was used. It was found that the ionization
from metastable states had an unexpectedly small effect on
the volume. ion production costs. This was attributed to
the small cross section for ionization as compared to the
excitation cross sections for these states. To date no similar
study has been made on mercury thruster plasmas.

Potential gradients within the plasma and plasma sheaths
accelerate the ions to the walls of the discharge chamber.
Upon reaching the walls, ions recombine with electrons to
form atoms and release kinetic energy, eventually desorbing
from the walls as lower energy neutrals. Masek? has used
locally measured plasma densities and electron temperatures
in conjunction with an ion speed derivable from Bohm
criterion

7; > KT/ M)V (13)

to calculate these ion currents. The ion currents to the walls
determined in this manner were used to obtain the fraction of
the total ion current produced in the chamber that becomes
beam current [equivalent to w™! of Eq. (8)]. Masek found
this fraction to compare favorably with a corresponding
value determined from the ratio of measured beam current
to calculated total ion production rate. {The total ion pro-
duction rate was computed by summing the local ion pro-
duction rate from Eq. (12) over the total discharge chamber.]
A comparison of the two ratios is given in Table 3.

According to Masek’s work, the major discharge energy
consumption oceurs as a result of inelastic collisions. From
Fig. 5, the energy cost for 30 ev primaries and 5 ev Max-
wellians is about 80 ev per plasma ion. The total energy
cost per plasma ion is

=€+ et e (14)

where €. is the collisional energy cost, €, is the energy cost
resulting from electron loss to the anode and ¢, is the electron
energy loss to the chamber walls. The losses €, and €, are

Table 3 Comparison of ion flux and ion preduction
rate calculations for a 15-cm thruster®

Total
discharge
chamber Beam  Ratio of beam
ion current, current to ion current,
amp amp w™ !
Determined from probe 3.79 0.5 ’ 0.13
data
Calculated from Eq. (1) 4.5 0.55 0.12
and summing over
chamber volume

elements
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calculated to account for about 209, of the total volume ion
production cost. These factors, coupled with the fact that
for a 15-em-diam thruster wall losses [the factor w in Eq.
(8)] resulted in an ion extraction efficiency of about 13% led
to a value of energy cost per beam ion e of about 800 ev/ion. 25
Since the present SERT II thruster configuration has an
ev/ion of about 250-300, and if €, remains about the same,
then the ion extraction efficiency may be of the order of 30—
50%. This conclusion is in agreement with Masek’s data for
a 20-cm-diam thruster.

The anomalous electron loss to the anode discussed in Ref.
22 may occur in bombardment thrusters and may be a func-
tion of the magnetic field configuration. For a uniform axial
magnetic field, a critical field strength for the onset of the
anomalous diffusion phenomenon can be calculated.22 It
appears that thruster operation at approximately uniform
field strengths near this critical value effectively reduces
this energy loss to a minimum.'22 This effect has also been
noted for the highly divergent fields used in SERT II
thrusters.

Loss of beam ions as a result of charge exchange has a
negligible effect on ev/ion calculations in comparison to
previously described losses. The physical process occurring
consists of a charge exchange between thermal neutrals in
the ion extraction region and high energy ions. The resulting
charge exchange ion can strike a grid surface and thus be lost
to the beam. The probability of its striking a surface (rather
than escaping as a beam ion) depends on the grid system
design as well as the spatial location of the charge exchange
process.® Present extraction system designs and operation
at high propellant utilization efficiency have combined to
minimize this energy loss process.

Based on this survey, it appears that the major energy
loss occurs from wall recombination. Anomalous or en-
hanced electron losses can be minimized by operating at the
appropriate magnetic field strength. Further gains in
minimizing discharge energy costs per beam ion will thus re-
quire thruster designs that use an effectively reduced wall
surface area and improved ion extraction systems. Because of
the unavoidable volume ion production costs, future improve-
ments may be not much greater than two or three.

Propellant Utilization Efficiency

The dependence of discharge energy loss on propellant
utilization efficiency for a typical thruster was shown in Fig.
2. It is noted from such curves that a sharp rise in discharge
losses occurs at high utilization efficiencies. This phenome-
non is common to all thruster configurations. It is due
primarily to the fact that ion density levels off as utilization
increases. The discharge current, however, must be in-
creased to produce increased utilization. This increase in
electron flow enhances the electron anode loss and electron
temperature (and thus ion losses to the wall).?® The net
effect is thus a sharp rise in discharge energy loss.

Several factors affecting propellant utilization in bombard-
ment thrusters such as electron distribution, ion production
rates and ion flux to walls have been discussed in preceding
sections of this paper. A major unknown factor in ioniza-
tion caleulations is the neutral density in the chamber. This
density is a function of propellant flow rate and neutral
efflux from ion chamber wall surfaces. Recently, prelimi-
nary measurements have been made of the mean neutral atom
speed in a bombardment thruster.#t A velocity selector
and ion gage detector were used to measure the average speed
of the neutral atom efflux through a small hole drilled in the
chamber wall. Calculations based upon these measurements
indicated neutral atom temperatures may be about 1000°K.
Generally neutral density ecalculations assume a neutral
temperature equal to the wall temperature of about 500~
600°K. The effect of a higher neutral temperature on certain
thruster parameters could be significant. For example, a
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factor of two increase in neutral temperature would result in

a 29% lower neutral density in the chamber than usually
assumed Further improvements in the experlmental ac-
curacy of these measurements are required.!

Masek? has conjectured that chamber walls act as virtual
sources of neutrals, based upon studies of modes of pro-
pellant injection. That is, neutrals injected into the chamber
are presumed to be either specularly reflected or desorbed
from chamber walls. In addition, ions undergoing wall re-
combination eventually leave the walls as neutrals. A caleu-
lation of the probability of ionization of neutrals leaving the
walls has been made.#? An expression for the ionization
probability per neutral per second has the form

P(rz) = n,~Ydn,/df) (15)
where A

dn

== o, fo“’ SV, () dov., (16)

and 7, is the neutral density, n; the ion density, n. the elec~
tron density, v, the electron speed, f(v.) the electron dis-
tribution function and o,(v.) the ionization cross section.
These expressions are general and must be specialized to in-
clude only neutrals leaving the wall. In the reference, an
analytical fit to the curve of P(r,z) is given by the expression

P(r) = C(8) cos*(wr/2R) an

where C'(6) depends upon the angle to the surface normal at
which a neutral leaves the wall, and R is the chamber radius.
This ionization probability is then used to calculate a percent
ionization. It was found that 309, of the neutrals reaching
the screen grid at an angle of 45° with the wall normal are
ionized. The remaining 709, of these neutrals impinge on
the screen grid or are ejected through the grid holes. Calcula-
tions of this type for a range of reflection angles § could
possibly be used to calculate total ion production rates and
neutral efflux from the thruster.

An interesting method for measuring the neutral efflux
density has been presented by Cole et al.#* The technique
consisted of measuring the resonant absorption of the mer-
cury 2537 A line by neutral Hg atoms in the thruster exhaust.
The procedure consists of comparing the beam absorption
curves with those obtained from a calibrated absorption cell.
Cryogenic baffle and collimaters were used to eliminate stray
light and Hg atoms from the source. A light chopper was also
used to distinguish the mercury lamp signal from stray light
emitted from the chamber. The analytical details of trans-
lating the measured absorption data into neutral densities is
beyond the scope of the present survey. It will suffice to
note that the optically measured propellant utilization effi-
ciencies were within 5% of the gravimetrically measured
values.

Ion Chamber Geometry and Magnetic Field Effects

The strong coupling that exists between chamber geometry,
magnetic field, and plasma parameters means that varying a
parameter such as magnetic field strength can markedly alter
the effects of plasma density, electron temperature and
plasma potential on thruster performance. An experimental
study of this interaction has been performed at Hughes
under NASA contract. The thruster parameters varied
were magnetic field configuration and strength, di-charge
chamber length, cathode location and type, the mode of pro-
pellant injection, and the beam extraction optics (grid hole
size).

Ton chamber diagnostics of various geometries and mag-
netic field shapes with Langmuir probes were also reported
in Ref. 21. An interesting result of these studies was that the
fraction open area of the ion optics has a greater effect on
improving thruster performance than magnetic field shaping,
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“although a divergent field was found to be better than a uni-
form field. Similar conclusions were obtained in an earlier

" experiment® in which the chamber length-to-diameter ratio,
hollow cathode baffle position and magnetic field shape were
varied. Other probe studies concerning the effect of mag-
netic field strength on plasma parameters have been reported
by Masek.4t Here the effort was centered on investigating
the variations of the electron distribution and plasma param-
eters (density, temperature, potential) with magnetic field
strength. These studies showed an increase in plasma dens-
ity and electron temperature with field strength, while the
plasma potential was found to decrease. Although qualita-
tive explanations for this behavior can be expounded,** a more

" quantitative analysis would require a better understanding

- of the physical processes of the discharge plasma in a mag-
netic field.

The most recent experimental study on the effect of
chamber geometry and magnetic field shape on discharge
chamber performance has been reported by Bechtel? In
this study the performance of a 30-cm-diam, hollow cathode
thruster was investigated. The chamber geometry and
magnetic field shape were optimized concurrently. In addi-
tion, improved low specific impulse thruster performance was
realized by using a composite (glass-coated) accelerator grid.*

Cohen® has recently attempted to improve thruster per-
formance by using a multipolar (loffe-type) magnetic field
configuration to contain electrons. The results indicate,
however, that a minimum ev/beam ion is attained that
appears to be independent of the field shape.

Summary and Conclusion

This paper presents a survey and evaluation of the present
status of research on the discharge chamber of mercury elec-
tron bombardment thrusters. One of the major objectives
of this research is to provide guidelines for improving thruster
performance. In addition, such research increases under-
standing of the basic physics of gaseous discharges. A list
of further experimental studies that are desirable to enhance
this understanding is as follows: 1) accurate measurements
of the electron energy distribution, 2) measurement of the
neutral density in the ion chamber, 3) determination of the
effect of metastable states on the energy loss, 4) development
of techniques for reducing wall recombination and anode
loss, 5) defining a complete set of thruster scaling eriteria, and
6) Langmuir probe diagnostics of hollow cathode thrusters.

It would also be useful to have a better theoretical model
which would permit the calculation and prediction of thruster
performance characteristics. The theoretical models that
have been proposed to date to meet this requirement included
analyses based on simple continuum equations of a fully
ionized plasma, analyses incorporating more complete hydro-
magnetic equations of motion, and approaches using different
forms of the plasma kinetic, or Maxwell-Boltzmann, equation.

For the most part, the simplifications and assumptions
needed to make the problem tractable have limited the use-
fulness of these analyses for estimating thruster performance.
However, a recent semiempirical approach for calculations of
ion production rates, ion currents, and discharge energy
losses appears to yield good agreement with experiment.
Although extensive theoretical and experimental effort has
been devoted to the plasma of mercury bombardment
thrusters, the present survey indicates that our knowledge
and understanding of the physies of these plasmas is far from
complete.
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